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Sub-MIC antibiotics influence the 
microbiome, resistome and 
structure of riverine biofilm 
communities
Gabriela Flores-Vargas 1, Darren R. Korber 1 and 
Jordyn Bergsveinson 2*
1 Food and Bioproduct Sciences, University of Saskatchewan, Saskatoon, SK, Canada, 2 Watershed 
Hydrology and Ecology Research Division, Environment and Climate Change Canada, Saskatoon, SK, 
Canada

The effects of sub-minimum inhibitory concentrations (sub-MICs) of antibiotics on 
aquatic environments is not yet fully understood. Here, we  explore these effects 
by employing a replicated microcosm system fed with river water where biofilm 
communities were continuously exposed over an eight-week period to sub-MIC 
exposure (1/10, 1/50, and 1/100 MIC) to a mix of common antibiotics (ciprofloxacin, 
streptomycin, and oxytetracycline). Biofilms were examined using a structure–function 
approach entailing microscopy and metagenomic techniques, revealing details on the 
microbiome, resistome, virulome, and functional prediction. A comparison of three 
commonly used microbiome and resistome databases was also performed. Differences 
in biofilm architecture were observed between sub-MIC antibiotic treatments, with 
an overall reduction of extracellular polymeric substances and autotroph (algal and 
cyanobacteria) and protozoan biomass, particularly at the 1/10 sub-MIC condition. 
While metagenomic analyses demonstrated that microbial diversity was lowest at 
the sub-MIC 1/10 antibiotic treatment, resistome diversity was highest at sub-MIC 
1/50. This study also notes the importance of benchmarking analysis tools and 
careful selection of reference databases, given the disparity in detected antimicrobial 
resistance genes (ARGs) identity and abundance across methods. Ultimately, the most 
detected ARGs in sub-MICs exposed biofilms were those that conferred resistance 
to aminoglycosides, tetracyclines, β-lactams, sulfonamides, and trimethoprim. Co-
occurrence of microbiome and resistome features consistently showed a relationship 
between Proteobacteria genera and aminoglycoside ARGs. Our results support the 
hypothesis that constant exposure to sub-MICs antibiotics facilitate the transmission 
and promote prevalence of antibiotic resistance in riverine biofilms communities, and 
additionally shift overall microbial community metabolic function.

KEYWORDS

antibiotics, antibiotic resistance, biofilms, environmental resistome, microbiome, 
sub-MIC

1. Introduction

Over the last decade, many studies have examined anthropogenic systems with high rates 
of antibiotic resistance events, colloquially-known as “Antimicrobial resistance (AMR) hotspots” 
(Karkman et al., 2018; Kraemer et al., 2019; Kunhikannan et al., 2021; Yadav and Kapley, 2021). 
Monitoring these hotspots (i.e., clinical settings, wastewater treatment plants, and pharmaceutical 
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manufacturing plants) is critical to understand mechanisms of 
acquired resistance and the prevalence, maintenance, and transmission 
risk of pathogenic bacteria. The linkage between AMR hotspots and 
increased dissemination of antimicrobial resistance genes (ARGs) and 
bacteria (ARB) is clear (Munk et al., 2022); however, relatively little is 
known of AMR abundance and dynamics downstream of hotspots 
where sub-minimum inhibitory concentration (sub-MIC) of 
antibiotics may still exert selective pressure on environmental 
microbiomes (Ebmeyer et al., 2021).

Exposure to sub-MICs of antibiotics have been shown to promote 
the upregulation of mutagenesis and DNA transfer events which can 
lead organisms within a mixed community to acquire ARGs (Chow 
et al., 2021). There is evidence that sub-MICs of antibiotics induce the 
expression of genes coding for virulence factors (Laureti et al., 2013) 
which can proliferate via horizontal gene transfer (HGT) mechanisms. 
HGT events themselves, along with associated integron and 
transposon recombination, have been shown to be  induced or 
mediated by the bacterial SOS response (Baharoglu et  al., 2010). 
Indeed, sub-MICs levels of aminoglycosides, fluoroquinolones and 
β-lactams have reported to directly increase mutation and conjugation 
rates via the SOS response in Escherichia coli, Staphylococcus aureus, 
and Vibrio cholerae (Baharoglu et  al., 2013; Andersson and 
Hughes, 2014).

To date, most studies examining sub-MICs effects on 
microorganism behavior have focused on single-species of 
pathogenic bacteria, or at best, the same family of bacteria (Davies 
et  al., 2006; Laureti et  al., 2013; Abe et  al., 2020). Multispecies 
experimental data is scarce, but recently, studies have surveyed 
antibiotic concentrations in environmental microbiomes and their 
relation to AMR (Danner et al., 2019; Chow et al., 2021; Sanchez-Cid 
et al., 2022). In freshwater aquatic systems, which are the primary 
receiving environments of wastewater treatment plants (WWTP) 
discharge and agricultural run-off, biofilm communities are 
abundant. Biofilms are known to support the maintenance and 
dissemination of antibiotic resistance mechanisms, genes and a 
diversity of organisms (Abe et  al., 2020). The physical nature of 
biofilm architecture and lifecycle confer considerable protection from 
surrounding chemical stressors because of the production of 
extracellular polymeric substances (EPS). This EPS matrix, and the 
close proximity of constituent microorganisms, allows for adaptive 
tolerance mechanisms to be supported as well as the inter-organism 
exchange of genetic material by various means (Flemming et  al., 
2022). Thus, naturally occurring aquatic biofilms could act as 
potential reservoirs and maintenance environments of AMR in a 
myriad of conditions (Balcázar et al., 2015; Guo et al., 2018; Flores-
Vargas et  al., 2021; Matviichuk et  al., 2022). Studies examining 
biofilms response to high concentrations of antibiotics have often 
focused on microbial communities in close proximity to WWTP 
effluents (Aubertheau et al., 2017; Lépesová et al., 2018; Chonova 
et  al., 2019; Maestre-Carballa et  al., 2019; Petrovich et  al., 2019; 
Matviichuk et al., 2022). However, a clear understanding of biofilm 
community response to constant, sub-MICs of antibiotics and their 
role in promoting or maintaining AMR in supposed “non-impacted” 
environments is still lacking (Cairns et al., 2018). Whole community 
metagenomic analysis provides for necessary data to understand the 
transfer and prevalence of AMR in the environment, which are 
fundamental dynamics aimed to perform future environmental risk 
assessments. To determine the potential risk that low antibiotic 

concentrations present in aquatic biofilm systems, the range of 
antibiotic concentrations that have an effect in shaping naturally 
occurring microbial communities must be  defined, as must the 
response of the communities’ tendency to the disseminate ARGs and 
ARB. Herein we characterize the response of natural riverine biofilm 
communities under selective presence of various sub-MIC antibiotics 
using metagenomic sequencing and biofilm architecture analysis, to 
determine whether exposure influences both community structure 
and function, and the abundance of ARGs and AMR-related functions.

2. Materials and methods

2.1. Experimental design

Microcosm experiments for biofilm development were performed 
in rotating annular bioreactor (RAB) systems which have been 
previously described in detail (Lawrence et al., 2000, 2004). Natural 
river water from the South Saskatchewan River (Saskatoon, Canada) 
was collected weekly and used as inoculum to establish the microbial 
biofilms, and as a source of carbon and nutrients for biofilm growth 
and development. Physicochemical parameters of the South 
Saskatchewan River were previously described (Lawrence et  al., 
2007a); where water was collected within city limits, yet upstream of 
both the municipal WWTP facility and sources of agricultural 
discharges. River biofilms were provided a one-week establishment 
phase without antibiotics to initiate growth on the surface of the 12 
removable polycarbonate strips (1 × 11 cm) within each RAB. The 12 
RABs were run in parallel, and each treatment was replicated (n = 3). 
RAB dose treatments were provided by the direct and constant 
addition of an antibiotic cocktail of three commonly used antibiotics 
from different drug classes at sub-MIC dosages of 1/10, 1/50, and 
1/100 their respective MIC level, resulting in μg/L levels within the 
RAB system. Antibiotics concentration and degradation within the 
RAB system were not assessed after their addition.

MIC values for the biofilm communities were determined based 
on breakpoint reports of EUCAST (European Committee on 
Antimicrobial Testing EUCAST) and CLSI (Clinical Laboratory 
Standards Institute; CLSI, 2018; EUCAST, 2019): ciprofloxacin (MIC 
0.5 mg/L; 1/10: 50 μg/L, 1/50: 10 μg/L, 1/100: 5 μg/L), streptomycin 
(MIC 512 mg/L 1/10: 51,200 μg/L, 1/50: 10,240 μg/L, 1/100: 5120 μg/L), 
and oxytetracycline (MIC 125 mg/L 1/10: 12,500 μg/L, 1/50: 
2,500 μg/L, 1/100: 1,250 μg/L) were used in this study 
(Supplementary Table S1). The selection of these three antibiotic drug 
classes was based on the list of antimicrobial susceptibility surveillance 
criteria by the WHO, where streptomycin and ciprofloxacin are listed 
as critically important and oxytetracycline is considered as highly 
important (WHO, 2017). Additionally, ciprofloxacin is an antibiotic 
routinely found in WWTP discharge; and oxytetracycline and 
streptomycin are broad-spectrum antibiotics widely used in Canadian 
and global livestock operations (Kraemer et al., 2019).

Control RABs were operated with river water alone. Biofilms were 
grown under treatment and control conditions for 8 weeks following 
a one-week establishment period, after which strips were removed 
from each RAB, immediately frozen and stored at −80°C for 
subsequent molecular analyses. All analyses (see below) were 
conducted on subsamples from randomly selected biofilm strips from 
each RAB replicate.
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2.2. Microscopic analysis

2.2.1. Confocal laser scanning microscopy
Coupon pieces of 1 cm2 were excised from a randomly selected 

strip of each RAB and stained (below) prior to observation using a 
Confocal Laser Scanning Microscope Nikon Eclipse LV 110 DU and 
C2 camera with water-immersible lenses (10×, 40×, 60×; Nikon, 
Chiyoda, Tokyo, Japan). Biofilm architecture was quantified using a 
three-channel procedure (Neu et al., 2001; Dynes et al., 2006), where 
signals at green (excitation 488 nm, emission 522/32 nm), red 
(excitation 568 nm, emission 605/32 nm) and far-red channels 
(excitation 647 nm, emission 680/32 nm) were obtained. Coupons of 
1 cm2 colonized by biofilm communities were directly stained with 
SYTO 9 (Molecular Probes, Eugene, OR, United States; excitation 
wavelength 488 nm, emission wavelength 522–532 nm) to detect 
nucleic acids of bacteria. EPS components of the biofilm matrix were 
visualized using three fluorescent fluor-conjugated lectin-binding dyes 
at 1 mg/mL: Triticum vulgaris-TRITC (TRITC: tetramethyl rhodamine 
isothiocyanate; excitation 568 nm, emission 605/32 nm; Sigma 
Chemicals, St. Louis, MI, United  States) with polymer binding 
specificity for N-acetylglucosamine residues and oligomers; Arachis 
hypogaea-FITC (FITC: fluorescein isothiocyanate; excitation 
485/495 nm, emission 510/600 nm; Sigma Chemicals, St. Louis, MI, 
United  States) with polymer binding specificity for galactose and 
N-acetylglucosamine; and Canavalia ensiformis-FITC, also known as 
“Concanavalin A” (excitation 495/500 nm; emission 495/519 nm; 
Sigma Chemicals, St. Louis, MI, United States) with polymer binding 
specificity for mannose and glucose residues. Additionally, chlorophyl 
autofluorescence from algal and cyanobacteria cells (excitation 
647 nm, emission 680/32 nm) was detected in the far-red channel 
(Lawrence et al., 2004; Dynes et al., 2006). Five areas per coupon were 
randomly selected for Z-stack image scanning with a slice interval of 
5 μm (40×) and 1 μm (60×). CLSM image sequences were collected as 
previously described by Lawrence et al. (2005) and used for image 
analysis via ImageJ (Schneider et al., 2012) to define biofilm depth (or 
thickness) and architecture, and biomass of bacteria, EPS 
and autotrophs.

2.2.2. Protozoa enumeration
Enumeration of protozoan organisms were also considered for 

overall biofilm community structure. Weekly counts were performed 
in water-immersed 1 cm2 coupons from each RAB using a light 
microscope and protozoa or micrometazoa were identified based on 
morphology and manually counted (Packroff et al., 2002).

2.3. Metagenomic analysis

2.3.1. DNA extraction and whole genome 
sequencing

For each RAB, biofilm material from five randomly selected strips 
were recovered. Cellular biomass was aseptically obtained using a cell 
scraper (08-100-241; Fisher Scientific, Pittsburgh, PA) and the 
collected material centrifuged for 5 min at 9,000 × g to separate the 
water phase (Lawrence et al., 2009; Bergsveinson et al., 2020) and 
concentrate biofilm material to 300 mg wet weight. Total DNA was 
extracted using the Mag-Bind® Universal Pathogen Kit (Omega 
Bioservices, Norcross, GA, United States) and concentration and yield 

of DNA (5–10 ng/μL) was measured with the QuantiFluor dsDNA 
System on a Quantus Fluorometer (Promega, Madison, WI, 
United  States). Whole genome libraries targeted for prokaryotic 
organisms were constructed using the KAPA Biosystems HyperPlus 
Kit following manufacturer’s instructions (Kapa Biosystems, 
Wilmington, MA, United States). Briefly, DNA was fragmented, ends 
were repaired, 3′ adenylated, and ligated to adapters. The resulting 
adapter-ligated libraries were PCR-amplified, Illumina indexes added, 
and pooled for multiplexed sequencing on an Illumina HiSeq4000/
X10 platform (Illumina, San Diego, CA, United  States) using the 
paired-end 150 bp run format, yielding 29 to 49 million reads per 
sample (average of 36 million reads; Supplementary Table S2).

2.3.2. Data normalization
Paired-end raw reads were quality filtered with Trimmomatic 

v0.36 (Bolger et  al., 2014) using the following parameters: 
HEADCROP:10 LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15. 
Adapters were removed using the TruSeq3 adapter sequence file as 
reference. All samples were subsampled to 25 million reads (Mreads) 
using the seqkt tool package.1 Briefly, FASTQ reads depth from each 
sample was rarefied to the lowest number of Mreads/Sample, 
remaining reads were randomly discarded. This method ensured a 
uniform population diversity to perform comparative analyses 
(Connelly et  al., 2017; Chekabab et  al., 2020). Trimmed and 
subsampled FASTQ reads were then analyzed by alignment to 
different reference databases, as described below.

2.3.3. Taxonomic profiling
Identification of bacteria and calculation of relative abundance at 

the genera level was assessed using three metagenome taxonomic 
profiling pipelines: CosmosID v2.0 (CosmosID Inc., Rockville, MD), 
Kraken v2 (Wood et al., 2019) and MetaPhlAn v3.0 (Segata et al., 
2012). CosmosID is a web-based platform that utilizes data mining 
k-mer-based algorithms (Genius software) and Genbook, a high-
performance curated comparator database, and includes references 
from NCBI-RefSeq, CARD, ARDB, VFDB, IMG and DDBJ and 
contains over 15,000 bacterial, 5,000 viral, 250 protists and 1,500 
fungal species (Connelly et al., 2017; Junqueira et al., 2017; Yan et al., 
2019; Chekabab et  al., 2020). Taxonomic classification with the 
Kraken pipeline was performed with subsampled, trimmed FASTQ 
files using default parameters with the “—paired” option to indicate 
paired read files. Reads were mapped against the standard Kraken2 
database comprised of complete genomes based on the NCBI RefSeq 
database (downloaded February 2022; O’Leary et  al., 2016) for 
bacteria, viruses, fungi, protozoa and archaea. MetaPhlAn analysis 
was performed using the default parameters in addition to the “—
ignore_eukaryotes” and “-t rel_ab_w_read_stats” options, the latter 
employed to estimate the number of reads per clade and obtain 
absolute abundance outputs for subsequent diversity indexes analysis. 
Microbial composition was compared against the 
CHOCOPhlAn_201901 database. Taxonomic abundance matrices 
from CosmosID, Kraken and MetaPhlAn analysis of each sample 
were prepared for analysis and visualization with all microbial taxa 
above 0.01% relative abundance included.

1 https://github.com/lh3/seqtk
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2.3.4. Resistome analysis
The resistome profiles of ARGs from all samples were identified and 

compared through three different databases: CosmosID, the 
Comprehensive Antibiotic Resistance Database (CARD, v.3.0.0; Jia et al., 
2016), and ResFinder v. 4.1.11 (Bortolaia et al., 2020). Metagenomes were 
first assembled using MEGAHIT v. 1.2.9 (Li et al., 2015) and contigs 
annotated with prokka v.1.14.5 (Seemann, 2014; Supplementary Table S2). 
Quality-assembled contigs were mapped against CARD and ResFinder 
databases. The RGI (Resistance Gene Identifier) application v 6.0.2 in 
bwt mode for metagenomic reads was used for CARD analysis. Analysis 
using CosmosID was performed by mapping the trimmed and 
concatenated paired reads (.fastq) against the platform’s database using 
default settings and using the filtering threshold to ensure high 
confidence. Output of CosmosID included abundance counts table 
estimates of ARGs downloaded for further data analysis. The virulome 
of each sample was additionally profiled by comparing contig sequences 
against the Virulence Factor Database (VFDB; Liu et al., 2019) using 
default parameters and cut-off threshold of 90% identity and coverage. 
The ABRicate tool v.1.0.0 (Seemann, 2019) was used against the built-in 
ResFinder, CARD, and VFDB databases to corroborate the identity of all 
ARG/virulence factors identified.

2.3.5. Functional prediction
For functional prediction of the metabolic pathways influenced by 

sub-MIC antibiotics, the HUMAnN v.3.1.1 pipeline (Beghini et al., 
2021)2 was used. Subsampled, trimmed paired reads were 
concatenated into a single file per sample and mapped against the 
ChocoPhlAn (microbial database) and the full UniRef (version: 
uniref90_201901b) reference databases for gene family identification. 
Default parameters were used with the “—taxonomic-profile” option, 
since the previously generated taxonomic profile output from 
MetaPhlAn was used as a custom taxonomic profile for the analysis. 
HUMAnN’s default curated metabolic pathway database, MetaCyc 
(Caspi et al., 2018) was used for pathway annotation. The abundance 
of each pathway (path_abundance.tsv file) of all samples was merged 
into a single table using the “humann_join_tables” option. The list of 
each identified pathway is represented in reads per kilobase (RPK) 
units with the abundance of each pathway categorized into bacterial 
organisms (in HUMAnN referred to as “stratifications”). After filtering 
out unidentified functional pathways, a pathway abundance table was 
used for subsequent multivariate and statistical analyses. To generate 
coverage information of calculated functional genes and ARG 
sequences, trimmed paired reads (.fastq) were mapped against the 
contigs of each metagenome assembly using Bowtie2 v. 2.4.4 
(Langmead and Salzberg, 2012) with -bowtie2-build and default 
settings. Then, Samtools v.1.15.1 (Li et al., 2009) was used to visualize 
a file report of sequence coverage across samples.

2.4. Statistical analysis

All statistical analyses were performed in R version 4.2.0 (R Core 
Team, 2020). One-way ANOVA was used when normality 
assumptions were met (tested using Tukey HSD, for instance, for 

2 http://huttenhower.sph.harvard.edu/humann

microscopic analyses). For non-parametric data, Kruskal-Wallis was 
applied to untransformed data to test for significant differences 
(p < 0.05) in biofilm composition, biomass abundance percentage, 
and diversity indices. p-values were adjusted using the Benjamini-
Hochberg method to reduce false positive results (padj < 0.05; 
Benjamini and Hochberg, 1995). Diversity indices were calculated 
based on the untransformed abundance data of bacterial biofilm 
communities at genus and species levels. Species richness (Chao1), 
Shannon and Simpson indices were estimated within samples to 
describe α-diversity (Supplemental Figures S3, S4).

Comparisons between control and sub-MIC treatment-exposed 
communities were assessed through permutational analyses of variance 
based on Bray–Curtis dissimilarity indices (PERMANOVA, 999 
permutations) calculated from Hellinger-transformed abundance 
count tables of the microbiome or resistome using vegdist function with 
vegan package v. 2.6.2 (Oksanen et al., 2020). Pairwise comparisons 
between control and treatments were performed to determine 
significance (p < 0.05). Bray-Curtis distance matrices were used to 
calculate β-diversity between samples. β-diversity was visualized with 
non-metric multidimensional scaling plots (nMDS) to ordinate 
microbiome and resistome data. Significant dissimilarity of ordination 
between groups was assessed using the Analysis of Similarities statistic 
(ANOSIM). To screen for significant differences (log2-fold changes) in 
gene and functional pathway abundance, the DESeq2 v.1.35 (Love 
et  al., 2014) package was used, where the contrast function was 
employed to extract values per sub-MIC antibiotic condition.

The Bray-Curtis distance matrices resulting from the nMDS 
ordination were visualized for correlation patterns between the 
microbiome and resistome through the procrustes function in the 
vegan package. The Spearman’s rank correlation via Mantel test was 
used to compare the similarity of the microbiome and resistome 
databases, and to assess the relationship between the microbiome and 
the resistome in the presence of sub-MICs antibiotics, where 
correlations considered to be  significant (p < 0.05) and with a 
dissimilarity coefficient > 0.75 were visualized in network analysis 
using Hmisc v.4.7-2 and igraph package v.1.3.5.

3. Results

3.1. Structural biofilm composition

Riverine biofilm structure was altered following sub-MICs 
antibiotic exposure. CLSM stacked images from microscopic analysis 
showed differences in biofilm architecture across treatments 
(Figure  1). Overall, sub-MICs antibiotic exposure decreased the 
complexity of biofilm communities, with the sub-MIC 1/10 treatment 
having the most pronounced effects on overall biofilm architecture, 
including biofilm thickness, and biomass percentage of bacteria, 
autotroph, and EPS composition. While pennate diatoms were 
observed in all samples, cyanobacteria (magenta fluorescence) were 
only recorded in control biofilms (Figure 1).

Biofilm thickness was calculated based on the fluorescence 
emitted by the lectin probes: C. ensiformis-FITC, A. hypogaea-FITC 
and T. vulgaris-TRITC (Figure  2) which target the EPS matrix 
associated with diverse microbial community members and are 
commonly used as indicators of changes within biofilm communities 
(Lawrence et  al., 2007b, 2009). Decreased biofilm thickness was 

8

https://doi.org/10.3389/fmicb.2023.1194952
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
http://huttenhower.sph.harvard.edu/humann


Flores-Vargas et al. 10.3389/fmicb.2023.1194952

Frontiers in Microbiology 05 frontiersin.org

consistently observed with increasing strength of antibiotic treatment. 
The sub-MIC 1/10 treatment resulted in significantly decreased 
biofilm thickness relative to controls and the lowest (sub-MIC 1/100) 
treatment (F = 12.3, p < 0.05; Figure 2). sub-MIC 1/50 and sub-MIC 
1/100 treatments resulted in thinner biofilms compared to control 
samples, though not significantly so.

The EPS characterized by the glycoconjugate distribution showed 
residues of mannose, glucose and N-acetylglucosamine through all 
biofilm samples, which are carbohydrate residues typically found in 
freshwater biofilms (Dynes et al., 2009; Flemming et al., 2022). The 
EPS biomass percentage, as measured by the fluorescent signal from 

the three lectin probes, significantly shifted (F = 8.8, p < 0.05) between 
samples (Figure 3B). Canavalia ensiformis-FITC and A. hypogaea-
FITC signal percentage increased in the presence of sub-MICs 
antibiotics, whereas T. vulgaris-TRITC lectin binding to 
N-acetylglucosamine residues and oligomers decreased. Exopolymer 
composition throughout all samples was dominated by C. ensiformis-
FITC binding to mannose and glucose residues, with an increase in 
fluorescence (binding specificity) after sub-MICs antibiotic exposure, 
and most notably observed in the sub-MIC 1/10 treatment.

Proportional biomass abundance changes in the bacterial, 
autotroph and glycoconjugate composition (EPS matrix) were 

FIGURE 1

CLSM stacked image results of biofilms grown without or in the presence of sub-MICs antibiotic exposure after 8  weeks of development. Samples 
were stained by (A) Triticum vulgaris—TRITC lectin and SYTO9 showing EPS (red), bacteria (yellow), algae (blue) and cyanobacteria (magenta), 
(B) Arachis hypogaea—FITC and (C) Canavalia ensiformis—FITC lectins showing EPS (green), algae (blue), and cyanobacteria (magenta). Scale bar 
indicates 50  μm.
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calculated based on analysis of the fluorescence of the three-channel 
images (Figure 3A). The autotroph proportional biomass amount 
(from signals of both prokaryotic and eukaryotic autotroph species) 
was significantly different between treatments (F = 4.9, p < 0.05) and 
was highest in the sub-MIC 1/100 treatment (36%), followed by the 
sub-MIC 1/50 treatment (33%), control samples (27%) and the 
sub-MIC 1/10 treatment (17%). Overall, EPS biomass significantly 
decreased (F = 12.2, p < 0.05) after sub-MICs antibiotic exposure 
relative to control values (63%), with the lowest biomass EPS 
composition detected in the sub-MIC 1/50 treatment (Figure 3A). 
Interestingly, CLSM image analysis did not show significant 
differences in the amount of bacterial biomass, although highest 
proportion was observed in the sub-MIC 1/10 treatment (25%), 
followed by the sub-MIC 1/50 treatment (17%), the sub-MIC 1/100 
treatment (13%), and lastly the control samples (10%).

The cumulative number of protozoa was also tracked 
(Supplementary Figure S1), revealing that ciliates dominated control 
biofilms and overall protozoa counts significantly decreased (x2 = 7.8, 
p < 0.05) in the presence of sub-MICs antibiotics. However, no 
correlations, or more specific protozoan predation or grazing pattern 
interactions between biofilms developed under antibiotic concentrations 
(sub-MIC 1/10, 1/50 and 1/100), were detected. Despite the 
heterogeneous biofilm communities and thickness range, overall 
visualization of the EPS matrix confirmed that control biofilms contained 
thicker EPS than sub-MICs treated communities, yet conversely, 
bacterial biomass increased with sub-MICs antibiotic treatments. These 
results, in combination with decreased protozoan and cyanobacteria, 
indicate a selective effect of sub-MICs antibiotics on biofilm communities.

3.2. Microbiome of riverine biofilm 
communities

The bacterial community composition was analyzed by using 
three commonly utilized bioinformatic tools for metagenome 

taxonomic profiling: CosmosID, Kraken and MetaPhlAn. Across 
the three approaches, the taxonomic profile of the biofilm shifted 
in response to sub-MICs antibiotic treatment, with Actinobacteria 
and Proteobacteria being the predominant phyla groups, 
constituting more than 70% of overall community across all 
samples (Figure 4). Interestingly, the proportion of Proteobacteria 
was lowest in the control samples and increased along with 
sub-MIC antibiotics concentration. In contrast, Actinobacteria 
species were consistently reduced in the presence of sub-MIC 
antibiotics, as were abundances of Bacteroidetes, Cyanobacteria 
and Planctomycetes. The phylum Firmicutes was only detected 
via Kraken, with an average relative abundance of 30% and little 
variation across samples.

While there were notable differences in the taxonomic profiles 
produced by the three different identification databases, most 
identified taxa were common across tools. A total of 11 different 
classes (Supplementary Figure S2) and 20 order groups (Figure 5) 
were identified with >1% relative abundance across samples. At the 
class level, bacterial abundance changes were mostly associated with 
Actinobacteria and Alphaproteobacteria, the former decreasing at the 
highest treatment concentration (sub-MIC 1/10). All tools showed 
similar abundance trends at the order level for Burkholderiales, 
Corynebacteriales, Sphingomondales, and Rhizobiales. The Bacilli 
class and Bacillales order were only observed in Kraken, constituting 
25%–30% of relative abundance.

At the level of genus and species, profile differences were observed 
across the identification tools. CosmosID analysis detected 84 
different genera, and 100 bacterial species; MetaPhlAn identified 31 
genera and 39 species; and Kraken detected 251 genera and 2,572 
species (Figure  6B). Comparison of these tools showed that 
MetaPhlAn was less sensitive for identifying bacteria at species level 
(most groups were categorized as unclassified), whereas Kraken 
showed high sensitivity to species strains. α-diversity showed 
markedly different trends according to the taxonomic pipeline used. 
Genus-level richness was determined to be higher in control biofilms 

FIGURE 2

Biofilm thickness of microbial communities under sub-MICs antibiotic exposure was based on fluorescence of lectin-binding specificity to EPS 
glycoconjugate residues. Mean values are displayed with biological (n  =  3) and technical (n  =  5) replicates (**p  <  0.05). Edges represent quartile values.
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relative to sub-MIC samples, except for MetaPhlAn results; however, 
significant differences were only observed between the 1/100 antibiotic 
treatment and control samples (Kruskal-Wallis x2 = 8.4, p < 0.05, 
Kraken, Supplementary Figure S4). Species level-richness was 
consistently lowest in the sub-MIC 1/100 treatment, although the 
analysis did not demonstrate significant differences across samples 
(Supplementary Figure S5).

Despite the observed differences, Shannon and Simpson indices 
calculated from all databases demonstrated higher genera diversity of 
biofilms at the sub-MIC 1/50 treatment compared to the sub-MIC 
1/10 condition. Species-level diversity yielded consistently similar 

diversity distributions, but just for the Shannon index. Overall, 
calculated genus and species-level α-diversities from CosmosID and 
MetaPhlAn were more similar to each other than to the Kraken 
results. For example, diversity of control biofilms relative to sub-MIC 
treatments were less diverse in MetaPhlAn and CosmosID analyses, 
yet control samples in the Kraken analysis, the most species-sensitive 
package, were the most taxonomically diverse, with significant 
differences when compared to sub-MIC 1/10 treated communities 
(x2 = 7.8, p < 0.05; Supplementary Figure S4).

The Bray-Curtis distance matrices of identified bacteria at genus 
level were used to generate nMDS plots to assess the dissimilarities 
between biofilm microbial communities developed under different 
sub-MIC antibiotic exposures (Figure 6A). The three taxonomic tools 
displayed significant differences across sub-MIC antibiotic treated 
samples (CosmosID: R2 = 0.577, p = 0.017; Kraken: R2 = 0.609, 
p = 0.040; MetaPhlAn: R2 = 0.537, p = 0.018). Of the total 296 unique 
genus groups identified across taxonomic analyses, only 20 were 
shared across the three databases (Figure 6B). Interestingly, seven 
genera were shown to be significant across all three taxonomic tools 
(PERMANOVA, F = 3.6, p < 0.001, Bray-Curtis distance), suggesting 
their abundances drove the ordination pattern observed among 
biofilm communities (Figure  6C) Mycobacterium and Nitrospira 
genera were associated with control samples, whereas Flavobacterium, 
Methylorubrum and Aminobacter genera were associated with biofilm 
communities cultivated under sub-MIC 1/10 and sub-MIC 
1/50 conditions.

Correlation analysis between the taxonomic databases indicates 
that identified genera from the CosmosID and MetaPhlAn databases 
shared the most similarities in taxonomic composition when 
examining genus-level abundance (Spearman’s rho = 0.895; 
Supplementary Figure S7A). Comparison of the genera abundance 
from the three databases was significant (p < 0.05), but Mantel results 
from CosmosID vs. Kraken (Spearman’s rho = 0.711) and MetaPhlAn 
vs. Kraken (Spearman’s rho = 0.644) were only moderately correlated.

3.3. Biofilm community resistome and 
virulome trends

Three different antibiotic resistance databases were compared to 
determine the resistome of riverine biofilm communities under 
sub-MIC antibiotic exposure. Across all biofilm community samples, 
a total of 92 ARGs were detected via CosmosID, 93 ARGs in CARD, 
and 67 ARGs in the ResFinder database (Figure 7B). Normalized 
abundance of ARGs determined from the three database analyses 
demonstrated a marked increase in the copy numbers of ARG in 
samples under sub-MIC exposure relative to control samples 
(Supplementary Figure S3).

Resistome composition from the CosmosID pipeline consisted 
of 33 different types of ARGs corresponding to seven drug resistance 
classes: aminoglycosides, β-lactams, macrolides, phenicols, 
sulfonamides, tetracyclines and trimethoprim. ARGs from the 
aminoglycoside drug class represented the majority of the resistome, 
followed by tetracycline and β-lactam genes (Figure  7C). Results 
from the CARD database detected 24 different types of ARGs which 
were grouped into nine drug resistance classes: aminoglycosides, 
β-lactams, cyclic peptides, macrolides, penams, phenicols, 
sulfonamides, tetracyclines and trimethoprim. CosmosID, relative 

FIGURE 3

Proportional abundance of biofilm architecture elements exposed to 
sub-MICs antibiotics. (A) Relative biomass abundance of bacteria, 
EPS and autotroph composition, and (B) Relative lectin-binding 
specificity of three probes used to characterize the glycoconjugate 
composition of the EPS matrix. Proportional abundance is the 
coverage percentage recorded of the fluorescent signal of each 
biofilm structure element from Z-stack images. Mean values are 
displayed with biological (n  =  3) and technical (n  =  5) replicates.
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abundances showed ARGs from aminoglycoside drug class to be the 
predominant group across control and sub-MICs exposed samples; 
however, macrolide and sulphonamide ARGs were the next most-
abundant genes (Figure 7A). The ResFinder database identified 25 
different types of ARGs across samples (Figure  7A) within eight 
different drug classes: aminoglycosides, β-lactams, macrolides, 
phenicols, rifamycins, sulfonamides, tetracyclines, and trimethoprim. 
However, no ARGs in the ResFinder database with an identity above 
the 90% identity cut-off threshold were detected in any of the control 
biological replicates.

Several ARGs were detected in at least two of the resistome 
databases (Figure 7B), with all three pipelines predicting the same 
seven ARGs under sub-MIC conditions (Supplementary Table S3). 
Aminoglycoside resistance was present at greater than 70% relative 
abundance through all samples according to CosmosID and CARD 
databases and were the predominant ARGs group in the ResFinder 
analysis. The aph6-Id aminoglycoside gene was prevalent throughout 
all samples and across all three pipelines. When examining ARGs that 
were more abundant in sub-MIC exposures relative to control samples 
(log2FoldChange, padj  <  0.05), all three gene resistance databases 
predicted 18 common ARGs consisting of the classes aminoglycosides, 
β-lactams, macrolides, sulphonamides, tetracyclines and trimethoprim 
(Figure 7C). Most notably, gene copies of aadA5, drfA1, ereA, and 
ermF were highest at the sub-MIC 1/50 treatment, whereas sul2 was 
highest at the sub-MIC 1/100 treatment.

We further measured the richness of the resistome in all 
samples classified by gene, drug class, and mechanism of resistance 
(Supplementary Figure S6). Across the three profiled pipelines, 
microbial communities developed under sub-MICs antibiotic 
exposure displayed higher absolute numbers of ARGs with gene 
richness significantly greater than control samples (H=, p < 0.05). 
Annotations performed by the CosmosID pipeline showed that the 
seven drug classes and four mechanisms of antibiotic resistance 
were significantly increased in sub-MIC treatments relative to 
controls. The CARD pipeline revealed significant differences 
between sub-MIC 1/10 and 1/100 treatments relative to control 
samples only at the mechanism level, but not at the gene or drug 
class level. Results from the ResFinder pipeline showed significant 
differences between resistome richness of the sub-MIC 1/50 
treatment relative to control samples at the level of individual ARG, 
drug class, and mechanisms of resistance (Supplementary Figure S6). 
ARGs from the CARD database displayed a significant correlation 
with the ResFinder database (Spearman’s rho = 0.556, p = 0.004). 
However, the relationships between the other databases showed 
non-significant and weak associations with identified ARGs 
(Supplementary Figure S7B).

The virulome of riverine biofilm communities was also analyzed, 
since it is known that pathogenic or non-pathogenic bacteria can 
acquire “accidental virulence” as result of the advantageous conditions 
within biofilm niches (Andersson et  al., 2018). Virulence genes 

FIGURE 4

Comparison of taxonomic classification tools. Relative bacterial sequence abundances for (A) CosmosID, (B) Kraken, and (C) MetaPhlAn tools at the 
phylum level (n  =  3).

FIGURE 5

Comparison of taxonomic classification tools. Relative bacterial sequence abundances for (A) CosmosID, (B) Kraken, and (C) MetaPhlAn tools at the 
order level (>1%; n  =  3).
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associated with conjugative transfer, efflux pumps, DNA-transfer 
primases, integrons, mating-pair-formation, resolvases, transposons, 
and multidrug factors, were detected across the three sub-MIC 
antibiotic conditions (Figure 8; Supplementary Figure S8). Virulome 
composition was shown to be significantly different across sub-MIC 
conditions (x2 = 8.9, p < 0.05). A total of 89 genes associated with 
virulence were identified across all samples, among which transposon 
genes (i.e., TpnA) and multidrug resistance genes (i.e., sul1 and 
qacEdelta1) were not only observed in control samples but were also 
the most abundant type of virulence factors according to the VFDB 
database (Figure 8). Samples from sub-MIC 1/10 and 1/50 treatments 
showed very similar virulome compositions. However, extended-
spectrum β-lactamase (ESBL) genes, such as blaOXA-1 and blaOXA-2, 
were associated with sub-MIC 1/50 and 1/100 antibiotic samples. 
Moreover, ssb, a gene coding for single-stranded DNA-binding 
protein, was only detected in one control replicate.

3.4. Biofilm community functional capacity

The prediction of metabolic pathways in riverine biofilms revealed 
a total of 106 functional pathways present throughout samples. 
“Unidentified” pathways and those that confer functionality to 
non-bacterial organisms (such as plants or mammals) were manually 
removed prior to statistical analysis and visualization. Differential 
gene abundance changes of 99 pathways were analyzed via DESeq2, 
yielding 28 significant functional pathways related to sub-MIC 
antibiotic treatments relative to control samples (Figure 9). In general, 
detected bacterial metabolic pathways were related to biosynthesis and 
nucleotide salvage. Following the nomenclature by the MetaCyc 

database, these biosynthesis pathways included the super-classes for 
nucleoside and nucleotide biosynthesis (PWY-5686, PWY-6126, 
PWY-6125, PWY-6277, PWY-6609), phosphate-related pathways 
(NONOXIPENT-PWY, PENTOSE-P-PWY), cell wall biosynthesis 
(PWY-6385, PEPTIDOGLYCANSYN-PWY), fatty acid and lipid 
biosynthesis (PHOSLIPSYN-PWY, FASYN-ELONG-PWY, 
PWY-6282), secondary metabolite biosynthesis (NONMEVIPP-PWY, 
PWY-6703), Cofactor, carrier and vitamin biosynthesis 
(PANTO-PWY, COBALSYN-PWY, 1CMET2-PWY, COA-PWY, 
HEME-II), and aromatic compound biosynthesis (ARO-PWY).

Among genes associated to superclasses for amino-acid 
biosynthesis, L-isoleucine (PWY-3001) and L-arginine (PWY-5154) 
were more abundant under sub-MIC antibiotic exposure compared 
to control samples; yet L-histidine (HISTSYN-PWY), L-arginine 
(ARGSYN-PWY, ARGSYNBSUB-PWY) and L-lysine 
(DAPLYSINESYN-PWY) displayed modest decreases in differential 
gene abundance (log2 Fold-change < −1., p < 0.05) in sub-MIC 
antibiotic conditions, except for sub-MIC 1/100 (Figure  9). 
Interestingly, genes related to arginine biosynthesis via acetyl-L-
citrulline showed two log2 Fold-change higher abundance in the three 
sub-MIC antibiotic treatments; however, genes related to arginine 
biosynthesis via the acetyl cycle and the L-ornithine pathway were 
less abundant (−0.5 log2 Fold-change) in the sub-MIC 1/10 and 
sub-MIC 1/50 treatments, respectively. Overall, genes of functional 
pathways involved in biosynthesis showed negative differential 
abundances under exposure to sub-MIC treatments, with abundance 
fold-change varying across treatment. Several genes involved in 
functional pathways showed significant relative abundance 
differences (p < 0.05) between sub-MIC 1/10 (23 pathways) and 
sub-MIC 1/50 (22 pathways) treatments relative to controls, although 

FIGURE 6

Bacterial composition at the genus level according to three taxonomic databases of riverine biofilm communities cultivated under sub-MICs antibiotic 
exposure. (A) nMDS two-dimensional plot of Bray-Curtis similarities showing β-diversity identified in the three taxonomic databases: CosmosID 
(84  =  genera), Kraken (251  =  genera) and MetaPhlAn (31  =  genera). (B) Venn diagram displaying identified total genera groups across taxonomic 
databases. Overlap indicates the number of shared taxa among databases. (C) nMDS plot of Bray-Curtis similarities of significant genera (p  <  0.001) 
detected at each taxonomic database. Ellipses shape is defined by covariance of each group, and ellipses centroid represents the group mean.
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the sub-MIC 1/100 treated samples showed fewer significantly 
differentiated metabolic pathways (13 pathways).

Nucleoside and nucleotide biosynthesis pathways demonstrated 
lower relative gene abundances (log2 Fold-change −2.40 to −0.23., 
p < 0.05) at all sub-MIC treatments in comparison to control samples. 
In contrast, two cell wall biosynthesis pathways showed higher 
abundances across the three sub-MIC antibiotic treatments (log2 Fold 
change1.9–2.2, p < 0.05) relative to controls. Notable degradation 
pathways were assigned to the general fatty-acid pathway (FAO-
PWY), which was present in sub-MIC 1/10 and 1/50 treatments, and 
the urea cycle (PWY-4984). The urea cycle and fatty acid (PWY-6282, 
FASYN-ELONG-PWY) pathways had positive abundance shifts for 
sub-MIC 1/10 and sub-MIC 1/50 treatments but negative shifts for 
the sub-MIC 1/100 treatment relative to control biofilms. Notably, 
urea degradation is commonly associated to Nitrospira spp.; however, 
this genus was most strongly associated with the control biofilm 
condition, suggesting nitrogen and urea cycling are not clearly 
impacted or linked to sub-MIC treatments. Functional pathways with 
the most pronounced abundance shift between treatments were 
illustrated according to the contributing bacterial genera 
(Supplementary Figure S9). The bacterial species associated with 

detected functional pathways included the genera Afipia, 
Aminobacter, Blastomonas, Bosea, Bradyrhizobium, Caulobacter, 
Flavobacterium, Sphingomonas, Methylibium, Methylorubrum, 
Mycobacterium, Mycobacteroides, and Variovorax.

3.5. Microbiome and resistome relationship

The co-occurrence relationship between the microbiome and the 
resistome composition was assayed through the Procrustes analysis 
by using the Mantel test and Procrustes test for statistical validation 
(Supplementary Figure S10). Both tests showed significant correlation 
between the microbiome and resistome dissimilarity matrices 
(Mantel r = 0.652, p = 0.001; Procrustes M2 = 0.257, r = 0.861, 
p =  0.001), thus demonstrating that the bacterial and resistome 
composition were closely associated. Since the Procrustes analysis 
only illustrates overall correlations, a network analysis was performed 
to further examine individual co-occurrence patterns between the 
microbiome and resistome in biofilm communities after sub-MIC 
antibiotic exposure (Figure 10). The network analysis was based on 
strong and significant correlations (Spearman’s rho > 0.75, p < 0.05) 

FIGURE 7

ARGs composition according to the resistome database in riverine biofilm communities under sub-MICs antibiotic exposure. (A) Relative abundance 
classified by drug class resistance identified in each database. (B) Venn diagram displaying total identified number of ARGs. Overlap indicates the 
number of shared ARGs across databases. (C) ARGs with significant fold-changes (p  <  0.05) between treatments. The normalized abundance heatmap 
is scaled to each gene (Z-score) after rlog-transforming counts.
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between a correlation matrix constructed with 23 ARGs and 20 
bacterial taxa (genus level).

Additionally, co-occurrence analysis indicating resistome and 
microbiome patterns for each of the sub-MIC treatments (1/10, 1/50, 

and 1/100) was performed (Supplementary Figure S11). For details 
about the networks’ topological properties, such as the number of 
edges between nodes of each network, see Supplementary Tables S5, 
S6. Based on the connections between nodes, the most densely 

FIGURE 8

Differential abundance of normalized virulence factor comparisons with significant differences between sub-MICs antibiotic treatments (p  <  0.05) using 
Benjamini-Hochberg correction for multiple comparisons.

FIGURE 9

Functional profiling of riverine biofilm communities under sub-MICs antibiotic exposure. Y-axis represents metabolic pathways annotated by MetCyc 
from HUMAnN analysis; and X-axis represents significant differential abundance sub-MICs antibiotic condition relative to control samples using 
DESeq2 (p  <  0.05).
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connected nodes were regarded as indicators of co-occurrence of 
ARGs. Microbiome composition results showed that Aminobacter, 
Bosea, Flavobacterium, Sphingomonas and Variovorax displayed the 
highest co-occurrence (4 nodes) to microbial and resistome nodes. 
Aminoglycoside ARGs (aph3”-Ib, aadA2, rrsB) demonstrated 
co-occurrence to Proteobacteria genera, but also to Actinobacteria 
(aadA, rrsA, rrsB), Bacteroidetes (aph3”-Ib) and Nitrospirota (rrsB; 
Figure 10). Indeed, Proteobacteria genera, such as Bradyrhizobium, 
Methylorubrum, Novosphingobium, Sphingobium, and Variovorax, 
correlated with aph3”-Ib, aph6-Id, aadA-, which were prevalent 
genes. The resistome composition displayed the highest 
co-occurrence to microbiome nodes for the sub-MIC 1/50 treatment 
with 23 ARGs, followed by the sub-MIC 1/100 treatment with 11 
ARGs, and the sub-MIC 1/10 treatment with six ARGs. 
Aminoglycoside ARGs (aph6-Id, rrsA, rrsB) were present in all 
sub-MIC-exposed samples and correlated with Proteobacteria, as 
well as ARGs from other drug classes, except in control biofilms 
where these ARGs correlated only within the resistome composition 

(Supplementary Figure S11). The ARGs from the resistome nodes 
with the highest correlation to microbial nodes were aph3”-Ia and 
blaOXA-2. In the sub-MIC 1/10 treatment condition, Aminobacter, 
Bosea, Caulobacter and Sphingorhabdus genera showed a positive 
correlation to sul1.

This pattern indicates that Proteobacteria such as Caulobacter, 
Bosea, Novosphingobium, Hydrogenophaga, Methylibium, and more 
specifically Variovorax may act as potential reservoirs for 
aminoglycoside, β-lactam and sulfonamide resistance factors.

4. Discussion

4.1. Sub-MICs antibiotic affects the 
structure of riverine biofilm communities

Biofilm communities favor the maintenance and transmission 
of antibiotic resistance due to their diverse composition, close cell 

FIGURE 10

Network analysis showing correlation patterns between the microbiome and resistome after sub-MICs antibiotics exposure. Edges (lines) connecting 
nodes mean a strong correlation (Spearman’s rho > 0.75, p  <  0.05), negative indicated in red and positive in gray. The size of each node is proportional 
to the number of connections (degree; n  =  12).
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proximity, structural stability, and physical protection against 
chemical and physical stressors (Balcázar et al., 2015; Abe et al., 
2020; Flores-Vargas et al., 2021; Matviichuk et al., 2022). In this 
study, heterogeneity between and within communities was 
observed, with up to a 54-μm range in biofilm thickness observed 
in samples from the same treatment (Figure  2). However, the 
effects of sub-MIC antibiotic treatments were most notable on 
biofilm communities developed under the sub-MIC 1/10 
condition, where significantly thinner biofilms compared to other 
treatments (p < 0.05) were observed. Thinner biofilms have 
previously been noted to form in the presence of chemical 
stressors (Romero et al., 2018); therefore, thicker biofilms would 
seemingly proliferate under normal (non-stressed) growing-
conditions. Thicker biofilms imply more diffusional distance 
within the matrix biomass for chemicals (i.e., antibiotics) to react 
with, thus initially providing more time (and reduced effective 
compound concentration) for microbial cells within the biofilm 
to adapt to stressor conditions. Furthermore, thicker biofilms 
imply greater protection provided by the volume of the EPS 
matrix, which is associated to increased cell density and closer 
proximity of cells (physical juxtapositioning), and consequently 
higher likelihood of cell–cell communication (quorum sensing) 
and genetic exchange which would facilitate HGT events (Dynes 
et al., 2009; Abe et al., 2020).

Carbohydrates are the structural skeleton of EPS matrix and can 
range from oligosaccharides through to polymers of up to 100 kD 
in size (Hanlon et al., 2006). Although polysaccharide composition 
in EPS of biofilms is highly heterogenous, most consist of a 
N-acetylglucosamine core (Flemming et  al., 2022). The role of 
N-acetylglucosamine in EPS has mostly been studied in clinical 
monoculture biofilms such as Pseudomonas aeruginosa (Reichhardt 
et  al., 2020), and is also known for being one of the major 
components of cell wall in bacteria (Gonzalez-Martinez et  al., 
2014). Result from our CLSM approach targeting glycoconjugate 
residues show a clear reduction of EPS polysaccharides, which 
could translate into lower signaling and hindered genetic exchange 
(Zhang et al., 2015). Since among biofilm elements, cyanobacteria 
and green algae exude large quantities of polysaccharides and 
amino-acids among other organic compounds (Battin et al., 2016; 
Delattre et al., 2016), it is reasonable to assume that the decrease of 
autotrophic organisms in biofilms treated with sub-MIC antibiotics, 
particularly at sub-MIC 1/10, had repercussions involving EPS 
accumulation (Figures 1, 3).

Riverine biofilms play a key role in river biogeochemical organic 
and inorganic cycles (Romaní et al., 2014) and EPS can be used as 
carbon source and energy reserves for bacterial heterotroph 
community and macrofauna (Pierre et al., 2012; Delattre et al., 2016), 
thus EPS reduction could hinder the further development of aquatic 
microorganisms. Additionally, EPS accumulation is crucial for 
adhesion to substrates (Fulaz et al., 2019), meaning that a reduction 
of EPS could contribute to earlier and/or higher frequency of 
detachment of biofilms, and further promote the spread of ARB and 
elements containing ARGs to and throughout the 
surrounding environment.

Biofilm formation in response to sub-MIC antibiotics remains 
contradictory even in single, clinically relevant bacterial isolates. 
For example, a commonly cited study demonstrates sub-MICs of 
aminoglycosides increased biofilm formation in P. aeruginosa and 

E. coli (Hoffman et  al., 2005). However, a reduction in biofilm 
formation was reported for sub-MIC of β-lactams in Staphylococcus 
sp. (Cerca et al., 2005), macrolides in Mycobacterium avium (Carter 
et al., 2004), and mupirocin in P. aeruginosa (Horii et al., 2003). A 
more recent study documented how the presence of several 
antibiotics at sub-MIC levels affected S. aureus biofilm formation 
(Majidpour et  al., 2017), where azithromycin and vancomycin 
increased biofilm formation, but linezolid, cefazolin, and 
clarithromycin inhibited it. A similar response was observed in 
Staphylococcus epidermidis biofilms where 0.5 MIC ciprofloxacin 
reduced biofilm thickness, but 0.5 and 0.25 MIC tigecycline 
increased biofilm growth, as well as the expression of icaA, altE, and 
sigB genes involved in polysaccharide intercellular adhesion 
(Szczuka et  al., 2017). These studies are consistent with our 
microbiome-level results, given that sub-MIC antibiotic cocktail 
mix treatments containing ciprofloxacin in range between 5 to 
50 μg/L decreased biofilm structural complexity. These findings 
demonstrate that effect on biofilm formation and its constituent 
members is likely antibiotic-dependent; thus, antibiotics affect 
diverse bacteria within biofilms differently. Indeed, the 
bioavailability and chemical state of antibiotics would also 
be presumed to influence the severity of response and/or impact on 
the biofilm, though these parameters are not within the scope of the 
current study.

In addition to chemical and physical stressors, biofilms are also 
exposed to biological stressors that include nutrient availability, 
protozoan predation and viral lysis (Andersson et  al., 2018). 
Different protozoa have the potential to influence the proportion of 
bacterial species via selective or non-selective grazing, and have 
been shown to promote the occurrence of HGT events during short 
time frames (Sun et al., 2018). Protozoa were first detected in the 
fourth week of treatment exposure, with counts increasing slightly 
over the following weeks of the experiment, in alignment with the 
expected biofilm’s structural maturation throughout the eight-week 
period. As the biofilm matures, increased thickness and biomass 
would be  expected to result in increased grazing pressure by 
protozoan organisms (Lawrence et  al., 2009). Protozoa counts 
decreased in the presence of sub-MIC antibiotics, though we could 
not correlate the sub-MIC treatment to the protozoa composition 
or predation-interactions. It is possible that the observed reduction 
of protozoa organisms in biofilms under sub-MIC exposure was due 
to the limited availability of autotrophic bacteria recorded under 
sub-MIC antibiotic conditions, indicating an indirect effect through 
trophic interactions (Figure 1; Supplementary Figure S1). It has 
been previously reported that high protozoan predation on bacteria 
was associated with persistence of Mycobacterium and Rickettsia 
spp. (Andersson et al., 2018). Mycobacterium spp. were prevalent 
taxa throughout the biofilm communities of this study; thus, it is 
possible that predatory protozoa in these samples would 
be  associated with, and contribute to the maintenance of, 
Mycobacterium spp.

Ultimately, reduced EPS results in an increase in the proportion 
of unprotected bacterial biomass but a reduction in protozoan and 
cyanobacteria (autotrophic bacteria). Loss of diversity and decreased 
protection from the EPS matrix signify a broader ecological impact of 
sub-MIC antibiotic exposure that could further accelerate the 
acquisition or expression of resistance functions of bacteria species 
within biofilm communities.
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4.2. Microbiome composition shifts due to 
sub-MIC antibiotic exposure

Microbial composition analysis revealed that Proteobacteria 
species were favored by sub-MICs antibiotic presence, and overall, a 
considerable shift in bacterial community composition was observed 
at sub-MIC 1/10. Relative abundance profiles in this study (Figure 4) 
were in accordance with previous taxonomic results noted for South 
Saskatchewan River biofilms by Lawrence et al. (2020), where the 
dominant phyla (Proteobacteria, Actinobacteria and Cyanobacteria) 
comprised 63% of total bacterial community membership. 
Proteobacteria, particularly Betaproteobacteria, are implicated in more 
readily attaching to surfaces during initial biofilm development (Luo 
et al., 2020). Proteobacteria predominance throughout treated biofilm 
communities also signals their adaptability to low or sub-MICs 
antibiotics (Manaia, 2017) supporting the idea that species within this 
phylum possess antibiotic resistance mechanisms or potential for 
acquired resistance.

Additionally, river biofilms influenced by nearby run-off from 
WWTPs also showed Proteobacteria to be the dominant phyla (Guo 
et al., 2020; Matviichuk et al., 2022). Our results are in agreement with 
Zou et  al. (2018) where oxytetracycline residues selected for 
Proteobacteria abundance. In contrast, Subirats et al. (2018) did not 
detect significant variations in bacterial abundance of biofilms treated 
with ciprofloxacin, erythromycin, sulfamethoxazole, diclofenac, and 
methylparaben, even though these antibiotics are known to inhibit 
bacterial growth at sub-MIC levels. Notably, that experimental design 
comprised 28 days, instead of the 56-day period used for this study. 
Thus, it is possible in Subirats et al. that the EPS matrix provided 
protection during early sub-MICs antibiotic exposure. However, the 
prolonged period of antibiotic exposure in our study might indicate 
the scale at which ecological impacts may be observed due to resultant 
shifts in microbial community composition.

nMDS analysis demonstrated that sub-MIC 1/10 and sub-MIC 
1/50 treatments most profoundly shaped microbiome composition at 
the phyla and genus level. For example, Brevundimonas and 
Methylorubrum (Proteobacteria) as well as Flavobacterium 
(Bacteoridetes) relative abundance displayed significant correlation to 
biofilms grown in sub-MIC 1/50 antibiotic treatment; interestingly the 
two latter genera also demonstrated co-occurrence to Variovorax in 
the network analysis (Figure 10). Nitrospira (Nitrospirota phylum) 
revealed to be strongly associated with control biofilms (Figure 6) and 
showed co-occurred with several ARGs and genera in sub-MIC 1/50 
treated biofilms. The prevalence of Mycobacterium spp. despite 
reduced abundance (up to 50%) in the presence of sub-MIC antibiotics 
(relative to control biofilms) presumably indicates that Actinobacteria 
were sensitive to the effects of antibiotics at these concentrations, or 
that antibiotics hindered the development of these genera.

Calculation and interpretation of α-diversity and species richness 
proved to be very dependent on diversity indices, taxonomic level, and 
databases (Supplementary Figures S4, S5). Bacterial α-diversity data 
of biofilms in the South Saskatchewan River is limited, however results 
from CosmosID and Kraken databases demonstrated that biofilms in 
this study were similar in diversity and community distribution to 
previous microcosm characterizations (Romaní et  al., 2014). 
Furthermore, diversity distribution was similar between the sub-MIC 
1/10 and sub-MIC 1/50 samples, which were generally less diverse 
than controls. This is not unexpected as it has been previously 

recorded that bacterial richness, diversity and composition are 
disturbed by the presence of antibiotics such as ciprofloxacin 
(Gonzalez-Martinez et  al., 2014) and oxytetracycline (Zhang 
et al., 2013).

In line with this observation, it is frequently concluded that a 
decrease in diversity is an indicator of altered microbial taxonomy and 
by extension, functional environmental health functions and services. 
However, this data cautions against using α- or β-diversity as a sole 
metric or predictor of ecological impact or health in face of 
environmental stresses, given the dependence on database health, data 
normalizations and granularity of taxa level (Shade, 2017).

4.3. Comparisons of microbial reference 
databases

To our knowledge, this is the first study to evaluate different 
commonly used resistome and taxonomic databases for environmental 
aquatic microbiomes; and thus can serve to provide guidance for 
future study considerations and best practices. CosmosID, Kraken and 
MetaPhlAn are commonly-used analysis pipelines that were all 
separately applied in this study to profile taxa of biofilm communities 
(Couto et  al., 2018). These analysis tools and pipelines notably 
influenced observations, though consensus data of bacterial 
abundance was achieved. These differences in data outputs are a result 
of the underlying databases used for alignment. Specifically, Kraken 
uses genomes based on the NCBI RefSeq database consisting of over 
128,299 organisms (O’Leary et  al., 2016); MetaPhlAn compares 
sequences against the CHOCOPhlAn_201901 database v.4.0 (Segata 
et  al., 2012), containing over 771,500 metagenomic assembled 
genomes; and CosmosID aligns against the GenBook database 
(150,000 microbial genomes and 5,000 viral species) using k-mer-
based alignment (Yan et al., 2019; Zaouri et al., 2020). In the present 
study, MetaPhlAn was less able to identify sequences to the species 
level (20 of 59 species were categorized as unclassified), whereas 
Kraken assigned the most sequences to species level.

Similar to taxonomic analysis, three different commonly used 
resistome databases were evaluated for sensitivity and accuracy of 
ARG annotation of metagenomes: CosmosID (5,500 ARGs), CARD 
(1,600 manually-curated ARG sequences) and ResFinder (3,000 
ARG). Again, the selection of database directly affected final 
observations; however, all three analysis streams displayed the trend 
of sub-MIC antibiotics selecting for an increase in ARG abundance 
within biofilms. Correlation analysis revealed that CARD and 
ResFinder databases were most similar in their output and 
performance (Supplementary Figure S7B).

Despite the known challenges of comparing metagenomic data 
between studies (Couto et  al., 2018), the dependence of data 
interpretation and conclusions on database quality, environmental 
metagenomics studies frequently present data produced from a 
favored tool or database. By performing analysis using one method 
and failing to compare the output against other available tools, 
particularly in the field of environmental AMR, researchers’ risk either 
under- or over-interpreting their results. Here we conclude that the 
CARD database and associated tools are currently the most reliable 
resistome database due to its high level of curation and maintenance, 
and that the CosmosID database is a reliable source for taxonomic 
profiling of aquatic environmental microbiomes, especially if the 
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study seeks to identify Gram-negative or pathogenic bacteria within 
samples (Couto et al., 2018).

4.4. Resistome composition enhanced after 
sub-MIC antibiotic exposure

Resistome profiling of riverine biofilms developed under a 
sub-MICs antibiotic cocktail mix of ciprofloxacin, oxytetracycline and 
streptomycin revealed an abundance prevalence and dominance for 
aminoglycoside ARGs (Supplementary Figure S3). Resistome 
distribution classified by drug resistance and mechanism was 
consistently similar across the three resistome pipelines, with 
sub-MICs antibiotic treated biofilms yielding greater number of 
resistome elements in comparison to control biofilms 
(Supplementary Figure S6). These findings are consistent with 
resistome abundance observed in biofilms influenced by hospital 
wastewater (Petrovich et al., 2020) and WWTP discharge (Matviichuk 
et al., 2022). Microbiome composition aligned with resistome results 
in that the highest richness of taxa/genes were registered for the 
sub-MIC 1/50 treatment in comparison to control biofilms. Overall, 
aph6-Id, aph3”-Ib, aadA2 tetC, tetG, sul1, and sul2 were highly 
abundant and/or prevalent across all biofilms under sub-MICs 
exposure (Supplementary Table S3).

It has been previously reported that aminoglycoside resistance 
genes co-select with other ARGs such as those encoding β-lactamases 
and are often located within different mobile genetic elements (MGE) 
such as integrons and plasmids (Beceiro et al., 2013). Since ARGs are 
often co-located with pathogen virulence factors in biofilm organisms, 
we also screened for the occurrence of virulence genes. Virulence 
refers not only the ability of bacteria to cause disease in the host (i.e., 
degree of pathogenicity) but also the ability of an organism to infiltrate 
and colonize a host (Schroeder et al., 2017). TpnA transposase and 
sul1 sulfonamide genes were notably prevalent across all treatments 
including control biofilms according to the VFDB database 
(Supplementary Figure S8). TpnA has been reported to commonly 
occur in drinking water systems (Brumfield et al., 2020), whereas sul1 
and sul2 have been recorded to be prevalent ARGs in influent and 
effluent riverine biofilms (Auguet et al., 2017).

Interestingly, relative abundance of intI1, a class I integron gene 
usually located in MGE such as transposons and plasmids (Gillings 
et  al., 2015) and linked to several resistance genes including sul1 
(Subirats et  al., 2018; Cheng et  al., 2020), was enhanced in all 
sub-MICs antibiotic treated samples. The sul1 ARG is of significant 
clinical relevance (Petrovich et al., 2020) and its abundance has been 
found to be greater in extracellular DNA than intracellular DNA in 
estuarine biofilms (Guo et  al., 2018), supporting the idea that 
mobilization of this gene plays an important role in resistance 
transmission. The prevalence of intI1, sul1 and tpnA genes across 
biofilms under sub-MICs antibiotic exposure might be result of their 
mobilization across bacteria, particularly Proteobacteria species, as 
HGT dissemination events are more common between 
phylogenetically related bacteria (Subirats et al., 2018). Given this 
increase in suspected HGT events and the fact that constant sub-MICs 
exposure of antibiotics can select for tolerance mutations (Schuster 
et al., 2022) it is plausible to assume that presence of both virulence 
and ARGs would result in multiple drug resistance within constituent 
microorganism (Schroeder et al., 2017). However, there is still not a 

clear understanding of the co-selection relationship(s) between 
virulence and resistance factors, nor virulence and antibiotic 
concentrations (Beceiro et  al., 2013; Matviichuk et  al., 2022). 
Therefore, tracking AMR in environmental microbiomes is an 
essential step required to anticipate the spread and risk of ARGs/
ARB transmission.

Environmental concentrations of ciprofloxacin in European 
WWTP effluent released into surface freshwater were higher than 
estimated and found to promote resistance in 5% of bacterial species 
in contact with the antibiotic (Emara et al., 2023). The same study 
reported a similar pattern for tetracycline, trimethoprim, ofloxacin, 
and norfloxacin. Recently, ciprofloxacin (among other antimicrobials) 
has been measured in the range of 542–32,800 ng/L in effluents close 
to two Canadian pharmaceutical manufacturing facilities (Kleywegt 
et al., 2019). It has also been determined in France that river biofilms 
exposed to WWTP discharge with oxytetracycline concentrations ≥ 
to 108 μg/L represented an environmental risk for aquatic bacteria 
(Matviichuk et al., 2022). These in-situ concentrations are within the 
range used in our present study (Supplementary Table S1), with values 
covering 1/10, 1/50, and 1/100 of MIC and ranging from 5,000 to 
50,000 ng/L (below MICs of 500,000 ng/L), supporting the notion that 
global freshwater microbial communities are currently exposed to 
sub-MICs of antibiotics, with potential functional and structural 
impacts such as those observed in this study.

4.5. Broader microbial functional impacts

Significant changes in metabolic pathways found within the whole 
biofilm community under sub-MICs antibiotic exposure were also 
observed. In general, genes belonging to metabolic pathways related 
to biosynthesis processes were differentially abundant in treatment 
biofilms. For example, two peptidoglycan pathways were similarly 
abundant in each of the three sub-MIC antibiotic treatments; 
suggesting that even at the lowest concentration (5–5,120 μg/L) 
antibiotic presence can increase peptidoglycan biosynthesis. This 
upregulation of cell wall biosynthesis is likely in response to sub-MICs 
antibiotics exerting selective pressure on microbial communities, and 
in particular, the abundant group of Proteobacteria (Gram-negative 
bacteria) present. β-lactam antibiotics can interfere with the bacterial 
cell wall biosynthesis by inactivation of penicillin-binding proteins 
(PBPs), enzymes requisite for synthesis of the peptidoglycan layer 
(Pazda et al., 2019). β-lactam resistance mechanisms against Gram-
negative bacteria mostly consist in β-lactamases, followed by 
permeability alterations and extrusion by efflux pumps (Beceiro et al., 
2013); blaOXA-10 and blaOXA-24 have further been implicated in 
virulence properties by changing peptidoglycan composition 
(Fernández et  al., 2012). Results from our functional prediction 
demonstrate that sub-MICs antibiotics enhanced the abundance of 
peptidoglycan-related metabolism, with a similar pattern observed for 
the abundance of blaOXA-1 and blaOXA-2 genes.

Functional metagenomic analysis also revealed shifts in gene 
abundance related to amino acid biosynthesis pathways at sub-MIC 
1/10 and 1/50 conditions, including those responsible for synthesis of 
arginine, lysine, histidine, and isoleucine (Figure 9). Genes associated 
with lysine biosynthesis have been shown to be required in bacteria 
for protein synthesis, cell wall biosynthesis and generation of 
diaminopimelate (DAP), the latter being a key cell wall component in 
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many Gram-negative bacteria (Grundy et al., 2003). Nucleotide and 
nucleoside biosynthesis genes consistently showed reduced (negative 
fold-change) gene abundance in treated samples relative to control 
samples. These results indicate potential disruptions in bacterial 
growth, since genes associated with these pathways are key in 
synthesizing precursor metabolites for central anabolic processes 
(Caspi et al., 2018). Considering that antibiotic resistance often causes 
fitness costs (Andersson and Hughes, 2012), shifts in genes associated 
with nucleoside and nucleotide pathways and overall growth rates 
could be  related to the increased replication demands from more 
abundant MGE such as plasmids or integrons.

Interestingly, no other metabolic pathway genes associated with 
stress response or resistance displayed significant differential 
abundance in response to sub-MICs antibiotic exposure. In addition, 
no significant variations in carbon-related gene abundance were 
observed. This was not surprising given that carbon biosynthesis 
would largely result from autotrophic and/or microalgae organisms 
(non-prokaryotic) processes which were excluded from bacterial gene 
abundance screen regarding metabolic pathway analyses. Overall, 
sub-MIC antibiotic exposure seemingly influences cell wall 
biosynthesis and processes related to bacterial growth regulation. As 
biofilms are key participants in biogeochemical organic and inorganic 
cycles, including primary productivity, alterations to biofilm growth 
dynamics can potentially lead to downstream impacts on these 
environmental functions.

4.6. Microbiome and resistome linkages 
post-antibiotic exposure

Network analysis patterns from biofilm communities at different 
sub-MIC antibiotic conditions demonstrated that the overall resistome 
composition correlated to Proteobacteria genera.

Proteobacteria genera such as Bradyrhizobium, Methylibium, 
Methylorubrum, Novosphingobium, Sphingobium and Variovorax 
showed the highest correlations (number of edges) to the resistome 
(Figure 10; Supplementary Figure S11) suggesting that the presence of 
these genera strongly contribute to shaping the microbial composition 
and that they may play important ecological roles in riverine biofilms.

With respect to ARGs composition, aminoglycosides (aadA3, aph3” 
Ib, aph6-Id, rrsA), β-lactam (blaOXA-2, blaOXA-21), and sulfonamide 
(sul1) were the most prevalent across biofilms under sub-MICs antibiotic 
exposure (Figure  10). The aph6-Id gene displayed co-occurrence to 
aph3”-Ib in all sub-MICs treatments, and correlation with other ARGs 
increased with the concentration of sub-MICs antibiotics. Indeed, the 
co-occurrence of Proteobacteria, particularly Variovorax, suggests that 
this bacterial genera could act as potential host of aminoglycosides, 
β-lactams and sulfonamides and trimethoprim ARGs.

Moreover, Proteobacteria taxa, Mycobacterium and 
Mycobacteroides (Actinobacteria) showed correlation to blaOXA-2, 
sul1, and tetG genes. Occurrence of the sul1 gene was negatively 
correlated to Nitrospira, showing different observations from that of 
Matviichuk et al. (2022) who reported that sul1 was correlated with 
Bacteroidetes and Nitrospirae phyla from samples upstream of a 
WWTP, but with no correlation in downstream biofilms. Though 
co-occurrence patterns between resistome and microbiome across the 
different sub-MICs antibiotic conditions were observed, this approach 
and dataset is limited in its ability to ascribe with certainty the 

abundance of resistance genes to specific bacterial taxa 
(Supplementary Figure S11). However, the totality of our results 
suggests that predominance of Proteobacteria could serve as an 
indicator of AMR risk and aid in defining strategies for aquatic 
environmental surveillance efforts, given that the abundance of this 
taxa group is strongly correlated with ARG abundance.

5. Conclusion

This study demonstrated that the combined presence of 
sub-MICs oxytetracycline, ciprofloxacin and streptomycin in riverine 
biofilm communities decreased microbial diversity and selected for 
Proteobacteria genera including Methylorubrum and Variovorax, 
particularly at the sub-MIC 1/10 antibiotic level. In contrast, the 
relative abundance and richness of resistome composition increased 
at the sub-MIC 1/50 antibiotic level, suggesting greater opportunities 
for HGT events and transfer of MGE occurred under this condition. 
At sub-MIC 1/50 antibiotic conditions, exposure did not affect EPS 
matrix thickness as significantly as observed for the 1/10 treatment 
level, thereby potentially enabling enhanced cell–cell communication 
(quorum sensing) between biofilm microorganisms. Accordingly, 
there are a range of biofilm impacts and lifestyle trade-offs, with 
respect to structural stability and genetic diversity across the range of 
sub-MICs concentrations examined here. Our results have important 
implications for the overall functional capacity, ecosystem services, 
and broader ecological roles that sub-MICs antibiotic impacted 
biofilms play in aquatic ecosystems. Altogether, these observations 
confirm that the presence of environmentally relevant concentrations 
of antibiotics promote and accelerate the acquisition of resistance in 
aquatic microbial communities.
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Indole-3-acetic acid as a 
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algal-bacterial interactions and a 
potential driving force in algal 
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Most signaling molecules are involved in inter-or intra-species communication, 
and signaling involving cross-kingdom cell-to-cell communication is limited. 
Howerver, algae and bacteria exchange nutrients and information in a range of 
interactions in marine environments. Multiple signaling molecules exist between 
algae and bacteria, including quorum-sensing molecules, nitric oxide, and volatile 
organic compounds. Recently, indole-3-acetic acid (IAA), an auxin hormone that 
is a well-studied signaling molecule in terrestrial ecosystems, was found to act as 
a cue in cross-kingdom communication between algae and bacteria in aquatic 
environments. To increase understanding of the roles of IAA in the phycosphere, 
the latest evidence regarding the ecological functions of IAA in cross-kingdom 
communication between algae and bacteria has been compiled in this review. 
The pathways of IAA biosynthesis, effects of IAA on algal growth & reproduction, 
and potential mechanisms at phenotypic and molecular levels are summarized. 
It is proposed that IAA is an important molecule regulating algal–bacterial 
interactions and acts as an invisible driving force in the formation of algal blooms.

KEYWORDS

indole-3-acetic acid, signaling, signaling molecule, cross-kingdom communication, 
algal-bacterial interaction, algal bloom

1. Introduction

Interactions between plants and symbiotic bacteria in rhizosphere microenvironments have 
been extensively studied in terrestrial ecosystems (Philippot et al., 2013). Similar to the terrestrial 
rhizosphere, marine environments have the “phycosphere” associated with algae (Cole, 1982). 
In the phycosphere niche, interactions between algae and bacteria are highly complex and 
diverse, ranging from cooperation to competition (Amin et al., 2015). Recently, on account of 
the high structural and functional diversity observed, the complex interactions between algae 
and bacteria have become the focus of research (Ramanan et al., 2016; Brodie et al., 2017; 
Piampiano et al., 2020). Algal–bacterial relationships are mediated by various factors, including 
biological parameters, environmental conditions, and chemical cues, which depend on 
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population and community structures. Most recently, chemical cues 
have received particular attention (Hay, 2009).

Molecular cross-talk between bacteria and eukaryotes has been 
described in a wide range of symbiotic organisms (Pacheco and 
Sperandio, 2009), involving chemical signals such as quorum-sensing 
substances, hormones, and small-molecule compounds. Studies of 
cross-kingdom communication can broaden the understanding of 
multi-species interactions (Sandhya and Vijayan, 2019; Piampiano 
et al., 2020; Wang et al., 2022). However, compared with studies of 
inter-and intra-species communication, research examining 
eukaryotic–bacterial interactions mediated by cross-kingdom signals 
is limited. Indole-3-acetic acid (IAA) is a plant hormone belonging to 
the auxin class and is the cross-kingdom signal known to mediate 
plant–bacteria relationships. Bacteria develop colonization strategies 
in plant–microorganism interactions by producing IAA, including 
phytostimulation and circumvention of basal plant defense 
mechanisms (Duca et  al., 2014; Kunkel and Harper, 2017). 
Furthermore, IAA is also a signaling molecule in bacteria and can 
directly affect bacterial physiology (Spaepen et  al., 2007; Fu 
et al., 2015).

Although the roles of IAA in terrestrial environments have been 
investigated, little is known about the functions of IAA in interactions 
between algae and associated microbes in aquatic environments (Lin 
et al., 2022). Signaling molecules are important in regulating algal 
symbioses, including nutrient cycling, material transport, symbiotic 
interactions, and coevolution, which in turn mediate the relationship 
between algae and bacteria, thereby affecting algal life cycles and the 
demise of algal blooms (Labeeuw et al., 2016; Zhou et al., 2016; Barak-
Gavish et al., 2023). This review focuses on recent studies elucidating 
IAA signals and their ecological functions in symbiotic interactions 
between algae and bacteria. The objectives were to identify the major 
mechanisms driving the establishment of algal–bacterial interactions 
and to determine the potential mechanisms driving the development 
of algal blooms. Such a synthesis of new information is essential to 
integrate current knowledge about how inter-kingdom cross-talk 
affects algae–bacteria relations and the mechanisms of algal 
bloom formation.

2. Algal–bacterial interactions in the 
phycosphere

The phycosphere niche provides a rich environment for 
heterotrophic bacteria in contrast to the poor trophic environment in 
open marine systems, thus serving as a bacterial “oasis” (Zhang et al., 
2018). Within the phycosphere microenvironment, algae release fixed 
organic carbon and maintain high nutrient concentrations to attract 
and support the growth of heterotrophic bacteria (Azam and Malfatti, 
2007). In return, bacteria provide vitamins and trace elements that 
algae cannot biosynthesize, including vitamins B1 and B12 and iron, 
which are necessary cofactors for the biosynthesis of various enzymes 
by algae (Ramanan et al., 2016).

Mutualistic relationships between vitamin-synthesizing bacteria 
and algae that require exogenous vitamin inputs have been studied 
extensively. Croft et al. (2005) analyzed the vitamin sources of 326 
algal species and discovered that 171 species required exogenous 
vitamin B12 to biosynthesize methionine. They also demonstrated that 
a bacterium from the genus Halomonas increased production of 

vitamin B12 when provided with fucoidin, a commercial algal extract, 
which they interpreted as evidence that bacteria supply vitamins 
(particularly vitamin B12) on a global scale to most vitamin B12-
auxotrophic phytoplankton in exchange for fixed carbon. Algal–
bacterial co-culture experiments further demonstrate that algae 
acquire vitamin B12 by interacting with bacteria. The medium of the 
co-cultures did not contain an organic carbon source, and therefore 
the bacteria were presumably using the products of algal 
photosynthesis to grow, suggesting that this is a mutualistic 
relationship (Croft et  al., 2005). Moreover, exchanges of iron and 
carbon between several Marinobacter species and phytoplankton, such 
as diatoms, dinoflagellates, and coccoliths, are indicative of algal–
bacterial mutualism (Amin et al., 2009). Bacteria produce vibrioferrin, 
a siderophore that binds to trace amounts of iron in the open ocean, 
facilitating algal assimilation of iron by enabling photochemical redox 
cycling of this vital nutrient; simultaneously, algae release organic 
molecules that support bacterial growth (Amin et al., 2009). There is 
an exchange of ammonium and diatom-secreted taurine (a carbon 
source) between Sulfitobacter and Pseudonitzschia multiseries 
(Seymour et al., 2017). De-Bashan et al. (2008) demonstrated the 
transfer of carbon and nitrogen compounds between Chlorella 
sorokiniana and Azospirillum brasilense, an interaction that benefits 
both partners and can remain stable over multiple generations. 
Mutualism is not limited to unicellular microalgae but is also prevalent 
in macroalgae and, in some cases, the mutualistic relationship is 
endosymbiotic (Hollants et al., 2011).

Ecological relations between algae and bacteria can be classified 
as not only mutualism but also as competitive antagonism (Ramanan 
et al., 2016; Seymour et al., 2017). To compete for limited material, 
such as inorganic nutrients, bacteria can secrete algaecides to kill 
algae and algae can defend themselves against bacterial attacks. For 
example, the flavobacterium Kordia algicida releases a protease, with 
a mass of >30 kDa, that fatally targets a subset of diatoms 
(Skeletonema, Thalassiosira, and Phaeodactylum, but not Chaetoceros; 
Amin et al., 2012). The marine isolate, Saprospira sp. strain SS98-5, 
lyses cells of the diatom Chaetoceros ceratosporum on direct contact. 
The bacterium uses gliding motility to swim toward the diatom and 
induces diatom cell aggregation, followed by lysis via the production 
of microtubule-like structures (Furusawa et al., 2003). Abada et al. 
(2023) reported that, under oxygen-rich conditions, the aerobic 
bacterium, Phaeobacter inhibens, reduced algal-secreted nitrite to 
nitric oxide (NO) through denitrification. The bacterial NO is 
involved in triggering a cascade of reactions in the coccolithophore 
Gephyrocapsa huxleyi algae that is akin to programmed cell death. 
Upon death, algae generate additional NO, thereby propagating the 
signal within the algal population. Eventually, the algal population 
collapses, similar to the sudden demise observed in oceanic algal 
blooms. In turn, the diatoms possess defense mechanisms to protect 
themselves. The diatom Navicula delognei produces several 
antibacterial compounds; three of these compounds – the fatty acids 
hexadecatetraenoic acid, octadecatetraenoic acid, and the ester 
(E)-phytol – display strong antibacterial activity against the 
pathogens Staphylococcus aureus, Staphylococcus epidermidis, 
Proteus vulgaris, and Salmonella enterica serovar Typhimurium 
(Findlay and Patil, 1984). Phaeodactylum tricornutum can produce 
the fatty acids palmitoleic acid and eicosapentaenoic acid (EPA), 
both of which inhibit the growth of Gram-positive bacteria (Desbois 
et al., 2008).
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In addition to the sharing of nutrition, space, and material 
exchange, the relationship between an algal host and epiphytic 
bacteria can be also regulated by signaling molecules. For example, 
dimethylsulfonylpropionate (DMSP) released by algae can stimulate 
the pathogenicity of bacteria, changing the relation between 
Sulfitobacter D7 and Gephyrocapsa huxleyi from “good friends” to 
“enemies” (Barak-Gavish et al., 2023). During rapid growth of an 
G. huxleyi population, organic matter is released into the phycosphere 
and Roseobacter D7 attaches to algal cell walls to efficiently use the 
nutrients released by the algae. Simultaneously, the bacterium provides 
vitamins and plant hormones to the alga, thus strengthening the 
“friendship.” However, as algal physiology deteriorates and partial 
death begins, the concentration of algae-derived DMSP begins to 
increase (Sule and Belas, 2012). When the change in DMSP 
concentration is detected, bacteria detect that the algal biochemical 
state is degenerating and, consequently, begin to regulate the 
expression of pathogenic-related genes and release algicidal 
substances. Thus, the bacteria take advantage of “old friends” by killing 
off algae hosts (Barak-Gavish et al., 2023).

Another group of important signaling molecules is the acyl-L-
homoserine lactones (AHLs), which are self-inducing molecules that 
are commonly produced by bacteria to regulate bacterial behavior 
(Cuadrado-Silva et  al., 2013). Moreover, AHLs participate in 
communication not only between bacteria but also between microbes 
and their algal hosts (Zhou et  al., 2016). Two types of bacteria 
associated with diatoms can secrete different AHLs, which accumulate 
in diatom hosts (Amin et al., 2012) and cause their dissolution (Zhou 
et  al., 2016). In response to bacterial AHL signals, algae have 
developed mechanisms to regulate their metabolism. For example, the 
red alga (macroalga) Delisea pulchra produces halogenated furanones, 
which inhibit the expression of AHL-dependent genes and, in turn, 
inhibit quorum sensing in bacteria. Algae have likely evolved in 
response to the negative impacts of AHL-dependent colonization of 
their surfaces by marine bacterial species (Maximilien et al., 1998; Zhu 
and Winans, 2001; Hughes and Sperandio, 2008). In a study, Amin 
et al. (2012) summarized that signaling molecules not only initiate or 
regulate algal–bacterial interactions concerning nutrient competition, 
but they also maintain partnerships that are more specific than those 
maintained solely via the exchange of nutrients. Considering the 
complexity of algal–bacterial interactions, it is not surprising that a 
large number of signaling molecules have been identified, such as 
indole-3-acetic acid (IAA).

3. What are the sources of indole-3-
acetic acid (IAA) in the phycosphere?

3.1. Pathways of IAA biosynthesis in 
microalgae

In the 1960s and 1980s, IAA and its inactive analogs were 
discovered in various types of algae (Tarakhovskaya et al., 2007). In 
the 1990s, Stirk and Van Staden (1996) observed improved plant 
growth with the addition of small amounts of extracts from brown 
algae, similar to that induced by the plant growth hormone auxin. 
Endogenous IAA is found in a wide range of microalgal phyla, 
including 20 algal strains in the Haptophyta, Chlorophyta, and 
Streptophyta (Žižková et al., 2016). However, it cannot be concluded 

that an alga produces endogenous IAA based solely on the detection 
of IAA since detection alone cannot explain the large amounts of IAA 
found in algae without terrestrial IAA biosynthetic homologs (Taya 
et  al., 2022). The metabolic pathways of auxin biosynthesis in 
microalgae are complex and have not been fully elucidated. Until now, 
the most likely putative IAA biosynthetic pathway in microalgae is via 
the oxidation of tryptophan (Trp) to indole-3-acetaldoximine (IAN; 
Lin et al., 2022). Characterization of the genes and proteins responsible 
for IAA biosynthesis in microalgae lags far behind that in plants 
and bacteria.

To explore the sources of IAA in the phycosphere, both the 
accumulation of IAA in algae and epiphytic bacteria and the gene 
homologs of the IAA biosynthetic pathway need to be examined. 
Thus, chemical and molecular evidence need to be  combined to 
explore the sources of IAA in the phycosphere. The IAA biosynthetic 
pathways of algae and Arabidopsis thaliana have been compared to 
investigate if there are homologs of A. thaliana biosynthetic genes in 
the algae (Figures  1B,C). In a comparison of the genomes of 
A. thaliana and multiple marine algae IAA biosynthetic pathways, 
Labeeuw et  al. (2016) collected sequences for enzymes in the 
Trp-dependent IAA biosynthesis pathways of A. thaliana and queried 
homologs in algae databases (Figures 1B,C). Mikami et al. (2015) 
analyzed genes involved in IAA biosynthesis in red algae by searching 
the whole genomes of the red seaweeds Bangia fuscopurea and Pyropia 
yezoensis. The overview of the distribution of IAA biosynthetic genes 
in the algal genome is given (Figure  1C). Although some 
IAA-containing algae have homologs of genes from the A. thaliana 
Trp-dependent IAA biosynthetic pathway (Labeeuw et  al., 2016; 
Figure 1C), most marine algae do not have IAA biosynthetic gene 
homologs (Spaepen et  al., 2007; Lin et  al., 2022; Figure  1C). 
Consequently, the origin of most algal IAA is unclear. IAA may still 
be algal-produced, because even though IAA biosynthetic homologous 
enzymes or gene homologs are not detected, algae may have IAA 
biosynthetic pathways that are different from those of terrestrial plants 
(Spaepen et al., 2007). However, the statement that “algae follow a 
different IAA biosynthetic pathway than that of terrestrial plants” is 
not entirely accurate, because some algae do contain homologs of IAA 
biosynthetic genes from terrestrial plants (Le Bail et al., 2010; Carrillo-
Carrasco et al., 2023; Figure 1C). Therefore, it is proposed that algae 
without IAA synthetic gene homologs accumulate IAA under the 
influence of phycosphere bacteria. Additionally, several compounds 
previously believed to be produced by eukaryotic hosts were later 
found to be produced by bacterial symbionts (Li and Vederas, 2009). 
To obtain additional supporting evidence, future studies should select 
appropriate model strains and characterize in vitro enzymes to assign 
biochemical classification to the products of IAA biosynthetic genes.

3.2. Pathways of IAA biosynthesis in 
microalgae-associated bacteria

Because IAA-producing bacteria are ubiquitous in the 
phycosphere and numerous epiphytic bacteria produce IAA, bacteria 
are the likely source of IAA (Wang et al., 2022). Four Trp-dependent 
pathways for IAA biosynthesis have been identified in bacteria: 
indole-3-acetamide (IAM), indole-3-pyruvate (IPyA), tryptamine 
(TAM), and indole-3-acetaldoxime (IAOx; Spaepen et  al., 2007; 
Labeeuw et al., 2016; Duca and Glick, 2020; Figure 1A).
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Two strains of epiphytic bacteria, Alteromonas sp. Mab 25 and 
Labrenzia sp. Mab 26, from the phycosphere of the marine microalga 
Isochrysis galbana S002, can produce IAA when Trp is present in the 
growth medium (Sandhya and Vijayan, 2019). Among 203 strains 
isolated from the phycosphere of the marine green algae Tetraselmis 
suecica, 30 strains belonging to 10 different genera were found to 
produce IAA (Piampiano et  al., 2020). Neptunomonas sp. BPy-1 

isolated from the marine red algae P. yezoensis and Neptunomonas sp. 
BZm-1, obtained from Zostera marina, can also produce IAA in a 
growth medium containing Trp (Matsuda et  al., 2017). Although 
detection of IAA is generally straightforward, the process is time-
consuming and laborious when many bacteria need to be examined. 
Therefore, when there are many bacterial samples, macroscopic 
verification is performed using metagenomic and metatranscriptomic. 
Wang et  al. (2022) analyzed the microbiome of the P. haitanensis 
phycosphere and found that over 50% of the bacterial population 
contained genes from the four established IAA biosynthetic pathways 
(Figure 1A). Zhang et al. (2019) analyzed over 7,000 bacterial genomes 
and discovered that 82.2% of genomes suggested that bacteria could 
potentially biosynthesize IAA from Trp or its intermediates. Thus, the 
use of experimental techniques to detect IAA and omics approaches 
to confirm IAA biosynthetic genes demonstrate that phycosphere 
bacteria can widely use Trp or its intermediates to generate IAA.

As for the ecological function of IAA, some researchers have 
pointed out that bacteria use IAA as a carbon or nitrogen source, 
either to increase adaptability to environmental pressures or to 
increase chemotaxis, which is beneficial for bacterial colonization (Lin 
et al., 2022). However, a consensus view recently emerged that IAA 
serves as a signaling molecule, participating in algal–bacterial 
interactions and influencing algal metabolism and growth.

4. The role of IAA as a signaling 
molecule affecting algal–bacterial 
relationships and regulating algal 
growth

Within the rhizosphere, plant growth-promoting bacteria can 
biosynthesize IAA, which may be their most prominent characteristic 
(Cuadrado-Silva et al., 2013). In addition to promoting plant growth 
and development, IAA is also a signaling molecule involved in 
communication between plants and bacteria. In A. thaliana, the 
bacterial pathogen Pseudomonas syringae DC3000 impedes the 
salicylate-mediated defense capacity by secreting IAA signaling 
molecules, which consequently facilitate pathogen invasion (Djami-
Tchatchou et al., 2020). In the phycosphere of a green alga, Durán et al. 
(2022) discovered several species of bacteria that produce IAA. Given 
the prevalence of IAA in the phycosphere and its role as a “cross-
kingdom messenger” in the rhizosphere (Amin et al., 2015; Mori et al., 
2017; Figure  2A), it is reasonable to speculate that IAA in the 
phycosphere also functions as a signaling molecule facilitating cross-
kingdom communication between algae and bacteria, potentially 
affecting growth and population dynamics.

IAA produced by bacteria has important effects on macroalgal 
growth and morphogenesis. For example, overproduction of IAA by 
Roseobacter has long been known to cause localized galls in its algae 
host Prionitis lanceolata (Ashen et  al., 1999). In the case of 
Chondracanthus chamisoi, the addition of exogenous IAA promotes 
the growth of intermediary nodes of its sterile explants and stimulates 
callus formation, likely because of its function during cell division and 
elongation (Yokoya et al., 2013). In addition, co-culturing P. yezoensis 
with IAA producers increases its growth (Matsuda et al., 2017).

In contrast to macroalgae, bacteria can manipulate the size and 
number of microalgae by providing exogenous IAA to influence 
growth, metabolism, and gene expression. De-Bashan et al. (2008) 

FIGURE 1

(A) The pathways of biosynthesis of indole-3-acetic acid (IAA) in 
bacteria. Enzymes are labeled by number in the legend. (B) The 
tryptophan (Trp)-dependent IAA biosynthesis pathways in A. thaliana. 
AAO1: indole-3-acetaldehyde oxidase; AMI1: indole-3-acetamide 
hydrolase; CYP79B2 and its close homolog CYP79B3: cytochromes 
that catalyze the conversion of Trp to indole-3-acetaldoxime; 
CYP7A13, indole-3-acetaldoxime dehydratase; NIT1, Nitrilase; TAA1, 
tryptophan aminotransferase; TDC, tryptophan decarboxylase; and 
YUCCA: flavin-containing monooxygenases. (C) Distribution of 
genes involved in IAA biosynthesis from the terrestrial plant 
Arabidopsis thaliana detected in the genomes of various algal 
species. Abbreviations of enzymes involved in the Trp-dependent IAA 
biosynthesis pathways of A. thaliana are defined in (B). Orthologs 
present (blue circles) or absent (pink circles). Figure based on 
findings from Mashiguchi et al. (2011), Labeeuw et al. (2016), Mikami 
et al. (2015), and Carrillo-Carrasco et al. (2023).
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found that algal growth is promoted in the presence of wild-type 
Azospirillum spp., which produce varying amounts of IAA. In the 
relationship between the green microalga Haematococcus pluvialis and 
its symbiotic bacterium Achromobacter sp. CBA4603, the 
IAA-producing Achromobacter significantly increased algal growth 
after inoculation into H. pluvialis (Lee et  al., 2019). Exogenously 
provided IAA also affects the size of algae. For example, when sterile 
G. huxleyi CCMP2090 is provided with exogenous IAA, algal 
morphology changes and cells enlarge significantly (Labeeuw et al., 
2016). In addition to positive effects, there can also be  negative 
feedback effects of IAA on algae. Therefore, IAA is a signaling 
molecule that can strengthen symbiotic relationships between algae 

and bacteria but, at high concentrations, it can also lead to algal death. 
Segev et al. (2016) reported that IAA at concentrations ranging from 
1 to 100 μM had positive effects on algal growth, whereas 
concentrations exceeding 1,000 μM resulted in the death of 90% of 
algal cells. However, in natural marine environments, levels of IAA are 
not sufficient to cause death but most likely promote algal growth 
(Carrillo-Carrasco et al., 2023).

To determine whether IAA acts as a signaling molecule in algal–
bacterial communication, it is not sufficient to demonstrate that 
bacterial-produced IAA influences the physiological state of algae and 
regulates algal gene expression, because IAA can also act as a nutrient 
for algae. Therefore, to provide additional compelling evidence 

FIGURE 2

(A) Comparison of the rhizosphere and phycosphere environments and potential signaling roles of indole-3-acetic acid (IAA). DMSP, 
dimethylsulfonylpropionate; DOM, dissolved organic matter; IAA, indole-3-acetic acid; Roseobacticides, algaecides that kill algae; Trp, tryptophan. 
(B) Effects of IAA, produced by phycosphere bacteria, on the growth of algae, and a conceptual model of potential relationships between IAA-induced 
algal growth and algal blooms. IAA, indole-3-acetic acid; IAM, indole-3-acetamide; IAOx, indole-3-acetaldoxime; IPA, indole-3-pyruvate; TAM, 
tryptamine; Trp, tryptophan.
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supporting the role of IAA as a signaling molecule, it is necessary to 
demonstrate that IAA can selectively maintain algal–bacterial 
relationships, which is one of the most crucial characteristics of 
signaling molecules. Such specificity of the role of IAA can explain the 
different responses of the closely related P. multiseries (PC9、PC4
、GGA2) and Sulfitobacter SA11 (Amin et al., 2015). For instance, in 
co-culture experiments, the presence of SA11 promoted cell division 
of P. multiseries PC9 but did not affect the other two algae, PC4 and 
GGA2. Furthermore, when PC9 and GGA2 were co-cultured with 
SA11, the number of SA11 cells increased, but the number of SA11 
cells was not affected when co-cultured with PC4 (Amin et al., 2015). 
The observations indicate that IAA molecules help SA11 to distinguish 
between the strains of PC9, PC4, and GGA2 and establish contact with 
PC9 to promote cell reproduction in both the alga and bacterium. 
Therefore, IAA can help organisms differentiate between closely-
related others and identify organisms with which it can interact. Under 
such circumstances, IAA facilitates the identification and maintenance 
of beneficial partnerships while relationships with deceivers are 
avoided; this resembles the specificity achieved by multiple signaling 
molecules in legume–rhizobia interactions (Wang et al., 2022).

The molecular mechanism by which bacteria-produced IAA 
regulates algal growth was studied in a co-culture of the diatom Pseudo-
nitzschia multiseries and the bacterium Sulfitobacter SA11 (Amin et al., 
2015). Transcriptome sequencing and targeted metabolite analyses 
indicated that IAA was biosynthesized by SA11 using exogenous Trp and 
endogenous Trp secreted by P. multiseries. After IAA entered an algal cell, 
cell-cycle proteins in the nucleus detected the IAA and, in turn, promoted 
algal cell division. Three main functional genes responded to IAA. The 
first gene, encoding a protein involved in Trp biosynthesis and 
IAM-mediated IAA biosynthesis, was upregulated, leading to an increase 
in IAA that was taken up by the algae. The second gene is involved with 
cyclins, which are typically associated with growth promotion through 
the cell cycle. Expression of the third gene, the cysteine dioxygenase gene 
(cdo), also increased upon exposure to bacterial IAA and, as a result, 
taurine biosynthesis increased (Amin et al., 2015). Taurine is a critical 
carbon and energy resource for heterotrophic bacteria (Cook, 2006). 
Together with algae-derived DMSP, the release of taurine from algae may 
support the metabolism of algal-associated bacteria.

To explain why IAA can engage in cross-border communication 
between bacteria and hosts, partial answers can be obtained from 
terrestrial plants. IAA is a well-studied signaling molecule in terrestrial 
plants that participates in plant–microbial cross-kingdom 
communication. Several proteins are involved in IAA sensing and 
transport. Auxin-binding protein1 (ABP1) functions as an auxin 
receptor in the apoplast, whereas auxin transporters on the cell 
membrane, encoded by genes of the auxin resistant/like auxin resistant 
(AUX/LAX) family, transport extracellular IAA into cells. Pin-formed 
(PIN) proteins on the plasma membrane are responsible for IAA 
output, while PIN-like (PILS) transporters, localized to the 
endoplasmic reticulum, are responsible for IAA transport. 
ATP-binding cassette B (ABCB) transporters on the cell membrane 
act as IAA efflux carriers (Carrillo-Carrasco et al., 2023). When the 
concentration of IAA in the nucleus is high, IAA binds to the transport 
inhibitor response1-auxin signaling F-BOX proteins (TIR1/AFB 
family) and the auxin/IAA proteins (encoded by the Aux/IAA gene 
family), resulting in the degradation of Aux/IAA and release of the 
auxin response factor (ARF). Subsequently, ARF activates the 
transcription of IAA-reactive genes (Lau et al., 2009; Carrillo-Carrasco 
et al., 2023). The participation of numerous transporters ensures that 

IAA produced by bacteria affects the expression of endogenous IAA 
genes within plant cell nuclei.

It is important to note that the genes corresponding to the proteins 
responsible for sensing and transport of IAA in terrestrial plants are not 
currently known in algae. Although co-cultivation with IAA producers 
increases the growth of P. yezoensis, exogenous provision of IAA does not 
have the same effect. Genomic studies of P. yezoensis reveal the absence 
of gene homologs encoding auxin signaling components, such as the 
auxin efflux carrier (PIN) and auxin influx carrier (AUX1; Matsuda et al., 
2017). This absence suggests that the mechanism of IAA transport in 
Pyropia is likely to differ from that in terrestrial plants and algae may 
absorb IAA directly from attached bacteria, rather than use IAA from 
the surrounding environment. Similarly, P. yezoensis and P. umbilicalis, 
which contain IAA in vivo, lack both homologs of IAA biosynthetic 
genes and proteins involved in IAA sensing and signal transduction. To 
further investigate the absence of genes homologs responsible for sensing 
and transport, the presence of TIR1/AFBs, Aux/IAA, and ARF orthologs 
in marine microalgae has been examined, but direct congeners of those 
proteins were not identified in Ostreococcus lucimarinus, O. tauri 
(Chlorophyta), Phaeodactylum tricornutum, Thalassiosira pseudonana 
(Bacillariophyta), and Ectocarpus siliculosus (Phaeophyta; Lau et  al., 
2009; Le Bail et al., 2010). Although many studies report that IAA acts as 
a signaling molecule and mediates cross-kingdom communication 
between algae and bacteria in marine ecosystems, the specific molecular 
mechanisms for this role remain uncertain.

5. IAA’s Potential role in algal blooms

Although algae are a key component in marine ecosystems, rapid 
proliferation of some algae can trigger algal blooms that can harm 
humans and other organisms (Berdalet et al., 2015). In forming an algal 
bloom, algae need to establish dominance, enabling them to increase 
faster than those of associated species (Huisman et al., 2018). A dominant 
advantage is a common feature of biological interactions between 
species, including algal–bacterial interactions. Regulation of chemical 
signals is important in algal–bacterial interactions (Jeong et al., 2015).

As a signaling molecule, IAA can regulate the competitive 
interactions between bacteria. Algal cells in the phycosphere not only 
secrete nutrients for bacteria but also provide nutrients in forms and 
concentrations that promote bacterial growth. Moreover, algal cells 
release signaling substances, such as Trp, that regulate bacterial gene 
expression. Bacteria respond to exogenous Trp signaling by altering 
their IAA production and converting all the Trp provided by the host 
alga into IAA and releasing it (Amin et al., 2015). The release of IAA 
leads to an increase in algal cell size and promotes cell division.

Algal cell size is the primary determinant of the size of the 
phycosphere (Seymour et al., 2017). The phycosphere extends from 
the surface of algal cells to the diffusion boundary layer that contains 
amino acids, carbohydrates, and other organic compounds released 
by algae (Seymour et al., 2017). In previous work, Wu et al. (2023) 
identified a positive feedback loop in the expansion of the phycosphere 
that resulted in bloom outbreaks. As the phycosphere expands, algae 
increase nutrient capture, and the semi-enclosed environment 
provides an exclusive nutrient supply for algal cells. Consequently, the 
amounts of nutrients available for bacteria increases, promoting the 
growth of IAA-producing bacterial populations. Such a positive 
feedback loop amplifies the strength of algae–bacterial interactions, 
leading to increases in algal populations and increased probability of 
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algal blooms (Figure 2B). The implications of the positive feedback 
loop for large-scale biogeochemical processes are substantial. In 
studies that used omics techniques to analyze the entire cycle of algal 
blooms, IAA genes were found to be most highly expressed in the 
early stages of algal blooms, followed by expression in intermediate 
periods, with the lowest expression in the late stage (Zhu et al., 2022). 
This finding supports the hypothesis that algal blooms form because 
IAA promotes the growth and reproduction.

IAA-mediated interactions between algae and bacteria occur in 
specific microenvironments and can have cascading effects on primary 
productivity in the marine ecosystem and trigger algal blooms 
(Seymour et al., 2017). The secretion of IAA and its function as a 
signaling molecule in facilitating algal growth are potentially important 
in inducing algal bloom formation. Therefore, it is proposed that IAA 
acts as an invisible driving force in the development of algal blooms.

6. Outlook

The rapid progress of IAA research in the phycosphere niche is 
inspiring and will promote the study of IAA metabolism in algae as 
well as its role in algal blooms. Interactions between bacteria and 
algae, which involve exchanges of nutrients and information, are 
common in marine ecosystems. Bacteria detect Trp released by algae 
and, as a result, regulate the expression of IAA-associated genes and 
release IAA, which significantly affects algal growth and algal 
population size, by regulating cell size and number. Furthermore, IAA 
acts as a signaling molecule that maintains the partnership between 
algae and bacteria by transmitting information.

The discovery of the role of IAA in promoting algal growth and 
reproduction offers new insights into the development of algal blooms, 
yet the mechanisms remain unconfirmed. It also remains to be studied 
how the concentration of IAA in the phycosphere changes in natural 
environments during algal blooms. Furthermore, high concentrations 
of IAA can have algicidal effects, leading to speculation that IAA 
accumulation may also be one of the triggers during the extinction 
stage of algal blooms. Although the involvement of IAA in algal–
bacterial interactions as a signaling molecule has been partially 
verified in co-culture experiments, further analysis of auxin reactions 
in algal models is needed. Additionally, there needs to be a focus on 
identifying the specific molecular mechanisms of IAA action. With 
the advent of new omics techniques, and associated generation of data 

at the genomic, transcriptomic, proteomic, and metabolic levels, our 
understanding of the function of IAA in interactions between hosts 
and microbes in cross-kingdom cell-to-cell communication will 
be greatly enhanced.
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Transition from stromatolite to 
thrombolite fabric: potential role 
for reticulopodial protists in lake 
microbialites of a Proterozoic 
ecosystem analog
Joan M. Bernhard 1*, Luke A. Fisher 2†, Quinne Murphy 2, 
Leena Sen 1,3†, Heidi D. Yeh 2,4, Artemis Louyakis 5, Fatma Gomaa 1,6, 
Megan Reilly 1,7†, Paola G. Batta-Lona 2, Ann Bucklin 2, 
Veronique Le Roux 1 and Pieter T. Visscher 2

1 Department of Geology and Geophysics, Woods Hole Oceanographic Institution, Woods Hole, MA, 
United States, 2 Department of Marine Sciences, University of Connecticut, Groton, CT, United States, 
3 Department of Earth and Atmospheric Sciences, Cornell University, Ithaca, NY, United States, 
4 Department of Marine and Coastal Sciences, Rutgers University, New Brunswick, NJ, United States, 
5 Department of Molecular and Cell Biology, University of Connecticut, Storrs, CT, United States, 
6 Department of Organismic and Evolutionary Biology, Harvard University, Cambridge, MA, United 
States, 7 Department of Marine Sciences, Northeastern University, Boston, MA, United States

Prior observations suggest that foraminiferan protists use their reticulopodia 
(anastomosing pseudopodia) to alter sediment fabric by disrupting laminations 
of subtidal marine stromatolites, erasing the layered structures in an experimental 
setting. Because microbialites and foraminifera are found in non-marine 
settings, we  hypothesized that foraminifera living in lakes could also disrupt 
layered microbialite fabric. With this aim and using a variety of multidisciplinary 
approaches, we  conducted field surveys and an experiment on microbialites 
from Green Lake (GL; Fayetteville, New  York State, United  States), which has 
been studied as a Proterozoic ecosystem analog. The lake is meromictic and 
alkaline, receiving calcium sulfate-rich water in the monimolimnion; it supports 
a well-developed carbonate platform that provides access to living and relict 
microbialites. The living microbialites grow from early spring to autumn, forming 
a laminated mat at their surface (top ~5  mm), but a clotted or massive structure 
exists at depth (>  ~  1  cm). We observed a morphotype of “naked” foraminiferan-
like protist in samples from GL microbialites and sediments; thus, considered 
the possibility of freshwater foraminiferan impact on microbialite fabric. Results 
of an experiment that seeded the cultured freshwater foraminifer Haplomyxa 
saranae onto the GL microbialite surface indicates via micro-CT scanning 
and anisotropy analysis that the introduced foraminifer impacted uppermost 
microbialite layering (n  =  3 cores); those cores with an added inhibitor lacked 
changes in anisotropy for two of those three cores. Thus, it remains plausible that 
the much smaller, relatively common, native free-form reticulate protist, which 
we identified as Chlamydomyxa labyrinthuloides, can disrupt microbialite fabrics 
on sub-millimeter scales. Our observations do not exclude contributions of other 
possible causal factors.

KEYWORDS

microbialite, stromatolite, Fayetteville Green Lake, Rhizaria, Chlamydomyxa 
labyrinthuloides, Haplomyxa saranae, foraminifera, paleomicrobiology
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1. Introduction

Lithifying microbial mats or microbialites (Burne and Moore, 
1987), the oldest dated at >3.4 billion years, are the most visible 
manifestations of pervasive microbial life on early Earth (Allwood 
et al., 2006; Nutman et al., 2016). Changes in microbialite abundance 
and morphology over time document complex interplays between 
biological, geological, and chemical processes (Riding, 2000). 
Microbialites can be classified as one of three main types based on 
their mesostructure (visible with naked eyes; Dupraz et al., 2009): 
stromatolite (laminated), thrombolite (clotted), and leiolite 
(structureless). Details of fossil stromatolite formation and 
preservation are controversial: A number of factors are involved in 
microbialite framework construction, including carbonate saturation 
state, sediment dynamics, and metazoan, algal, and cyanobacterial 
abundance and activities (Shapiro et al., 1995; Visscher et al., 1998; 
Riding, 2000; Riding and Liang, 2005; Dupraz et al., 2009; Planavsky 
and Ginsburg, 2009; Tarhan et al., 2013).

A popular hypothesis to explain the late Neoproterozoic decline 
in stromatolites is the radiation of eukaryotic predators (Walter and 
Heys, 1985) that consumed or disrupted the microbialites in some 
manner. The most commonly-proposed predators are unspecified 
Metazoa (multicelluar eukaryotes; e.g., Planavsky and Ginsburg, 
2009), although fossil evidence to support this perspective is 
nonexistent. Protists (single-celled eukaryotes) that lack agglutinated 
or mineralized shells are also possible stromatolite predators. However, 
they are not expected to leave obvious fossils and are largely ignored 
in this context.

Prior observations suggest reticulopods of the Rhizarian 
protistan phylum Foraminifera can alter microbialite fabric by 
disrupting laminations of subtidal marine stromatolites, changing the 
layered (stromatolitic) structures into leiolites in an experimental 
setting (Bernhard et al., 2013). A Proterozoic origin of foraminifera 
is likely given their earliest fossils are Cambrian (Culver, 1991) or 
even earlier (Bosak et  al., 2012), and molecular-clock analyses 
support a Proterozoic origin of “soft-shelled” foraminifera (Pawlowski 
et al., 2003). Because of this Precambrian origin and foraminiferal 
occurrence in non-marine settings (Holzmann et al., 2003, 2021; 
Siemensma et al., 2021), we hypothesized that freshwater foraminifera 
impacted the fabric of lake stromatolites. Here we  present 
geochemical results and observations on benthic microbial 
eukaryotes from Green Lake (GL; Fayetteville, NY, United States) 
microbialites, as well as results from an experiment to assess impact 
of freshwater foraminifera on layered GL microbialite fabric. While 
the prokaryotic assemblages of the GL microbialites have been 
described, especially the cyanobacteria (Wilhelm and Hewson, 2012), 
to our knowledge very little has been published on the microscopic 
eukaryotes of the platform. Studying if and how protist communities 
affect the development of modern microbialites is critical to 
interpretations of the fossil record, especially in the context of 
Proterozoic ecosystems.

Green Lake is an alkaline meromictic lake that serves as an analog 
to the Proterozoic oceanic ecosystem (Thompson et al., 1990; Havig 
et al., 2015; Herndon et al., 2018; Kamennaya et al., 2020), which is 
generally considered to have oxygenated surface waters and anoxic/ 
sulfidic (euxinic) deep waters at depth (Canfield et al., 2008; Reinhard 
et al., 2013) and widespread shallow-water stromatolites (Knoll et al., 
2016). The lake presently supports a well-developed shallow-water 

(~ < 1 m) microbialite carbonate platform or bioherm (Figure  1), 
located at Dead Man’s Point in the north-eastern quadrant of the lake 
(43.051814 N, 75.963969 W). A smaller platform occurs along a short 
section of shoreline in the southwestern sector of the lake; we did not 
investigate this smaller feature.

Green Lake was the result of a meltwater waterfall cascading off a 
Wisconsin-aged glacier head that eroded a deep hole in the 
sedimentary bedrock. Thus, the lake is quite deep for its lateral extent, 
being ~0.25 km wide by ~1.1 km long, but ~59 m deep. The bedrock 
hosting the lake is largely shale although gypsum, limestone and 
dolomite also occur further up section (Figure 1A). Ground waters 
percolating through the bedrock introduce ions into lake waters (e.g., 
calcium-sulfate-enriched intrusions; Brunskill, 1969; Brunskill and 
Ludlam, 1969) causing stratification, where depths exceeding about 
20 m are strongly reducing (Havig et al., 2018; Block et al., 2021). The 
bacterial communities of these stratified water masses have been well 
described (Block et al., 2021).

2. Materials and methods

2.1. Lake and platform biogeochemistry

Permits were obtained from the New York State Office of Parks, 
Recreation and Historic Preservation to sample Green Lake. The Dead 
Man’s Point (DMP) platform and its overlying waters were sampled 
eight times from May 2017 to November 2019. Physicochemical 
characteristics of the water overlying the platform were recorded with 
a Mettler Toledo FiveGo handheld meter (temperature, pH) and an 
Accumet AP75 conductivity/temperature meter (conductivity). 
Measurements of the underwater light regime were made 
approximately 5 cm above the carbonate platform with a quantum 
meter (LiCor 250) equipped with an underwater PAR quantum sensor 
(LiCor 192). Water samples (250 mL) were gravity-filtered through 
0.22 μm cellulose nitrate filters. One aliquot was transferred to an acid-
cleaned screwcap tube and stored on ice for calcium measurement in 
the laboratory using ion chromatography (Dionex IC3000). To 
determine alkalinity, a 40-ml aliquot of the filtrate was titrated against 
0.1 N HCl at the site. The titration data were entered into USGS 
Alkalinity Titrator software.1

Geochemical depth profiles of oxygen, hydrogen sulfide, and pH 
were measured in situ during peak photosynthesis (12:00 Noon–
2:00 PM) and at the end of the dark period (4:00 AM–6:00 AM) in 
approximately 30–40 cm-deep water. Needle microelectrodes 
(Unisense, Denmark) were mounted to a hand-driven 
micromanipulator and profiles recorded at 250-μm increments using 
a Microsensor Multimeter (Unisense, Denmark). Profiles of each 
constituent were measured in triplicate.

Small pieces of the microbialite mat (surface ~10 mm) were 
collected with stainless steel core liners (12–mm diameter) or by a 
knife near/at the location of microelectrode measurements. The pieces 
were transferred to a 15–mL Falcon tube and transported to the 
laboratory in the dark on ice. The total volume of select samples was 
determined by displacement of water. These samples were blotted dry, 

1 https://or.water.usgs.gov/alk/
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and chlorophyll was extracted in 5 mL methanol overnight at 
4°C. Samples were then centrifuged (20 min at 3,000×g) and the 
extinction of supernatant was measured at 665 nm in a 
spectrophotometer (Carey 60 UV–vis). Chlorophyll concentrations 
were calculated using an extinction coefficient of 74.5 g – 1.L cm−1 (Stal 
et al., 1984).

Three core samples, similar to those described above, were 
pooled and EPS was extracted according to del Buey et al. (2021). 
Microbialite samples were mixed with deionized water (1,1 v/v water 
and sediment) and filtered using 45-μm nitrocellulose. The filtrate 
was centrifuged in an Eppendorf 5,810 R centrifuge for 10 min at 
4,000 rpm and 4°C. The supernatant was precipitated using three 
volumes of ice-cold ethanol (96%) per volume of filtrate during 24 h 
at 4°C. The precipitate was recovered by centrifugation (6,000 rpm 
for 15 min) and 0.2 mL of HCl was added to remove any carbonate. 
The precipitate was placed into a dialysis bag (10 kDa), and dialyzed 
three times against 1 mM of EDTA for 24 h each time at 4°C. For the 
final dialysis step, deionized water (>18 MΩ) was used, for 24 h at 
4°C. Following, 0.25 mL aliquots were taken from the dialysis bags 
and analyzed for hexose sugar contents, a measure for total EPS using 
the phenol-sulfuric acid method using n-glucose as a standard 
(Dubois et al., 1951; Decho et al., 2005).

2.2. Microbialite sampling

Additional microbialite samples were collected from ~0.3–1 m 
water depth by either chiseling the indurated subsurface (i.e., “hand 
samples”) or by using a hollow drill bit, which provided cylindrical 
“plugs” of microbialite and subsurface platform limestone (i.e., “cores”). 
Additionally, sediment samples were also collected from unconsolidated 
sedimented shallow-water areas adjacent to the platform. These 
unconsolidated sediments were cored in 1.4-cm inner-diameter syringe 
cores. Macrophytes were generally avoided while sampling, if possible.

In some cases, materials were preserved in the field. Specifically, 
some microbialite hand samples (~5 × 5 cm) were incubated for 
~12–15 h in 1 μM CellTracker™ Green CMFDA 
(5-chloromethylfluorescein diacetate, hereafter CTG; Thermo Fisher) 
and then preserved in 4% paraformaldehyde. CTG is a viability 
indicator because it relies on esterase activity; it has been used in studies 
of marine microbial eukaryotes (Bernhard and Bowser, 1996; Bernhard 
et al., 2003, 2012; First and Hollibaugh, 2010; Thibault de Chanvalon 
et al., 2015). Other samples were preserved for DNA (see below).

Upon collection, hand samples to be maintained in the laboratory 
(i.e., kept living) were placed in plastic containers filled with ambient 
lake-surface water (~0.5 m deep). Microbialite cores were placed in cut 
off syringes with an inner diameter of 1.4 cm, which was slightly larger 
than the drilled core material. To prevent core movement, a thin 
wooden rod was lodged between the core edge and syringe barrel. The 
bottom of these syringes was plugged with polyester aquarium filter 
fiber to allow liquid exchange. Once the sample was secured in the 
syringe barrel, it was placed in a lake-water-filled well-fitting plastic 
tube to maintain core/microbialite orientation. Further processing 
information appears below (Section 2.6).

2.3. Isolation of organisms

Hand samples submerged in lake waters were maintained at room 
temperature on the laboratory windowsill at Woods Hole 
Oceanographic Institution (WHOI) or the University of Connecticut 
(UConn), so they were exposed to natural light–dark cycling. Motile 
organisms were noted to emerge from the samples, moving about on 
the bottom of the container or in its water. Organisms of interest were 
imaged (reflected or transmitted light microscopy) and isolated for 
further analyses.

Samples incubated in CTG and preserved in paraformaldehyde in 
the field were gently disaggregated or teased apart to obtain entrained 

FIGURE 1

(A) Schematic cross section of the meromictic alkaline Green Lake (Fayetteville, NY, United States) including Dead Man’s Point (DMP) microbialite 
platform (not to scale) and local bedrock formation information, highly modified from Thompson et al. (1990). (B) Above-water overview of DMP 
microbialite platform. (C) Underwater view of portion of DMP platform surface, showing some “fluffy” EPS and macrophytes in spots.
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eukaryotic inhabitants. In these cases, materials were examined with 
an epifluorescence-equipped dissecting microscope with fluorescein 
optics (480-nm excitation, 520-nm emission), surveying for 
fluorescent organisms.

2.4. rDNA sequencing

Genomic DNA was extracted from individual targeted protist 
specimens using a Quick-DNA Microprep Kit (Zymo Research). 
Attempts to amplify the DNA with foraminifera specific PCR 
primers, s14F1 and sB (RibB; Pawlowski, 2000) failed to yield any 
PCR products. Subsequently, we used the universal eukaryote PCR 
primers, 42F and 1498R, with slight modifications: EUK-42F 
CTCAAAGATTAAGCCATGCA, EUK-1498 R 
CACCTACGGAAACCTTGTTA. DNA (2–4 μL) was amplified by 
PCR using Onetaq® 2x master mix with standard buffer (New 
England BioLabs), in a total 50–μL amplification reaction, with the 
following amplification conditions: 94°C for 2 min, 35X (94°C for 
30 s, 58°C for 30 s, 68°C for 90 s), and a final elongation step at 68°C 
for 5 min. PCR products were visualized on 2% agarose gel and 
purified using the E.Z.N.A. Cycle Pure kit following the 
manufacturer’s instructions (Omega, BIO-TEK). The obtained 
SSU-rDNA gene sequences were not of good quality, having many 
unidentified nucleotides. However, the NCBI-blast results indicated 
that the common free-form reticulate protist had similar sequence 
identity to Chlamydomyxa labyrinthuloides. Therefore, we designed 
specific primers to amplify C. labyrinthuloides and closely related 
species using forward_GLF_SAR 
(ACGCTTCTATACTGTGAAACTGCGAAT) and reverse_GLF_
SAR (TACGACTTCACCTTCCTCTAAATAATGA). The DNA was 
amplified following the same protocol as above. PCR products were 
visualized on a 2% agarose gel, purified, and sequenced. The 
sequences were aligned using MUSCLE 3.8.31 and edited with 
BioEdit version (7.0.4.1). Additional available sequences from 
Foraminifera, Synurophyceae, Chrysophyceae, Gromia and other 
Stramenopiles were downloaded from the NCBI database and 
included in our alignment. Phylogenetic reconstructions were 
performed with RAxML (raxmlGUI 2.0) using 100 bootstraps and 
the GAMMA model of rate heterogeneity with GTR substitution 
model (Edler et al., 2021). The phylogenetic tree was visualized and 
edited using Figtree (v1.1.4; Rambaut, 2012).

2.5. Fine-scale distributions and 
microbialite fabrics

On three sampling occasions (May 2017, September 2017, 
November 2019), a series of microbialite cores was processed for 
sub-millimeter life-position determinations using the Fluorescently 
Labeled Embedded Coring method (FLEC; Bernhard and Bowser, 
1996; Bernhard et al., 2003). FLEC cores were not collected on each 
trip as their preparation and analyses are extremely time consuming 
(i.e., beyond available resources). As noted above, these cores were 
secured on site in cut-off syringes, placed into appropriate tubes, and 
gently covered with lake water. CTG was introduced to a final 
concentration of 1 μM and the cores were maintained at ambient 

temperature and lighting (light–dark cycle). After approximately 30 h 
of CTG incubation, the cores were preserved in either 4% 
TEM-glutaraldehyde in 0.1 M sodium cacodylate (May 2017) or 4% 
paraformaldehyde (September 2017, November 2019). The May 2017 
and November 2019 cores were preserved in the afternoon (during 
daylight), while the September 2017 cores were preserved soon after 
the dark period ended.

Cores were processed using our standard FLEC protocol 
(Bernhard et al., 2003) and were ultimately embedded in Spurrs’ or LR 
White resin. Each polymerized core was cut into ~0.6-mm thick 
sections, perpendicular to the microbialite-water or sediment–water 
interface, using a slow speed rock saw. Sections were examined via a 
Leica FLIII stereomicroscope with epifluorescence capabilities 
(480-nm excitation; 520-nm emission). Selected sections were 
examined and imaged with an Olympus FluoView 300 confocal laser 
scanning microscope (CLSM). All reflected-light and CLSM images 
are presented in vertical orientation, as in situ.

2.6. Microfabric disruption experiment

Approximately 4 months prior to the May 2017 collections, 
we obtained a culture of the freshwater foraminifer, Haplomyxa 
saranae (Dellinger et  al., 2014). The culture was maintained in 
Volvic™ spring water at room temperature on the laboratory 
windowsill and exposed to the natural light–dark cycle of Woods 
Hole, MA, United States. The culture was offered two types of algae: 
Chlorogonium elongatum and Chlamydomonas reinhardtii. Only 
specimens that had deployed reticulopodia were used in our 
disruption experiment. Harvesting of specimens for use in the 
disruption experiment, which is described below, disturbed 
reticulopodia, but specimens are known to survive such transfer. 
The H. saranae culture was not prolific, and sometimes crashed, 
under our culture conditions so the experiment was only 
performed once.

In the laboratory, short cores (n = 6) were obtained by drill-
press-assisted subsampling of hand samples of the GL microbialites 
and underlying platform carbonates collected in May 2017. These 
were placed into very short barrels of a 10-cc syringe (1.4–mm 
diameter), rubber stoppered at the bottom and filled with lake 
water. Prior to filling, the top of five core barrels were marked via 
notches to later identify core number. Three of the core barrels 
contained unaltered lake water while the other three contained lake 
waters with 1 mM colchicine (final concentration), which is a 
microtubule inhibitor (Bernhard et  al., 2013). A second rubber 
stopper was firmly secured into the top of each syringe barrel and 
tested for leakage.

These microbialite samples were imaged with a Bruker Skyscan 
1,272 Micro-CT; such scans were considered T0 or “before.” Each core 
was then “seeded” with 5 individuals of the cultured H. saranae, which 
were gently introduced to the microbialite surface via capillary tube. 
Each suite of three cores was placed, uncapped, in a transparent 
container along with appropriate lake water (±colchicine) to help 
prevent evaporation. These two containers were placed in a humid 
chamber (deionized water) near the laboratory windowsill to ensure 
samples were exposed to day-night cycles. Water levels were checked 
periodically and replaced as needed. After 3.5 months, the experiment 
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was terminated by recapping the cores with rubber stoppers and 
scanning them again with micro-CT. These scans served as Tend or 
“after.”

2.7. Micro-CT scanning and alignments

Micro-computed tomography (micro-CT) scans of the core 
samples were performed at WHOI using a tabletop Skyscan 1,272 by 
Bruker. Transmitted radiographs were collected at 0.40° steps over 
180°. The source voltage and current were set at 80 kV and 125 μA, 
respectively. An Al metal filter (1-mm thickness) was used to 
minimize low energy x-rays produced by the polychromatic source 
and reduce potential beam hardening artifacts. Pixel resolution ranged 
from 4.75–5 μm and scan duration was approximately 4 h. Raw 
radiographs were reconstructed into cross-sections using Bruker 
NRecon software. Thermal misalignment correction, beam hardening 
artifact correction, ring artifact correction, and limited smoothing 
were applied to the data to produce corrected 3-D volumes.

Corresponding dataset pairs (before and after experiment) were 
re-oriented using Dataviewer software so that XY, XZ, and YZ views 
were roughly similar. Then, they were uploaded together in the 
Avizo© software. Exact XYZ realignment of the corresponding 
datasets was achieved by thresholding the material volume in each 
dataset and applying a registration wizard tool to the thresholded 
volumes. Volume and shape variations could then be assessed by 
superimposing the corresponding volumes displayed in the same 
XYZ orientation. In addition to a visual assessment of the changes, 
the degree of anisotropy in each sample was obtained using the 
morphometry tool in Avizo©. The degree of anisotropy (DA) can 
vary from 0 to 1 and reflects how highly oriented substructures are 
within a defined sub-volume. This function allows for fitting 
ellipsoids within the material volume, which are used to generate 
material anisotropy tensors where eigenvalues relate to the length of 
ellipsoid axes. The DA value (1-long axis eigenvalue/short axis 
eigenvalue) is 0 for isotropic material and 1 for anisotropic material. 
The DA was used to quantify whether layering was created or 
disrupted during experiments. In each corresponding set of scans, 
DA values were compared for the entire volume (including indurated 
subsurface; “whole sample”), for 3–4 sub-volumes where layering was 
apparent (top ~5–7 mm; “whole microbialite layer”), and for 3–4 
sub-volumes where disruption was most likely to have occurred 
(top  1–2 mm; “uppermost microbialite layer”). The uppermost 
microbialite layer is a subset of the whole microbialite layer. As 
corresponding sub-volumes had been precisely re-aligned, the same 
sub-volume boxes were used for direct comparison of DA values in 
corresponding datasets.

3. Results

3.1. Lake and platform biogeochemistry

Physicochemical characterization of lake waters overlying the 
platform showed a similar pattern each year (2017–2019) with a pH 
from 7.7–7.9 (April/May) to 7.5–7.6 (July/August) to 7.9–8.2 
(October/November; 2018 data; see Table 1). This pattern, with a 

minimum in July/August, was mirrored in alkalinity, which 
decreased from 236–254 mg HCO3

− L−1 in April/May to 179–192 mg 
HCO3

− L−1 in July/August and increased to 224–232 mg HCO3
− L−1 

in October/November. Similar summer minima existed for Ca2+ 
concentrations, which decreased from 9.8–10.2 mM in the spring 
to 8.9–9.1 mM in the summer and increased again to 9.2–9.4 mM 
in the autumn.

The corresponding temperature was 9.6–13.1°C (April/May), 
20.8–28.2°C (July/August), and 10.1–17.6°C (October/November). 
The conductivity increased with increasing water temperature from 
1707 μS.cm−1 at 11°C (April 2018) to 2,492 μS.cm−1 at 28°C (July 
2018) before decreasing to 1780 μS.cm−1 at 18°C (October 2018). 
Light intensity, as measured by PAR, also had maximum values in July. 
The chlorophyll a concentration increased by 50–60% during the 
growth season, from 384 μg.cm−3 in the spring to 579 μg.cm−3 in the 
summer and peaked to 608 μg.cm−3 in the autumn. EPS, as expressed 
as hexose equivalents, increased from 105 μg.cm−3 in April 2018, to 
379 μg.cm−3 in July 2018, thereafter decreasing to 237 μg.cm−3 in 
October, 2018.

In DMP microbialites, depth profiles of oxygen and sulfide 
showed a seasonal pattern, with a minor daytime oxygen peak at 
~1.5–2.5 mm, corresponding to the “uppermost microbialite layer, in 
spring to ~170% oxygen saturation in early summer and ~ 200% 
saturation in autumn (Figure 2). Hydrogen sulfide was only detected 
in summer and fall, at depth (i.e., >9 mm) during daytime and nearer 
the surface (~4-mm depth, whole microbialite layer) at end of night 
(Figure 2). In the spring, the pH profiles showed little change with 
depth. In the summer and autumn, pH maxima roughly coincided 
with the oxygen peaks, reaching values of 8.6 in the summer and 8.9 in 
the fall. Nighttime pH profiles typically showed a slight decrease with 
depth, which was more pronounced later in the season.

3.2. Platform microbialite appearance

While there could be patches of less structured deposits (e.g., 
some areas in Figure 1C) on the DMP, generally, visual inspection of 
the uppermost layer (top few mm) of the platform microbialites 
appeared laminated, while the near-surface (~3–6 mm) fabric 
appeared clotted (i.e., thrombolitic; Figures 3A,B) or massive. Voids 
of varied sizes (mm to cm) also occurred, typically— but not 
exclusively— beneath the overlying mat (Figure  3B). Higher 
magnification examination via micro-CT scanning revealed that 
layering can be clear or indistinct, depending on sample, while the 
indurated subsurface had no obvious layering and could be clotted or 
massive (Figure 3C). Early in the season (April/May), unconsolidated 
carbonate sediment was noted on the platform surface 
(Supplementary Figure S1A). Slightly denser flocculent material with 
a caramel color (presumably exopolymeric substances; EPS; Visscher 
et al. in prep) developed over time; it remained in patches on the 
platform surface, appearing to be most developed in FLEC materials 
collected in late summer (September; Supplementary Figures S2A,B). 
Mat layers in summer and autumn were typically dark green. 
Sometimes, what appeared to be carbonate precipitation within the 
mats was noted, especially in late summer or November 
(Supplementary Figure S2C). Microbialites collected in November 
had less EPS (i.e., October EPS data, above) but relatively thick 
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unconsolidated sediments overlying the well layered microbialites 
(Supplementary Figures S2C,D).

3.3. Dead-Man platform benthos

3.3.1. Metazoa
In “live” microbialite material (i.e., not preserved), ostracods 

occurred haphazardly. When chiseled hand samples were maintained 
in the laboratory for an extended time (>1 month), an ostracod 
“bloom” sometimes occurred. Our preserved CTG-labeled bulk 
microbialite samples yielded occasional metazoans, including 
ostracods, other crustaceans, and nematodes.

3.3.2. Photosynthetic organisms
Regarding photosynthetic eukaryotes (based on frustule 

morphology and pigment presence), pennate diatoms were abundant 
in bulk “live” samples of both microbialite and off-platform sediments; 
aquatic plants of unknown identity were sporadically present in 
microbialite samples but never in our sediment samples. Microscopic 

observations showed both coccoid and filametous morphotypes in the 
surface microbialite mat, confirming prior observations of the DMP 
microbialite microbial community, where the dominant coccoid 
cyanobaterial form is a Synechococcus and the dominant filamentous 
cyanobacterial form is a type of Oscillatoracean (Thompson et al., 
1990). The relative abundance of the filamentous cyanobacteria 
increased during the growth season from April/May to September/
October (Murphy, 2021).

3.3.3. Microbial eukaryotes
Aside from pennate diatoms, one microeukaryote morphotype 

was often noted in live microbialite material: a free-form “naked” 
cell body lacking a mineralized or thick organic covering with what 
appeared to be  anastomosing pseudopods (i.e., reticulopods; 
Figure 4). This free-form microeukaryote, hereafter referred to as 
the “free-form reticulate protist” or “FFRP,” was typically 
pigmented greenish-brown to yellowish-brown, and generally did 
not exceed 250 μm in maximum cell-body dimension. In Petri 
dishes, these specimens were noted to be  active, moving their 
reticulopodia as well as their cell bodies (plasmodium), as 

TABLE 1 Physicochemical conditions at southern end of the carbonate platform at Dead Man’s Point, Green Lake during three sampling events in 2018.

Temperature 
(oC)

pH
Ca2+ Conc. 

(mM)

Alkalinity 
(mg.L−1 
HCO3-)

Conductivity 
(μS.cm−1)

PAR (μE.
m−2 s−1)

Chlorophyll 
a (μg.cm−3)

April 20, 2018 11.1 7.74 9.78 236 1707 1639 384

July 31, 2018 28.2 7.62 8.90 179 2492 1846 579

October 06, 2018 17.6 7.87 9.43 224 1780 1751 608

Data for other years is similar. Values are means of triplicate samples were taken during early afternoon at the site of microelectrode profiling, when additional samples were collected. 
Temperature, pH, (Ca2+) were measured in water column ~10 cm above microelectrode profiling site. PAR = photosynthetically active radiation (average of seven values, collected during 
profiling, taken 5 cm above platform). Chlorophyll a concentration was measured in surface 0.8–1.2 cm of the microbialite.

FIGURE 2

Microelectrode profiles of oxygen (O2), sulfide (H2S), and pH taken in microbialites from spring to autumn: (A) May; (B) July; (C) October. Open symbols 
were collected during daylight; closed symbols at the end of darkness. Peak values of O2 and H2S increase with time, which is indicative of mat 
development.
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evidenced in seconds- to minutes-scale time-lapse compilations 
(Supplementary Video S1). For example, over 14 min, one 
specimen moved laterally nearly 500 μm. The reticulopodia could 
extend hundreds of microns when specimens occurred on flat 
surfaces. For specimens with a relatively compact cell body, 
pseudopodial extension distances typically exceeded 1.5 times the 
plasmodium diameter, although sometimes extension reached over 

three times the cell-body diameter. The extent of their reticulopodal 
extension in situ is not known.

Some ovoid/spheroid entities noted in fresh GL materials were 
isolated indvidually into clean Petri dishes with GL waters 
(Figures  4C,D). These spheriods typically appeared vacuolated 
(Figure 4C inset). Upon examination the next day, the spheroids were 
absent but a free-form individual with reticulopodia was present; 
these were identical in appearance to the GL free-form reticulate 
protist. Henceforth, we  refer to these ovoid /spheroid entities as 
“cysts.”

Individuals of the FFRP were present during each collection trip 
(if investigated for such; Table  2). The amorphous morphotype 
occurred in microbialites and platform sediments but never in the 
water column. In general, fewer FFRP specimens occurred in 
non-platform sediments compared to microbialite samples. 
Quantification of microbialite samples was unrealistic mainly due to 
difficulty in obtaining undisturbed samples of consistent volume 
(rock/microbialite rubble) and because preserved specimens were not 
identifiable due to lack of robust theca, resulting in less-than-
ideal preservation.

3.4. Free-form reticulate protist taxonomic 
affinities

Sequences of the free-form reticulate protists that were isolated 
from DMP microbialites are deposited in GenBank under Accession 
Numbers OQ786765-OQ786769. A phylogenetic tree (Figure  5) 
showed that the GL FFRP clusters with C. labyrinthuloides and both 
form a supported subclade with Leukarachnion sp. (Grant et al., 2009) 
and Synchroma grande (Horn et al., 2007), which are Stramenopiles.

eDNA sequences that were obtained for both 16S and 18S using 
MiSeq had ASVs assigned to C. labyrinthuloides; these are deposited 
in GenBank under Accession Numbers OQ786770-OQ786773. These 
were similar to sequences obtained from direct PCR amplification of 
rDNA using species-specific primers (above). These C. labyrinthuloides 
eDNA sequences occurred in three of 17 samples (Table 3), in April 
and October. eDNA sequences of an unidentified species of 
Chlamydomyxa was detected more commonly and more abundantly, 
being noted in five of 17 samples, exclusively in July and October. All 
Chlamydomyxa were noted in microbialite samples, but never in 
off-platform sediments, “fluff ” (unconsolidated sediment / EPS), or 
overlying waters (Table 3).

3.5. Sub-millimeter distributions

3.5.1. Fabric preservation
Examination with reflected light, epifluorescence, and CLSM 

revealed that FLEC sections of microbialite cores with layering (i.e., 
stromatolitic) maintained their fabric (i.e., layers) through the FLEC 
processing (Supplementary Figures S1, S2C,D). This indicated that 
little, if any, sub-millimeter-scale disturbance occurred during the 
FLEC procedure, similar to prior studies (Bernhard et al., 2003, 2013, 
2023). As usual for FLEC, the resin imparted minor background 
autofluorescence, helping to distinguish what was porewater versus 
sediment grains or indurated rock. The GL carbonate grains and EPS 
had moderate autofluorescence, causing detection of fluorescent 

FIGURE 3

GL microbialites, collected May 2017. (A,B) Hand-samples showing 
layered structure at surface and clotted thrombolitic structure at 
depth. (Inset in B) Layered stromatolitic surface structure. (C) Micro-
CT scan of a GL DMP microbialite core, showing “uppermost layer” 
surface (approximate 1–2  mm signified by purple brackets), “whole 
layer” (approximate 4–5  mm signified by green brackets), and more 
massive subsurface. Scales: Inset (B), C  =  1  cm.
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microbes to be difficult at dissecting-microscope magnifications (not 
shown); the best visualizations were via confocal imaging. Brightly 
fluorescent (i.e., enzymatically active) organisms were present in all 
FLEC samples (Figures 6–9; Supplementary Figures S1, S3–S5), both 
from microbialites and off-platform sediments.

3.5.2. Documentation of free-form reticulate 
protist-like specimens in life position

Examination of FLEC sections from microbialites and off-platform 
sediments revealed the presence of entities similar to the FFRP that 
was noted in “live samples” (compare Figures 4, 6A,B), as well as the 
cysts (compare Figures 4C,D, 6C). While well-developed reticulopodia 
were not observed in FLEC sections, we did observe faint evidence of 
reticulopodial trunks in some free-form specimens (Figures 6A, 7B). 
Typically, CLSM confirmed transmitted light observations that the 

FFRP cysts are typically vacuolated (Figures 6C, 7D, 8B,C). Rarely, 
non-vacuolated spherical specimens were noted (not shown); these 
were attributed to metazoan eggs and not further discussed.

3.5.3. Distributions in microbialites over time
In May 2017 samples, the uppermost microbialite layer (surface 

~2–3 mm) of FGL microbialites showed rather loose, faint layering 
(Figure 3C; Supplementary Figure S1) but could also appear leiolitic 
(no well-structured fabric; Figures 7A,B). The near-surface (>2 mm) 
microbialite fabric did not display any undisrupted strong layering in 
May (Figures  3C, 7C,D; Supplementary Figures S1A,B). The 
community was dominated by fine filamentous microbes, especially 
in the uppermost microbialite layers of FLEC samples (Figures 7C,D; 
Supplementary Figure S1C). Coccoid microbes were spatially 
abundant in some areas (Figure 7A) while diatoms also occurred near 
the sediment–water interface, although not abundantly. At this time, 
cells that appeared to be  the FFRP were noted in FLEC materials 
(Figures 7B,C; Supplementary Figure S1C) and what could be FFRP 
cysts, due to vacuolization, were also noted (Figures  7A,C,D), 
sometimes in relatively high densities (Figure 7A) and as deep as 
3 mm (Figures 7C,D). Other organisms noted in microbialites from 
May FLEC materials include nematodes (Supplementary Figure S3F), 
an unidentified crustacean (Supplementary Figure S3E), macrophytes 
(Supplementary Figures S3E, S5D) and a possible testate amoeba 
(Supplementary Figures 4C,D).

In September, microbialite surfaces sometimes appeared as faint 
layers (Figure 8A; Supplementary Figure S2A), but these undulating 
layers were due to the presence of considerable overlying “fluff,” 

FIGURE 4

(A–D) Transmitted light micrographs of GL free-form reticulate protist (FFRP). Note anastomosing reticulopods emanating from free-form cell body. 
Collected in May 2017 (A), August 2017 (B,C), and September 2017 (D). Cysts (*; inset) were often noted. Scales: A  =  75 μm; B,C  =  100 μm; D, 
Inset  =  50 μm.

TABLE 2 Qualitative survey of the free-form reticulate protist 
morphotype in different GL habitats, over time.

05/17 8/17 9/17 4/18 5/18

Water column A A A A A

EPS “fluff ” C C C N/A C

Uppermost microbialite C C C C C

Near-surface microbialite N/A P P C C

Sediment C C P N/A N/A

A, absent; P, present; C, common; N/A, not available. EPS “fluff ” includes entrained 
sediment grains, uppermost microbialite layer = top ~3 mm; Near-surface microbialite = ~3–
10 mm; Sediment = off-platform unconsolidated sediments.
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considered to be EPS (Supplementary Figures S2A,B). The microbialite 
surface, below the fluff, in September was sometimes layered at the 
sub-mm scale (Figure 8B) but could also appear clotted (Figure 8C) 
while the subsurface was unstructured (Figure 8D). The September 
community was dominated by FFRP-like vacuolated cysts 
(Figures  8B,C) while few free-form specimens were observed 
(Figure 8D). The cysts were generally in the uppermost surface while 

one FFRP was noted at 9 mm depth (Figure 8D). An oblong vacuolated 
specimen in Figure  8C had a theca-like covering 
(Supplementary Figure S4A) similar to those of thecate amoebae. 
Possible flagellates were noted in a loose grouping 
(Supplementary Figure S5A). Filamentous microbes were not as 
common as in May, although aggregations of thicker filaments were 
observed at depth (Supplementary Figure S5B); coccoid groupings 

FIGURE 5

Maximum-likelihood phylogenetic analysis, showing the placement of the GL free-form reticulate protist (FFRP), showing it is closely related to 
Chlamydomyxa labyrinthuloides in a tree consisting of representatives of Synurophyceae and Chrysophyceae, Foraminifera, Gromia, Corallomyxa, 
Phytomyxea, and Polycistina. Posterior bootstrap value support greater than 50% are shown at the nodes; tree rooted by Oomycota.

TABLE 3 ASV abundances/number of reads for C. labyrinthuloides and unidentified Chlamydomyxa sp. sequences based on eDNA analysis, by 2018 
month of sampling (Mat  =  microbialite; Fluff  =  EPS  +  unconsolidated materials overlying microbialite).

Spring Summer Autumn

April July October

Taxa Mat 1 Mat 2 Mat 3 Mat 6 Mat 7 Mat 5 Mat 7 Mat 6 Mat 5 Fluff 1 Fluff 2 Fluff 3

C. labyrinthuloides 

(KF443035.1.1713)

11 0 0 0 0 0 0 0 0 0 0 0

C. labyrinthuloides 

(KF443035.1.1713)

0 0 0 0 0 0 0 0 6 0 0 0

C. labyrinthuloides 

(KF443035.1.1713)

0 0 0 0 0 0 2 0 0 0 0 0

Chlamydomyxa 

(unidentified sp.)

0 0 0 47 16 0 19 19 14 0 0 0

Sequences were absent from October’s two water samples and three off-platform sediment samples (not tabulated).
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were noted in the lower layers of the microbialite (Figure 8D) and 
pennate diatoms could be relatively common in the uppermost layers 
(Figure 8C). Occasional macrophytes were noted in the September 
FLEC samples (Supplementary Figure S5C). Ostracods were noted in 
the microbialites in September (Supplementary Figure S3D).

In November, the uppermost ~2 mm of microbialite surfaces 
always appeared clotted, without linearity (Figure  9A; 
Supplementary Figures 2C,D); sub-mm-scale voids were relatively 
common (Figures  9A–C). The near-surface of microbialites 
(~2–4 mm) did appear, however, to show layering, evident in fabric 
(Supplementary Figures S2C,D) and as stratified microbial 
communities (Figures  9B–D). For example, what appeared to 
be numerous FFRP were aligned along a horizon (Figures 9C,D), 
roughly dividing filamentous microbial forms below and pennate 
diatoms (Figure 9C) or coccoid microbes (Figure 9D) above. The 
depth of these horizons was typically about 2 mm, although some 
dense aggregations of coccoid cells were noted at ~4–mm depth 
(Supplementary Figure S5D). In some cases, the RRFP appeared 
associated with a void within the microbialite (Figures 9A,B). Few 
spherical vacuolated cysts were noted in November FLEC samples; 
one highly elongated, vacuolated form was noted in a microbialite 
sample (Supplementary Figure S2B). The largest metazoans observed 
in our FLEC materials were noted in November sediment samples, 
where crab-like and tanaid-like specimens were documented 
(Supplementary Figures S3A,B, respectively). Ostracods were also 
observed in off-platform sediments in November 
(Supplementary Figure S3C).

3.6. Microbialite microfabric disruption 
experiment

The cultured freshwater foraminifer H. saranae typically had 
extensive reticulopods (Figure 10) but would also encyst (Dellinger 
et al., 2014).

A comparison of the layered microbialite fabrics before (T0) and 
after (Tend) the ~3.5-month microfabric disruption experiment showed 
modifications of the layers in cores incubated without colchicine 
(n = 3; Figures 11A–I; Supplementary Table S1), where reticulopodial 
activities were not arrested. In particular, micro-CT scans reveal that 
the top  1–2 mm of these cores (“uppermost layer”; Figure  3C) 
recorded different degrees of anisotropy in core 0 (Figure 11A) and 
core 3 (Figure 11B) at T0 and Tend, consistent with microbialite fabric 
disruption in the uppermost layers of these samples during the 
experiment. Additionally, growth of new material was detected by 
superimposing T0 scans (blue volumes) with Tend scans (yellow 
volumes), as evidenced by new yellow voxels primarily localized 
around the layered portions of the sample (Figures 11G–H). The third 
core incubated without colchicine (core 4) also showed growth of new 
material during the experiment (yellow voxels; Figure 11I), but most 
of the microbialite fabric disruption may have occurred in deeper 
microbialite layers in this core, as evidenced by a change in anisotropy 
recorded in the “whole microbialite layer” (Figures  3C, 11C). 
Conversely, the micro-CT scans of the inhibited cores (n = 3; 
Figures  11J–R; Supplementary Table S1), where reticulopodial 
activities were arrested, showed no detectable changes in degree of 
anisotropy from T0 to Tend (Figures 11J–L). Additionally, the lack of 
microbialite fabric disruption in these cores is consistent with limited 
(Figures 11M,P) or non-detectable growth of new materials during 

FIGURE 6

LSCM images (z-stacks) showing fluorescently labeled GL FFRP in their 
life positions in FLEC preparations. (A) Lobose free-form individual, in 
the surface 1 mm, with faint pseudopodial trunks extending upward 
from the main body (arrowhead). Three pennate diatoms are also 
visible in this off-platform sediment core. (B) Free-form specimen at 
4 mm depth, collected from off-platform sediments. (C) Spherical 
vacuolated cyst-like form from the surface 1 mm of microbialite, 
among coccoid and filamentous microbes. Inset. Single-slice image of 
same cyst, showing vacuolization. Number of images compiled/
distance between images (μm): A = 63/0.5; B = 37/0.5; C = 31/0.4; 
inset = 1. Scales: A,B = 100 μm; C = 50 μm. A collected in May 2017; B in 
November 2019; C in September 2017.
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experiment (Figures 11N,O,Q,R). The similar degree of anisotropy 
recorded in the” whole sample” in all experiment cores (likely 
volumetrically dominated by the non-layered portion of each sample) 
indicates that structural changes, when detected, were localized in the 
layered portions of the samples.

4. Discussion

4.1. Seasonality of lake geochemistry

Multi-year observations revealed seasonal fluctuations of 
physicochemical conditions in the water column overlying the 
microbialite platform, showing a consistent pattern of an increase in 

temperature, conductivity and light regimes from spring to summer, 
followed by a decrease from summer to fall. The pH, (Ca2+) and 
alkalinity followed a reverse trend, with the lowest values in the 
summer. Based on oxygen and sulfide microprofiles and chlorophyll 
a concentrations of microbialite layers, the photosynthetic microbial 
activity continued to increase from mid spring to late fall, and sharply 
decreased during the winter, when occasionally the platform was 
covered by ~10 cm of ice for several months (e.g., January – March 
2018). Such trends in biogeochemistry are typical for temperate 
microbial mat ecosystems (Visscher et al., 2022).

It may be important to note that the surface few (2–4) mm of the 
microbialite (uppermost layer) experiences depleted oxygen 
concentrations, if not anoxia, at nighttime although concentrations of 
hydrogen sulfide remain low to undetectable shallower than 4 mm. 

FIGURE 7

Overview LSCM images (z-stacks) showing fabric and microbiota in GL microbialites collected in May (FLEC). Black and/or dark green is sediment, 
rock, and/or pore/bottom waters; dim to moderate green is EPS or decaying organics. (A) Abundant cyst-like specimens in clotted fabric at 
microbialite surface. (B) Individual FFRP near microbialite surface (~0.5  mm deep), with variety of microbial morphotypes including pennate diatoms. 
(C) Zone of microbialite ~3-mm deep with many filamentous microbes in addition to 3 putative FFRP and what may be two vacuolated cysts. 
(D) Higher magnification view of portion of C showing two superimposed larger vacuolated organisms, inferred to be FFRP cysts, among filaments. 
Number of images compiled/distance between images (μm): A  =  55/1.4; B  =  71/0.7; C  =  17/1.4; D  =  59/0.7. Scales: A,C  =  200 μm; B,D  =  100 μm.
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The microbialites represent a dynamic chemocline, which may be a 
challenge to aerobic fauna.

The platform and microbial mats of GL are unique in that they 
develop in a “hardwater” lake setting that is permanently stratified. 
The oxic mixolimnion supports blooms of coccoid cyanobacteria, 
such as Synechococcus (Thompson et al., 1997; Cohen et al., 2023). 
These blooms produce whiting events, comprising fine-grained 
(~5-μm diameter) calcium carbonate minerals. Some of these mineral 
particles sink to the monimolimnion and form the bottom sediments 
of the lake, but a substantial part of the calcium carbonate settles on 
the surface of the DMP platform and is trapped and bound to the 
surface mat by EPS, the concetration of which increased first, then 
decreased near the end of the annual growth of the mat community. 
As in the Proterozoic ocean, the oxycline and anoxic bottom waters 
are characterized by vigorous sulfur cycling (Thompson et al., 1990; 
Zerkle et al., 2010; Cohen et al., 2023), and are possibly involved in 
delivery of essential nutrients to the surface waters, including to the 
DMP microbialites (Fry, 1986). Another unique feature of GL 
contributing to the formation of the extensive carbonate platform at 
DMP is the intrusion of calcium-rich groundwater (Figure  1A; 
Thompson et al., 1990), which elevates the saturation index of calcite 
and aragonite in the monimolimnion.

4.2. Microbialite structure over time

The DMP microbialites seemingly have an annual cycle, where the 
surface (uppermost layers) appeared, on the mm-scale, to have loosely 
formed laminations and sometimes a concreted leiolitic surface 
horizon in the spring. Copious EPS masked the mat surface in 
summer, while distinct layers, including green (presumably 
chlorophyll-rich) ones, were noted in the top ~4–5 mm of DMP 
microbialites in autumn, when crystallites, presumably of calcite 
(Brunskill, 1969), could also be observed in these layers.

4.3. Green Lake eukaryotes

Microbialites, especially stromatolites, are considered Earth’s 
earliest widespread ecosystem (Allwood et al., 2006; Knoll et al., 2016), 
one which evolved before the origin of metazoans and likely even 
before the origin of microbial eukaryotes. Today, eukaryotes are 
integral ecosystem partners with DMP microbialites. Our 
morphological and life position (FLEC) observations reveal that the 
platform microbialites host eukaryotes—most commonly protists 
(pennate diatoms, free-form reticulate protist), nematodes, and 

FIGURE 8

Overview CLSM images (z-stacks) of fluorescently labeled microbes in GL microbialites, collected in September 2017 (FLEC). (A) Slightly layered fabric 
at the microbialite surface, overlying a layer of relatively larger blocky grains with moderate autofluoresce. (B,C) Images showing abundance of cyst-
like specimens in clotted fabrics, within the surface 1  mm, with mostly filaments (B) and mostly pennate diatoms (C). (D) A free-form specimen from 
9  mm depth, among possible flagellated cells and aggregates of coccoid microbes, with some filamentous forms. Number of images compiled/
distance between images (μm): A  =  28/1.4; B  =  48/1.4; C  =  95/1.4; D  =  33/0.7. Scales: A–C  =  200 μm; D  =  100 μm.
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FIGURE 9

Overview CLSM images (z-stacks) of fluorescently labeled microbes in GL microbialites, collected in November 2019 (FLEC). (A) Lobose specimen near 
microbialite surface (~0.2  mm deep), in pore-water void, among clumped EPS. (B) Free-form specimen in pore-water void within surface mm, among 
thin filaments and EPS or remnant organics. (C) Six putative FFRP in lobose form at ~2  mm depth, among pennate diatoms and filaments. Note 
dominance of filaments below lobose specimens and diatoms above. (D) Five lobose vacuolated individuals among varied microbes, ~2  mm depth. 
Number of images compiled/distance between images (μm): A  =  44/0.5; B  =  43/0.7; C  =  31/0.7; D  =  41/0.5; Scales: A–D  =  100 μm.

FIGURE 10

Transmitted light micrographs of Haplomyxa saranae in a Petri dish. (A) Two H. saranae showing deployed reticulopodia forming dense networks. Inset. 
Reflected light micrograph of same specimens showing partial extent of reticulopodial reach. (B) Higher magnification view of specimen in A, showing 
magnified reticulopods. Scales: A  =  250 μm; B  =  100 μm; Inset  =  1  cm.
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ostracods—plus the expected additional primary producers of 
cyanobacteria and macrophytes.

It may be  somewhat surprising that relatively few ciliates and 
euglenozoan flagellates were noted in our GL FLEC materials because, 
in marine sediments, both can be  commonly observed via FLEC 
(Bernhard et  al., 2003, 2023) euglenoid flagellates can be  highly 
abundant (Bernhard et al., 2000), sometimes as near monospecific 
“swarms” (Figure 7C; Bernhard et al., 2003). The apparent dearth of 
euglenozoan flagellates in our GL FLEC materials may be an artifact, 
since flagella are difficult to discern in FLEC materials and flagellates 
may be  confused with coccoid cyanobacteria, as both types can 
be ~10 μm in diameter. Ciliates and flagellates were not observed in 
our live materials, but they were not a focus of our searches so they 
may have been overlooked.

4.4. GL free-form reticulate protist 
identification and phylogeny

The FFRP found in GL microbialite and sediment samples had 
similar morphology to that of the freshwater foraminifer H. saranae 
(Figure 10; Dellinger et al., 2014) and other “naked” foraminifers such 
as Reticulomyxa filosa (Glöckner et al., 2014) although R. filosa and 
H. saranae are considerably larger than the GL FFRP. The dimensions 
of the free form or amorphous fluorescent specimens in GL FLEC 
materials were consistent with the cell bodies of GL microbialite FFRP 
observed in Petri dishes.

Based on light microscopy, the GL free-form reticulate protist 
appeared to have anastomosing reticulopods, a characteristic of 
retarian protists (Foraminifera, Radiolaria; Bowser and Travis, 

2002; Cavalier-Smith et al., 2018). Foraminiferal reticulopodia have 
an anastomosing network as well as substantial tensile strength 
(Bowser et  al., 1992), enabling foraminifers to rend biofilms 
(Bernhard and Bowser, 1992) as well as impact marine stromatolite 
microfabric (Bernhard et al., 2013). The motility of the FFRP is 
similar to that of the freshwater “naked” foraminifer H. saranae. 
Whether or not the FFRP pseudopodia display other ultrastructural 
features of reticulopodia (Travis and Bowser, 1991; Bowser and 
Travis, 2002) awaits further study. While we know the GL FFRP 
appears to bear reticulopods, there was little evidence of 
reticulopods in FLEC materials but this is not surprising because 
reticulopodia typically are not well-preserved after fixation unless 
certain protocols are enacted (Bernhard et al., 2013) that were not 
used in this study.

Unlike their better known marine counterparts, freshwater 
foraminifers, e.g., H. saranae, undergo encystment (Dellinger et al., 
2014; Wylezich et al., 2014). The laboratory-based observation that GL 
cyst-like spheroids emerged to become the FFRP bolstered our 
original inference that this GL morphotype was a freshwater 
foraminifer. Comparable dimensions of FLEC cysts and cysts observed 
in the laboratory along with the vacuolated nature of both entities 
further supported our original inference. According to our single-cell 
sequencing results, however, the Green Lake FFRP is closely related to 
C. labyrinthuloides, which is known to have finely branched, 
reticulated pseudopodia, yellowish-brown to greenish-brown 
pigmentation (Archer, 1875), be  well vacuolated (vs. a single 
contractile vacuole), and an encystment stage called an aplanospore 
(Wenderoth et al., 1999). Environmental DNA sequences also grouped 
with known C. labyrinthuloides. While the GL FFRP clearly has 
reticulated pseudopodia, its sequence does not cluster with Rhizarians, 

FIGURE 11

Micro-CT scans of cores from the H. saranae seeding experiment. Left side (A–I) shows cores incubated without inhibitor; right (J–R) shows cores 
with microtubule inhibitor. (A–C,J–L) Plots showing degrees of anisotopy of panels G–I,P–R, respectively. (D–F,M–O) T0 (before) scans, with initial 
volumes in blue. (G–I,P–R) Superimposed T0 and Tend micro-CT scans with initial volumes in blue and volumes after experiment in yellow. Gradient 
shades between blue and yellow reflect superimposition of the two colors and near-identical volumes in T0 and Tend micro-CT scans. Material growths 
during experiment are detected as new yellow material. Scale  =  1  cm (same for all scans).
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which are known for their reticulopodia (Bowser and Travis, 2002), 
rather it clustered with flagellated photosynthetic stramenopiles.

Morphologically, all species in this Leukarachnion-Chlamydomyxa 
clade are characterized by an amoeboid body form, plasmodia and 
net-like pseudopodia (i.e., reticulopodia) that form anastomosing 
networks, which is a characteristic of many Rhizarians (Cavalier-
Smith et al., 2018). Yet, this clade is closely related to species of the 
Synurophyceae and Chrysophyceae, which comprise predominantly 
photosynthetic, mostly flagella-bearing stramenopile lineages and are 
not closely related to the Rhizaria (e.g., foraminifera, Gromia, 
Corallomyxa), which seem more closely related in a morphological 
sense. Together, these findings suggest that the formation of reticulate 
pseudopodia may not be  a unique morphological feature for 
foraminifera and other related Rhizarian groups (e.g., radiolarians). 
Rather, it is likely that this group of C. labyrinthuloides + Leukarachnion 
sp. + Synchroma grande + Green Lake FFRP represents an 
evolutionarily independent lineage that is transitional between 
stramenopiles and Rhizarians. Resolving the evolutionary details of 
these relationships requires future dedicated phylogenomic study.

4.5. GL free-form reticulate protist: a 
candidate for microbialite fabric disruptor?

Because the FFRP were quite active, relatively numerous, and have 
far reaching and often extensive reticulopods, they could potentially 
remodel microbialite fabric on sub-millimeter scales.

The FFRP was noted in microbialites as well as off-platform 
sediments, commonly to depths of 3–4 mm in FLEC materials, a depth 
which is typically anoxic, or nearly so, in microbialites on a nightly 
basis, especially in summer. This shallow subsurface habitat may seem 
counterintuitive for a pigmented, presumably photosynthetic, 
organism. It is possible that the FFRP migrates to the microbialite 
surface to better expose its plastids to sunlight during the day given 
their observed rate of movement in Petri dishes. It is possible, also, for 
light to penetrate to >1 mm depth given reports that both carbonate 
and silicate minerals in stromatolites act as lenses (Kühl et al., 2003), 
and photosynthesis is supported at depth (Paterson et al., 2008). The 
presence of seemingly photosynthetic plastids in the FFRP suggests 
this taxon likely does not depend solely or even partly on heterotrophy 
for its nutrition. It is possible, however, that the FFRP endobionts are 
sequestered diatom chloroplasts, as known from a considerable 
number of marine foraminifera, some in habitats where sunlight 
exposure is ensured (Cedhagen, 1991; Jauffrais et al., 2018), while 
other kleptoplast-bearing foraminifers inhabit deep-water settings 
lacking sunlight (Bernhard and Bowser, 1999; Grzymski et al., 2002). 
Such occurrences of chloroplast-sequestering foraminifera in aphotic 
settings can coincide with anoxia exposure. These kleptoplastidic 
foraminifers can be anaerobic, using multiple metabolic pathways to 
allow inhabitation of such a seemingly “hostile” habitat (Gomaa et al., 
2021; Powers et  al., 2022). The role of such kleptoplasts remains 
unclear but the plastids seem to be integral to the survival of some 
foraminifera in aphotic anoxic sulfidic habitats (Gomaa et al., 2021).

Chlamydomyxa labyrinthuloides or an unknown species of 
Chlamydomyxa ASVs were detected on each of three sampling 
occasions from April to October, FFRP cells were microscopically 
observed on each of five sampling occasions, and FFRP or vacuolated 
cysts were noted in all three FLEC collections, suggesting they are 

present consistently on the microbialite platform, as well as 
episodically in the off-platform sediments. It may be important to note 
that we do not have any data besides geochemistry between November 
and April, so the presence and activities of the FFRP in winter remains 
unknown until future detailed studies are performed.

There seems to be some seasonality in the form of the FFRP, in 
that what we interpret as cysts (i.e., C. labyrinthuloides aplanospores) 
dominated the FLEC materials in September, while the amorphous 
(plasmodium) form dominated in November. Both cysts and the 
amorphous form occurred in May FLEC materials. While some of the 
morphological trends might be due to patchiness, it is also possible 
that the FFRP encysts in summer, perhaps due to warmer temperatures 
or due to the copious EPS covering. When the FFRP is encysted, the 
lack of reticulopodial activity may permit the EPS and/or microbialite 
layers to accrete appreciably due to the summer conditions when 
photosynthetic activity is highest.

4.6. Laminae disruption

In the cores without reticulopodial inhibition, the freshwater 
foraminifer H. saranae did cause detectable microbialite fabric 
disruption although this was not extensive. Because the foraminifer 
used in the disruption experiment was not native to GL, one may not 
be surprised that microbialite-fabric disturbance was minimal. There 
are multiple possible explanations for the modest disruption in our 
experiment. For example, the number of H. saranae introduced may 
have been insufficient or the experiment duration too short to cause 
substantial disturbance. Seeding of more H. saranae may not 
be realistic, as the general densities of the native and much smaller 
FFRP were not known at experiment initiation. Differences in the 
physicochemical parameters of GL lake water and the H. saranae 
culture water may have caused encystment or poor survival of the 
freshwater foraminifer. In particular, the slightly higher salinity 
(maximum value ~0.5–1 PSU, PTV unpubl.) and alkalinity of GL water 
may have been suboptimal for that species, limiting its activity. Similar 
experiments using the native C. labyrinthuloides are warranted.

4.7. Do the DMP stromatolites accrete?

The DMP microbialites differ from marine stromatolites because 
the former do not seem to accrete appreciably over time (i.e., the 
subsurface deeper than ~5–10 mm remains unstructured and 
massive). The DMP microbialites seem to have an annual cycle of layer 
development and obliteration. It is likely that the GL microbialite 
fabric remodeling occurs in late autumn or winter when we did not 
sample eukaryotes. To firmly establish if the DMP microbialites 
“recycle” materials rather than accrete, 14C-age dating should 
be employed, per other microbialite studies (Pace et al., 2018).

We suggest that, during winter, the metazoans will be sluggish due 
to low temperature, making them unlikely to be  the lead cause of 
laminae disruption, and that the FFRP is the main cause of microfabric 
disruption. Evidence for this assertion is three-fold: (1) the relatively 
abundant FFRP have copious and far reaching reticulopods, like those 
known to rend biofilms (Bernhard and Bowser, 1992); (2) in the 
laboratory, they exhibit substantial (horizontal) migration rates, (3) 
heterotrophy can be induced in C. labyrinthuloides when light levels are 
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low (Archer, 1875). Low light levels in GL are expected in winter due 
to the low angle of incident sunlight, short daylight periods, and, 
typically, ice cover. Once heterotrophic, the C. labyrinthuloides could 
rend the microbialites, thereby obliterating their layering or weakening 
the microbialite structure, causing laminae to become disrupted, as 
noted in our May samples. Such an assertion must be  tested with 
dedicated analyses over appropriate time frames and physicochemical 
conditions. While the main cause for the decimation of stromatolite 
fossils in the Neoproterozoic remains debatable, our results do not 
discount a role for reticulopodia-bearing protists in the decline of 
freshwater stromatolites of any age.

5. Conclusion

The microbialites of the DMP platform of Green Lake near 
Fayetteville, New  York support a considerable population of a 
reticulopodial-bearing protist, which is closely related to 
C. labyrinthuloides. We  contend that GL C. labyrinthuloides 
reticulopodial activity during winter, when they are presumably 
heterotrophic, is responsible for lamina disruption on a moderate 
scale. Our contention should be tested with this native free-form 
protist under winter environmental conditions. Our observations 
are not mutually exclusive to other possible disruptors such as 
physical remodeling by metazoans or storm-induced wave activity.
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Warming modulates the 
photosynthetic performance of 
Thalassiosira pseudonana in 
response to UV radiation
Zhiguang Xu 1,2†, Shunda Yang 1,2†, Mingze Li 1,2, Menglin Bao 1,2 and 
Hongyan Wu 1,2*
1 School of Life Science, Ludong University, Yantai, China, 2 Key Laboratory of Marine Biotechnology in 
Universities of Shandong, Ludong University, Yantai, China

Diatoms form a major component of phytoplankton. These eukaryotic organisms 
are responsible for approximately 40% of primary productivity in the oceans and 
contribute significantly to the food web. Here, the influences of ultraviolet radiation 
(UVR) and ocean warming on diatom photosynthesis were investigated in Thalassiosira 
pseudonana. The organism was grown at two temperatures, namely, 18°C, the 
present surface water temperature in summer, and 24°C, an estimate of surface 
temperature in the year 2,100, under conditions of high photosynthetically active 
radiation (P, 400–700 nm) alone or in combination with UVR (P + UVR, 295–700 nm). 
It was found that the maximum photochemical yield of PSII (Fv/Fm) in T. pseudonana 
was significantly decreased by the radiation exposure with UVR at low temperature, 
while the rise of temperature alleviated the inhibition induced by UVR. The analysis of 
PSII subunits turnover showed that high temperature alone or worked synergistically 
with UVR provoking fast removal of PsbA protein (KPsbA), and also could maintain 
high PsbD pool in T. pseudonana cells. With the facilitation of PSII repair process, 
less non-photochemical quenching (NPQ) occurred at high temperature when cells 
were exposed to P or P + UVR. In addition, irrespective of radiation treatments, high 
temperature stimulated the induction of SOD activity, which partly contributed to the 
higher PSII repair rate constant (Krec) as compared to KPsbA. Our findings suggest that the 
rise in temperature could benefit the photosynthetic performance of T. pseudonana 
via modulation of its PSII repair cycle and protective capacity, affecting its abundance 
in phytoplankton in the future warming ocean.

KEYWORDS

ocean warming, UV radiation, photoinactivation, diatom, Thalassiosira pseudonana

1. Introduction

It is reported that from 2011 to 2020, the average temperature of land and sea was 1.09°C higher 
than the average of 1850 to 1900, in which the ocean warming is 0.88°C, and the warming of the 
oceans will continue over time (Intergovernmental Panel on Climate Change, 2021). Scientists 
predict that by the close of the 21st century, surface seawater temperatures will rise by 1.18–6.48°C 
(Huertas et al., 2011; Gattuso et al., 2015). This will have a profound influence on ocean-dwelling 
organisms, as temperature significantly affects metabolic function and enzyme activity. It is 
predicted that the distribution and ecology of the components of phytoplankton, including 
dinoflagellates, diatoms and coccolithophores, would change with ocean warming (Hare et al., 2007; 
Hallegraeff, 2010; Cabrerizo et al., 2014; Dedman et al., 2023). Ocean warming has also been 
indicated to intensify stratification (Gao et al., 2019), with the upper mixed layer (UML) becoming 
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shallower, which would influence the degree of exposure of organisms in 
the UML to photosynthetically active radiation (PAR) and UVR (Häder 
and Gao, 2015).

The release of chlorofluorocarbons (CFCs) due to human activity 
resulted in the depletion of ozone layer, increasing the UVR exposure 
of ocean surfaces (Williamson et al., 2019). Although ozone destruction 
has been slowed by implementation of the Montreal Protocol, with 
levels predicted to reach those prior to 1980  in the mid-2000s 
(Plummer et al., 2010), because of global warming, trace gases (Ossó 
et al., 2011) and other factors may elevate UV-B levels at lower latitudes 
(Williamson et al., 2019), retarding the restoration of the ozone layer 
(Neale et al., 2021). As UV irradiances can permeate the ocean surface 
to depths of 80 m, there will be  inevitably increased exposure of 
phytoplankton to UVR, which could significantly affect both their 
richness and diversity, as well as primary productivity (Gao et al., 2019).

There has been intensive research into the independent influence 
of temperature and UVR on phytoplankton physiology, as has been 
recently reviewed (Gao et al., 2019). However, recent research has also 
pointed towards interactions between these factors. For example, it is 
reported that elevated temperature and UVR exposure significantly 
increased the ratio between photosynthesis and calcification in 
Emiliania huxleyi (Tong et al., 2019). Study with the diatom species 
Phaeodactylum tricornutum showed that increased temperature 
together with high CO2 level synergistically interacted to reduce UV-B-
mediated inhibition, leading to increases in carbon fixation (Li et al., 
2012). Wong et al. found that the damage from UVR in tropical and 
temperate Chlorella strains occurred independently of temperature 
although the increased temperature elevated the repair constant (Wong 
et al., 2015). Elevated temperature seems to ameliorate UVR-induced 
stress as addressed by these previous studies. Although limited studies 
have shown that the beneficial effects of increased temperature on 
phytoplankton cells in response to UVR might be  related to the 
stimulation of excess energy dissipation (Halac et  al., 2010) or 
enhancement of the activity of the RuBisCO enzyme (Helbling et al., 
2011), the underlying mechanisms are still poorly understood.

Diatoms are single-celled photosynthetic eukaryotes that are 
responsible for approximately 40% of the primary productivity of the 
oceans (Malviya et al., 2016). They are thus key to sustain the food web 
and also contribute to the biological pump whereby carbon is transferred 
to deeper waters (Tréguer et al., 2018). Diatoms are especially plentiful 
at higher latitudes and in nutrient-rich coastal waters, although 
significant diversity of diatoms has also been seen in the open ocean 
(Malviya et  al., 2016), indicating their ability to inhabit a variety of 
niches. Similar adaptability can be  seen in their ability to protect 
themselves against potential damage caused by changes in visible light or 
UVR levels. In comparison with other marine phytoplankton groups, 
diatoms show a distinctive PSII repair cycle mechanism, characterized 
by the PsbD protein having a removal rate constant similar to that of 
PsbA (Wu et al., 2011). Diatoms can also disperse excess energy from 
light through rapid induction of a non-photochemical quenching (NPQ) 
mechanism in association with the xanthophyll cycle (Lavaud et al., 
2016) together with modulation of the levels of Lhcx proteins, belonging 
to the antenna protein family (Taddei et al., 2018). Furthermore, diatoms 
have an active antioxidant system for the scavenging of reactive oxygen 
species (ROS) (Gao et al., 2018).

Thalassiosira pseudonana, as a widely distributed model diatom 
species, has been investigated for addressing the interaction of 
enhanced UVR and warming by several studies (Sobrino and Neale, 
2007; Wu et al., 2020). In these studies, through measurements of 

Chla-fluorescence of the PSII, the influences of temperature on the 
rates of UVR damage and repair were specifically examined, and the 
results showed that ocean warming could decrease the sensitivity of 
T. pseudonana cells to UVR with an increased rate constant for repair. 
However, the mechanism underlying these alterations in the 
susceptibility of T. pseudonana to photoinhibition resulting from UVR 
exposure and increased temperature is not understood. Using our 
earlier studies (Yuan et al., 2018; Zang et al., 2022a,b) as a foundation, 
we hypothesize that high temperature may alleviate the UVR-induced 
photoinhibition by modulating PSII subunits turnover and 
photoprotection capacity. To test this hypothesis, we evaluated the 
photosynthetic performance of T. pseudonana grown at different 
temperatures and PAR and PAR + UVR light, investigating changes in 
photoinactivation, the turnover of PSII subunits, antioxidant activities, 
and excess energy dissipation.

2. Materials and methods

2.1. Culture of diatoms

The diatom Thalassiosira pseudonana (CCMP 1335) was cultured 
semi-continuously in f/2 medium in polystyrene flasks (Corning) with 
a photoperiod 12 L:12D in a growth chamber equipped with white 
cool tubes of fluorescent (GXZ280, Jiangnan Inc.). The cells were 
pre-acclimatized at either 18°C (the temperature of the local water 
surfaces in summer) or 24°C (the predicted water temperature in the 
year 2,100) with a visible light intensity of 100 μmol m−2 s−1 (20 W m−2). 
The diatoms were subcultured at least seven times, with over 20 
generations, before experiments.

2.2. UV radiation treatment

Exponentially growing T. pseudonana cultures were divided and 
placed into two 500 mL UV-transparent quartz tubes. To allow for the 
determination of damage rate in PSII, lincomycin, the chloroplast 
protein synthesis inhibitor, was added into one of the quartz tubes to a 
500 μg mL−1 final concentration. The quartz tubes were incubated for 
10 min in the dark and were then exposed to two kinds of radiation 
treatments: (1) PAR + UVR (295–700 nm), full solar radiation, tubes 
enclosed in Ultraphan film 295 (UV Opak, Digefra, Munich, Germany) 
and (2) PAR only (400–700 nm), tubes enclosed in Ultraphan film 395 
(UV Opak, Digefra). The settings were a PAR of 140 Wm−2 and UVR 
of 26 Wm−2 with adjustment of the distance of the samples from a solar 
simulator (Sol 1,200, Germany) with a xenon lamp (1,000 W). The 
tubes were incubated in a flow through water bath with controlled 
temperatures of 18 ± 1°C or 24 ± 1°C. Four replicates were used in each 
treatment. During the light exposure period, subsamples were collected 
at 30 min intervals for analysis of chlorophyll fluorescence, antioxidant 
activity, and western blotting. After 3 rounds of measurement (90 min), 
samples were placed under their growth-light conditions (20 W m−2 
PAR) for 30 min before the final collection for analysis.

2.3. Fluorescence measurement

Samples were taken at various time points and allowed to stand for 
5 min in the dark to lower photosynthesis, after which the chlorophyll 

51

https://doi.org/10.3389/fmicb.2023.1284792
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Xu et al. 10.3389/fmicb.2023.1284792

Frontiers in Microbiology 03 frontiersin.org

fluorescence was measured with a pulse amplitude-modulated 
fluorometer (Water-ED PAM, Walz, Germany). The maximal PSII 
quantum yield was determined as the ratio of variable to maximal 
fluorescence, Fv/Fm, where Fv = (Fm−F0), Fm, the maximal fluorescence in 
darkness, measured at a 0.5 s saturating pulse of 4,000 μmol m−2 s−1; the 
minimal value, F0, was determined with modulated measuring light of less 
than 0.1 μmol m−2 s−1. The effective PSII quantum yield was determined 
using the method of Genty et al. (1989) as ΦPSII = (Fm′–F)/Fm′, where Fm′ 
is the instantaneous maximum intensity of fluorescence in an light-
adapted cell measured by a saturating pulse in the presence of a weak 
actinic light (100 μmol m−2 s−1), and F is the steady-state fluorescence 
induced by weak actinic light for light-adapted cells. The quantum yields 
of constitutive, energy-independent non-photochemical excitation energy 
dissipation (Y(NO)) and energy-dependent, regulated non-photochemical 
excitation energy dissipation (Y(NPQ)) were calculated using the equations 
Y(NO) = F/Fm and Y(NPQ) = 1–ΦPSII-Y(NO), respectively, according to 
Klughammer and Schreiber (2008). The sustained NPQ (NPQs) was 
calculated as: NPQs = (Fmt0−Fm)/Fm, where Fmt0 represents the Fm value 
measured from samples taken before the high-light treatment, with 
measurement of Fm at different time points after incubation in the dark 
for 5 min (Wu et al., 2012).

The rate constants for photoinactivation (Kpi, s−1) and for PSII 
repair (Krec, s−1) were determined according to the plot of Fv/Fm against 
the total photons present during the high-light treatment. Kpi was 
acquired from samples treated with lincomycin via plotting a single-
phase exponential decay. Krec was estimated from samples not treated 
with lincomycin. These were calculated using the Kok equation (Kok, 
1956; Campbell and Tyystjärvi, 2012).

2.4. Protein measurement

Samples (30 mL) were harvested at different time points and 
vacuum-filtered using 25 mm diameter, binder-free Whatman GF/F 
glass fiber filters before rapid freezing in liquid nitrogen and storage at 
-80°C until use. Total protein was isolated from the frozen filters 
following Brown et al. (2008) and the concentrations were measured 
(Bio-Rad DC Assay). Two micrograms of protein were electrophoresed 
on 6–12% acrylamide gels to isolate PsbA and PsbD. The primary 
antibodies were anti-PsbA (1: 50,000; Agrisera, antibody AS05084) and 
anti-PsbD (1: 50,000; Agrisera, antibody AS06146) with an 
HRP-conjugated anti-rabbit secondary antibody. The removal rate of 
PsbA (KPsbA, s−1) was assessed as in our previous study (Gao et al., 2018).

2.5. Superoxide dismutase and catalase 
activities

Twenty milliliters of culture was filtered over 0.22 μm proe-size 
polycarbonate membranes (Whatman). Filters were thawed and 
resuspended in 600 μL of phosphate buffer (pH 7.6) containing 50 mM 
KH2PO4, 1 mM EDTA, 0.1% Triton X-100, and 1% (w/v) 
polyvinylpolypyrrolidone. The cells were ultrasonicated (2 × 30 s, at 
A = 30) at 4°C followed by centrifugation for 10 min (12,000 g, 4°C). 
Supernatants were collected into clean Eppendorf tubes and the 
protein quantified by the method of Bradford (1976). SOD activity 
was examined using a kit (Nanjing Jiancheng Biological Engineering 
Company, China) with 1 unit defined as the amount required to 

achieve 50% inhibition of nitro-blue tetrazolium reduction at 560 nm 
(Janknegt et  al., 2008). The same sample treatment was used for 
measuring CAT, which was determined using a kit (Nanjing Jiancheng 
Biological Engineering Company) and assessed by H2O2 consumption 
at 240 nm (Li et al., 2015).

2.6. Statistical analysis

SPSS version 22.0 was used for data analysis. The effects of light 
exposure on PsbA, PsbD and Fv/Fm was assessed by RM-ANOVA 
while the effects of temperature, lincomycin, and UVR were evaluated 
by multivariate ANOVA. Tukey’s post hoc test was used. Two-way 
ANOVAs were used to evaluate the effects of temperature and UVR 
on Krec, Kpi and KPsbA. For all tests, significance was set at p < 0.05.

3. Results

The PSII function (Fv/Fm) in T. pseudonana cultured at both 
temperatures (18°C and 24°C) decreased with exposure time under 
high PAR or PAR + UVR (p < 0.001), also under conditions of active 
PSII repair (Figure 1). After exposure for 90 min, the Fv/Fm ratios were 

FIGURE 1

The maximum photochemical yield (Fv/Fm) changes in T. pseudonana 
treated without or with lincomycin (+Lin). Cells grown at 18 (A) or 
24°C (B) were exposed to PAR (140  W  m−2) or PAR  +  UVR 
(140  W  m−2 +  26  W  m−2) for 90  min, and then transferred to PAR 
(20  W  m−2) for 30  min. The division between high light exposure and 
recover period was indicated by the dotted line. Data are expressed 
as the means±SE (n  =  4), most error bars within symbols.
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FIGURE 2

PsbA content changes in T. pseudonana treated without or with 
lincomycin (+Lin). Cells grown at 18 (A) or 24°C (B) were exposed to 
PAR (140  W  m−2) or PAR  +  UVR (140  W  m−2 +  26  W  m−2) for 90  min, and 
then transferred to PAR (20  W  m−2) for 30  min. The division between 
high light exposure and recover period was indicated by the dotted 
line. Data are expressed as the means±SE (n  =  3).

reduced to 85% for PAR and 68% for PAR + UVR at 18°C, while at 
24°C, there was a smaller reduction to about 89% for PAR and 85% for 
PAR + UVR. In terms of lincomycin treatment, there was a sharper 
decrease in the Fv/Fm value over 90 min at both temperatures (all 
treatments, p < 0.001), while in the UVR-treated cells (p < 0.001), the Fv/
Fm dropped to close to 0. Following transfer to low-light conditions, Fv/
Fm increased to 93% of the initial value at both temperatures irrespective 
of the radiation treatments in the absence of lincomycin. The cells 
treated with lincomycin did not recover (for all treatments, p < 0.001).

The rate constants for photoinactivation Kpi (s−1) and PSII repair 
Krec (s−1) are given in Table 1. The rise of temperature had no effect on 
Kpi (p = 0.362), while UVR treatment led to a significant increase in Kpi 
to a value approximately 3.3 times that of PAR. However, an 
interaction between UVR and temperature was apparent for Krec 
(p < 0.01), with temperature showing the dominant effect (p < 0.001), 
and the greatest Krec value was observed with PAR + UVR treatment at 
24°C. UVR caused much lower ratio of Krec to Kpi at 18°C, while the 
ratio increased 2.9 times at 24°C.

The levels of PsbA were reduced after prolonged PAR and 
PAR + UVR treatments (Figure 2, p = 0.017), dropping to about 86% 
of time 0 under PAR after 90 min exposure for cells grown at 18°C, 
while a further decrease to 76% under PAR + UVR. For cells grown at 
24°C, PsbA content showed a similar declination during the 90 min 
exposure with no significant changes observed between PAR and 
PAR + UVR (p = 1.000). In contrast, PsbA levels were markedly 
reduced after incubation with lincomycin (p < 0.001). After placing the 
cells under growth-light conditions, the PsbA content increased to 
94–97% of the time 0 value after exposure to PAR, while there was no 
recovery seen in cells after lincomycin treatment.

The rate constant for PsbA removal (KPsbA) is shown in Figure 3. 
KPsbA was significantly increased by the radiation treatment in the 
presence of UVR (p < 0.001), cells cultured at 24°C showed a 
significant increase of KPsbA as compared with that at 18°C under the 
exposure of PAR (p < 0.001). However, the combination of high 
temperature and UVR did not provoke further stimulation of KPsbA as 
compared with that at 18°C.

Figure 4 shows the changes of PsbA vs. PsbD content during the 
90 min exposure. The turnover of PsbD was similar to that of PsbA, 
which was to be expected as the two protein assemble in a 1:1 ratio in 
the PSII complex. However, it exhibited a higher PsbD content relative 
to PsbA in T. pseudonana cells grown at 24°C, while higher PsbA 
content than PsbD in cells grown at 18°C.

For cells grown at 18°C, UVR led to a slight increase of SOD 
activity than that of PAR alone (Figure 5, p < 0.001). It showed that the 
activity of SOD was higher in cells grown at 24°C than that at 18°C 
(p < 0.001), and maintained stable during the high light exposure and 
the subsequent recovery period with a lack of significant differences 
between PAR and PAR + UVR (p = 0.639). In contrast, there is no 

significant changes in CAT activity over the whole exposure period 
with or without UVR for cells grown at both temperatures (Figure 6, 
for 18°C, p = 0.718; for 24°C, p = 0.393).

Extended exposure to light resulted in increased NPQs (Figure 7, 
p < 0.001) with a greater effect seen with UVR at 18°C (p < 0.001). The 
high temperature decreased the NPQs compared to the low 
temperature (p = 0.048), and no additional NPQs induction was 
promoted by UVR in cells grown at 24°C. NPQs were also induced by 
lincomycin treatment (p < 0.001), especially for cells exposed to 
PAR + UVR (p < 0.001). Following recovery, there was a reduction in 
the NPQs in cells that had not been treated with lincomycin, while no 
change was seen in lincomycin-treated cells.

Figure 8 shows the excitation energies at the two temperatures. 
Similar patterns of energy reallocation were seen with reduced PSII 

TABLE 1 The rate constant for PSII repair (Krec, s−1) and photoinactivation (Kpi, s−1) and the ratio of Krec to Kpi for various treatments.

Temperature (°C)
Radiation 
treatments

Krec SE Kpi SE Krec/Kpi

18 PAR 0.000851a 0.000119 0.000122a 0.000006 6.96

24 PAR 0.001003a 0.000168 0.000129a 0.000008 7.77

18 PAR + UVR 0.000981a 0.000087 0.000415b 0.000023 2.36

24 PAR + UVR 0.002888b 0.000273 0.000424b 0.000024 6.81

Data are the means ± SE of four replication. Superscripts with different letters represent significant differences (p < 0.05) among treatments.
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photochemistry (ΦPSII) following exposure to PAR, although the 
non-regulated dissipation (Y(No)) was raised. There was a reversal of 
these changes in the recovery period, although there was minimal 
allocation on regulated dissipation (Y(NPQ)). With PAR, compared with 
cells grown at 18°C, cells grown at 24°C showed more reallocation of 
excitation energy to ΦPSII (p = 0.004) and less to Y(No) (p = 0.037), 
although no significant alteration in Y(NPQ) was seen (p = 0.643) by the 

end of the exposure. However, PAR + UVR resulted in a marked 
energy reallocation to Y(No) with reduced ΦPSII in cells at 18°C 
(p < 0.001), while at 24°C, ΦPSII decreased to a less extent (p = 0.162) 
with a small increase in Y(No) (p = 0.086) as compared with the values 
at time 0, in addition, the reallocation of Y(NPQ) was dropped to almost 
zero at both temperatures.

4. Discussion

The effects of increased UVR and their influence on temperature-
dependent physiological processes are of particular importance 
under conditions of global warming. Here, the Fv/Fm ratio, 
representing the photochemical quantum yield, of T. pseudonana at 
current normal temperatures (18°C) was markedly decreased by 
exposure to high PAR and PAR + UVR, with further declines with 
UVR (Figure 1A), while the higher temperature (24°C) mitigated 

FIGURE 3

The removal rate constant of PsbA (KPsbA, s−1) in T. pseudonana grown 
at 18 or 24°C. Data are expressed as the means ± SE (n  =  3). Different 
letters above error bars indicate significant differences (Tukey HSD), 
(p  <  0.05) among treatments.

FIGURE 4

PsbD content versus PsbA content in T. pseudonana grown at 18 
(A) or 24°C (B) over a 90  min exposure to PAR and PAR  +  UVR and 
subsequent recovery at growth light. Dashed line indicates 1:1 ratio. 
Data are expressed as the means ± SE (n  =  3).

FIGURE 5

SOD activity changes in T. pseudonana grown at 18 (A) or 24°C (B). 
Cells were exposed to PAR (140  W  m−2) or PAR  +  UVR 
(140  W  m−2 +  26  W  m−2) for 90  min, and then transferred to PAR 
(20  W  m−2) for 30  min. The division between high light exposure and 
recover period was indicated by the dotted line. Data are expressed 
as the means±SE (n  =  4).
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FIGURE 6

CAT activity changes in T. pseudonana grown at 18 (A) or 24°C (B). 
Cells were exposed to PAR (140  W  m−2) or PAR  +  UVR 
(140  W  m−2 +  26  W  m−2) for 90  min, and then transferred to PAR 
(20  W  m−2) for 30  min. The division between high light exposure and 
recover period was indicated by the dotted line. Data are expressed 
as the means±SE (n  =  4).

the reduced PSII activity under both treatments (Figure 1B). Similar 
results were also found in the previous studies, for example, by using 
the same diatom species T. pseudonana, Sobrino and Neale found 
that the high temperature of 25°C decreased the sensitivity of cells 
preacclimated to 20°C to UVR (Sobrino and Neale, 2007). Other 
diatom species, such as Chaetoceros gracilis and T. weissflogii, have 
been found to benefit from increased temperature (23°C), leading to 
reduced photoinhibition relative to samples treated at 18°C (Halac 
et al., 2010).

It is suggested that the alleviation of UVR-induced inhibition 
might be related to the facilitation of repair process by warming 
as indicated by the increased value of rate constant for repair, 
which was obtained based on the measurement of chlorophyll 
fluorescence (Wong et al., 2015; Wu et al., 2020). Here, alterations 
in PsbA contents were evaluated to assess the subunit turnover 
and restoration of of functional PSII complexes. It was found that 
the PSII function declined more rapidly than the PsbA content in 
cells cultured at 18°C, particularly for those exposed to UVR, 

suggesting the presence of photo-inactivated but otherwise intact 
PsbA subunits. However, on exposure to PAR and PAR + UVR, the 
overall PSII function increased while the PsbA level declined in 
cells cultured at 24°C, suggesting a modulatory response involving 
increased net clearance of PsbA from photo-inactivated but intact 
PSII complexes (Gao et al., 2018), which is also suggested by the 
observed increases in the PsbA removal rate constants (KPsbA, s−1) 
in cells cultured at 24°C. The stimulation of UVR on the clearance 
of PsbA, as found in our previous studies with T. weissflogii and 
Skeletonema costatum (Gao et al., 2018; Zang et al., 2022b), might 
act as a means of protection as rapid removal of damaged PsbA 
may facilitate the recruitment of of new PsbA. However, the 
combination of high temperature and UVR did not provoke 
further stimulation of KPsbA as compared with that at low 
temperature, suggesting that there may be  restrictions on the 
ability of cells to remove PsbA from photo-inactivated PSII. PsbD 
is thought to function as a receptor for newly synthesized PsbA 
subunits, thus contributing to the regulation of complex assembly 
(Komenda et al., 2012). We found here that cells grown at 24°C 
maintained higher PsbD protein content than PsbA under PAR 
and PAR + UVR during the exposure period. The raised levels of 
PsbD could thus function as a reserve derived from disassembly 
of PSII complexes that could be used for future combination, thus 

FIGURE 7

The sustained NPQ (NPQs) changes in T. pseudonana treated 
without or with lincomycin (+Lin). Cells grown at 18 (A) or 24°C 
(B) were exposed to PAR (140  W  m−2) or PAR  +  UVR 
(140  W  m−2 +  26  W  m−2) for 90  min, and then transferred to PAR 
(20  W  m−2) for 30  min. The division between high light exposure and 
recover period was indicated by the dotted line. Data are expressed 
as the means±SE (n  =  4).
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maintaining the levels of functional PSII, which may also partly 
account for the higher Krec values seen at increased temperature, 
as well as the increase in Fv/Fm (Figure 1B).

Apart from the PSII subunit turnover, T. pseudonana exposure 
to increased light necessitates dissipation of the surplus energy to 
avoid damage to PSII. In the present study, NPQs increased with 
exposure time, particularly for cells exposed to UVR at low 
temperature, suggesting the presence of protective strategies to 
counteract the excess energy, which might be  associated with 
increased expression of Lhcx protein (Mou et al., 2012; Wu et al., 
2012; Allorent et al., 2017). This increase was greater after treatment 
with lincomycin, a dependence on repair of the PSII complex to 
reverse the damage; thus, NPQs are important for the maintenance 
of PSII in the absence of repair to the complex. High temperature 
induced less NPQs accumulation as compared with low temperature 
of 18°C in the present study, correlating to the fast removal rate of 
PsbA and the maintenance of higher PsbD pool for cells grown at 
24°C. In addition, it is reported that in T. weissflogii the levels and 
activity of RuBisCO were enhanced at high temperature when 

exposed to UVR (Helbling et al., 2011), and our previous study with 
the same diatom species T. pseudonana also showed that the 
RuBisCO to PsbA ratio was raised after exposure to high light; 
therefore, it could be  deduced that more photons would 
be processed in the Calvin cycle for T. pseudonana cells, requiring 
less energy dissipation.

In terms of PSII excitation energy, UVR was found to reduce 
the amount of photochemical energy in PSII (ΦPSII) at the lower 
temperature (Figure 8), with greater allocation to Y(No), in other 
words, greater passive dissipation of energy as fluorescence and 
heat, indicating the weak ability of cells to protect themselves 
against photodamage. In contrast, T. pseudonana allocated much 
less excitation energy to Y(NPQ) under all treatments, particular for 
cells exposed to UVR, representing an energy-dependent type of 
NPQ associated with the xanthophyll cycle (Liefer et al., 2018). It 
might be related to negative effects of UVR on the enzymes involved 
in xanthophyll conversion as found in Phaeodactylum tricornutum 
(Mewes and Richter, 2002; Halac et al., 2009). It was reported that 
when the activation of xanthophyll cycle was not sufficient to 

FIGURE 8

Changes of the effective PSII quantum yield (ΦPSII), quantum yield of regulated non-photochemical excitation energy dissipation (Y(NPQ)), and quantum 
yield of non-regulated non-photochemical energy dissipation in PSII (Y(No)) in T. pseudonana. Cells grown at 18 (A, B) or 24°C (C, D) were exposed to 
PAR (140  W  m−2) or PAR  +  UVR (140  W  m−2 +  26  W  m−2) for 90  min, and then transferred to PAR (20  W  m−2) for 30  min. The division between high light 
exposure and recover period was indicated by the dotted line. Data are expressed as the means±SE (n  =  4).
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quench the excess energy, cells can reduce ROS levels through the 
action of antioxidant enzymes (Janknegt et al., 2008). We found that 
the antioxidative defence system was activated, mainly through the 
action of SOD, UVR induced a slight increase of SOD activity at low 
temperature than PAR, which is able to scavenge the superoxide 
radical and contribute to the prevention of protein damage. Cells 
produced higher induction of SOD activity at high temperature 
irrespective of radiation treatments, showing the enhanced 
scavenging capacities to excess light, which might partly explain the 
higher Krec compared to KPsbA. Since CAT converts the H2O2 product 
of SOD to H2O, the activity of the two enzymes would be expected 
to increase in correspondence, but this was not observed here. The 
similar uncoupling phenomena was also reported in some marine 
intertidal diatom species (Bettina et  al., 2014), further 
transformation of H2O2 might be taken over by other components 
of the network.

5. Conclusion

Here, the alterations in physiological parameters and PSII 
proteins of T. pseudonana cultured at elevated temperatures in 
response to UVR were comprehensively studied. It was found that 
the rise of temperature reduced PSII inhibition resulting from UVR 
mainly by facilitating the PSII repair cycle, in which we found that 
high temperature maintained higher PsbD pool, and worked 
synergistically with UVR provoking fast removal of PsbA protein. 
Irrespective of radiation treatments, high temperature stimulated 
the induction of SOD activity but induced less NPQs, indicating 
that temperature promoted repair and protection to a greater extent 
than inducing damage, and, thus, there was less net UVR damage 
at higher temperatures. However, it is not known whether the 
effects resulting from interactions between UVR and ocean 
warming would be unique to T. pseudonana or are characteristic of 
other phytoplankton taxa as well. Furthermore, decreased nutrient 
availability as a consequence of enhanced stratification by the 
increasing ocean surface temperature, will also affect the sensitivity 
of phytoplankton to UVR (Aranguren-Gassis et  al., 2019). The 
interactions between these factors are almost certainly complex, 
and therefore figuring out how algae respond requires substantial 
future studies of these interactions.
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Introduction: Marine viruses regulate microbial population dynamics and 
biogeochemical cycling in the oceans. The ability of viruses to manipulate hosts’ 
metabolism through the expression of viral auxiliary metabolic genes (AMGs) was 
recently highlighted, having important implications in energy production and 
flow in various aquatic environments. Up to now, the presence and diversity of 
viral AMGs is studied using -omics data, and rarely using quantitative measures of 
viral activity alongside.

Methods: In the present study, four depth layers (5, 50, 75, and 1,000  m) with 
discrete hydrographic features were sampled in the Eastern Mediterranean 
Sea; we  studied lytic viral community composition and AMG content through 
metagenomics, and lytic production rates through the viral reduction approach 
in the ultra-oligotrophic Levantine basin where knowledge regarding viral actions 
is rather limited.

Results and Discussion: Our results demonstrate depth-dependent patterns in 
viral diversity and AMG content, related to differences in temperature, nutrients 
availability, and host bacterial productivity and abundance. Although lytic viral 
production rates were similar along the water column, the virus-to-bacteria ratio 
was higher and the particular set of AMGs was more diverse in the bathypelagic 
(1,000 m) than the shallow epipelagic (5, 50, and 75 m) layers, revealing that the 
quantitative effect of viruses on their hosts may be the same along the water column 
through the intervention of different AMGs. In the resource- and energy-limited 
bathypelagic waters of the Eastern Mediterranean, the detected AMGs could divert 
hosts’ metabolism toward energy production, through a boost in gluconeogenesis, 
fatty-acid and glycan biosynthesis and metabolism, and sulfur relay. Near the deep-
chlorophyll maximum depth, an exceptionally high percentage of AMGs related to 
photosynthesis was noticed. Taken together our findings suggest that the roles of 
viruses in the deep sea might be even more important than previously thought as 
they seem to orchestrate energy acquisition and microbial community dynamics, 
and thus, biogeochemical turnover in the oceans.

KEYWORDS

metagenomics, oligotrophy, viral auxiliary metabolic genes, lytic production, Eastern 
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1. Introduction

Viruses are the most abundant biological entities in the oceans 
and have a large impact on biogeochemical processes. Indeed viruses 
modulate the cycling of nutrients, since organic matter is released 
from the lysed cells and returns to prokaryotes in readily-available 
dissolved form rather than being transferred to higher trophic levels 
(Suttle, 2007). Viral activity also results in the formation of gelatinous, 
aggregated particles from the products of lysis and through this 
process, organic material is diverted from surface layers to deeper 
ones (Zimmerman et al., 2020).

But even without lysing their hosts, viruses may reprogram hosts’ 
metabolism and thus alter nutrients flow, through the expression of 
viral Auxiliary Metabolic Genes (AMGs). AMGs are expressed by 
viral genomes when the host is infected and still intact; their 
expression causes a “shift” in hosts’ metabolism toward viral 
replication, for instance through enhancement of microbial nutrient 
uptake under low nutrients availability. This pattern was particularly 
studied under P limited conditions (Zeng and Chisholm, 2012; Kelly 
et al., 2013; Lin et al., 2016) and resulted in boosted host survival and 
viral replication too. Expression of AMGs has been described at the 
transcriptional level mostly in cultures (Lin et al., 2016; Bachy et al., 
2018; Howard-Varona et al., 2020) and rarely in natural communities 
(Sieradzki et al., 2019; Heyerhoff et al., 2022) but also at the genome 
level in various ecosystems including the open and coastal ocean 
(Crummett et al., 2016; Luo et al., 2020; Tsiola et al., 2020; Jian et al., 
2021). Special focus has been given on photosynthesis and carbon-
metabolism related AMGs (Thompson et  al., 2011) as well as on 
deciphering the wide variability of phage-host interactions that lead 
to totally different host metabolisms (Howard-Varona et  al., 
2018, 2020).

High-throughput exploration of viral populations is nowadays 
predominant (Guo et al., 2021; Nayfach et al., 2021; Pons et al., 2021; 
Gregory et al., 2022; Roux et al., 2023) in comparison to earlier studies 
that mostly applied flow cytometry (Marie et al., 1999) despite the fact 
that the usual nucleic acid stains may have underestimated viral 
counts. Viral community structure and diversity is now known across 
spatial and temporal scales (Mizuno et al., 2013; Hurwitz et al., 2015; 
Paez-Espino et al., 2016; Coutinho et al., 2019; Gregory et al., 2019; 
Luo et al., 2020; Tsiola et al., 2020; Wu et al., 2020). Global expeditions 
revealed that patterns of diversity are linked to temperature as well as 
oxygen and nutrients concentration and Prochlorococcus abundance 
(Brum et  al., 2015; Coutinho et  al., 2017; Gregory et  al., 2019). 
Similarly to diversity, selection of AMGs was also found to be driven 
by environmental variables at the global and smaller scales, mainly by 
temperature and depth (Williamson et  al., 2008). Temperature in 
specific seems to control not only diversity patterns (Steward et al., 
2000; Hurwitz et  al., 2013, 2015) but also viral abundances and 
cytometric characteristics (Winter et al., 2012).

Next, to the so called “qualitative” implications, the most 
straightforward implications of viruses in the oceans are quantitative; 
viruses cause mortality, i.e., removal of standing stock and release of 
carbon that may reach approx. 10 billion tons day−1 in the oceans 
(Suttle, 2007; Brussaard et al., 2008). Quantitative data, such as the 
frequency of lytically-infected and lysogenic cells, mostly originate by 
applying the viral reduction approach (Wilhelm et al., 2002; Winget 
et al., 2005). The dynamics of infections seem to be highly related to 
temperature (Mojica and Brussaard, 2014) and depth (Brum, 2005) 

but also to hosts’ abundance and productivity (Brum et al., 2016) and 
organic matter and energy availability (Lara et al., 2017).

To link quantitative and qualitative implications, relevant data 
needs to be worked together. We hereby describe viral abundances and 
lysis rates, viral community structure, and AMG content in the lytic 
fraction (<0.2 μm) in relation to the environmental setting of a largely 
unexplored basin in the Eastern Mediterranean Sea (EMS). The EMS 
is a semi-enclosed, concentration-type basin where evaporation 
largely exceeds precipitation and river run-off. It has unique 
circulation patterns (Velaoras et  al., 2019) and physicochemical 
features, including high bottom-water temperatures, salinity and 
transparency, extreme oligotrophy and limited microbial plankton 
growth associated mainly to low phosphate and inorganic nitrogen 
sources (Azov, 1991; Krom et al., 2004). We sampled the Levantine 
Basin, the easternmost part of the EMS, at 5, 50, 75, and 1,000 m 
depths in order to investigate water masses with discrete temperature, 
density, and levels of oxygen, nutrients and chlorophyll; these factors 
that are among the most frequent controlling the microbial 
communities, including the viral component (Techtmann et al., 2015). 
According to Velaoras et al. (2019) who performed the hydrographic 
study in this cruise, distinct water masses are encountered in the 
studied area from the surface to the seafloor. Down to 75 m, Atlantic 
Water and Levantine Surface Water masses are rather warm, saline 
and saturated in oxygen, with no major differences in current 
distributions across the vertical scale of this depth layer. Levantine 
Surface Water masses are mostly prominent in the easternmost side 
of the sampling area (LV13 and LV18 sampling stations, see section 
2.1), while the westernmost side (LV3 and LV10 sampling stations, see 
section 2.1) is additionally affected by a branch of Mid-Mediterranean 
Jet that carries low-salinity Atlantic Water from the Ionian to the 
Levantine Sea. Deeper than 75 m, the intermediate layer extends down 
to ~165 m, and further below, three water masses can be identified: the 
Transitional Mediterranean Water between ~600 and 1,200 m, the old 
Cretan Deep Water between ~1,400 and 2,500 m, and the Eastern 
Mediterranean Deep Water below ~3,000 m. As part of a 
multidisciplinary sampling expedition with pre-defined sampling 
depths, we  chose to collect water from 5 m (representing surface 
water), 75 m [representing the deep euphotic layer, approaching the 
deep-chlorophyll maximum (Livanou et  al., 2019)] and 50 m 
(representing an additional depth within the mixed layer and the 
thermocline, with nearly equal primary productivity levels as the 
deep-chlorophyll maximum, not published data). All surface/
subsurface depths were chosen so they remain within the mixed layer 
(during the sampling time, stratification of the water column was just 
starting) and within the thermocline. Further, we chose to collect 
water from 1,000 m [representing a depth layer dominated by 
Transitional Mediterranean Water masses, rich in nutrients and of low 
salinity and oxygen (Velaoras et al., 2019)]. We coupled traditional 
and modern ecological and genomic approaches to shed light on 
ecosystem processes that are affected by viral actions. We expected to 
find discrete viral populations in terms of activity and genomic 
signature in the coldest waters in the bathypelagic zone, dependent on 
temperature and energy. Sampling constraints and high analytical 
costs did not allow us to study a higher number of replicated sampling 
stations and seasons. Thus, we wish to point out that the presented 
findings should be  generalized to other ecosystems/seasons with 
caution, and that further testing is needed to confirm our hypotheses. 
According to previous findings in the same project that revealed 
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depth-specific eukaryotic community patterns (Santi et al., 2020) and 
other recent similar surveys (Coutinho et  al., 2019, 2023), 
we hypothesized that a wider repertoire of viral AMGs characterize 
the cold bathypelagic waters, available to aid energy acquisition under 
resource-depleted conditions.

2. Materials and methods

2.1. Sampling

Sampling was carried out on board the R/V Aegaeo in April 
2016, at the onset of seasonal thermal stratification. Seawater was 
collected between 09:00 and 12:00 am by Rosette-Niskin 
deployment from 4 stations in the Western Levantine basin (Eastern 
Mediterranean Sea), encoded as LV3 (35.0333oN, 23.4667oE), LV10 
(34.6667oN, 24.3667oE), LV13 (34.2500oN, 25.4833oE), and LV18 
(34.4333oN, 26.3833oE). Four depth layers were sampled in each 
station: 5, 50, 75, and 1,000 m. The collected volume was transferred 
from the Niskin bottles into acid-cleaned and deionized water-
rinsed low-density polyethylene containers, and further processed 
for the various analyses.

2.2. Assessment of physical and chemical 
variables

Hydrographic profiles of salinity (S), temperature (T) and density 
(D) were obtained using a Seabird SBE 9plus CTD underwater unit 
connected to a Seabird SBE 11 deck unit (Velaoras et al., 2019). The 
methodologies for the determination of dissolved oxygen (DO), 
nitrate (NO3

−), nitrite (NO2
−), silicate (SiO4), ammonium (NH4), 

phosphate (PO4
3−), dissolved organic carbon (DOC), phosphorus 

(DOP) and nitrogen (DON), total nitrogen (TN) and phosphorus 
(TP) and chlorophyll a (Chl) concentrations are presented in the 
Supplementary material.

2.3. Assessment of viral and bacterial 
abundances

The abundance of virus-like particles (VLP) was determined 
based on the protocol of Brussaard (2004) and that of heterotrophic 
and autotrophic bacteria based on Marie et  al. (1997) from 
glutaraldehyde-fixed samples (0.5% final concentration). Samples 
were stained with SYBR™ Green I nucleic acid stain (ThermoFisher 
Scientific) at 5 × 10−5 and 4 × 10−4 final dilution of the stock solution 
for VLP and heterotrophic bacteria, respectively, and then incubated 
for approx. 15 min at 80°C and for approx. 30 min in the dark for 
VLP and heterotrophic bacteria, respectively. Autotrophic bacteria 
were distinguished based on their auto-fluorescence signals. Yellow-
green latex beads of 1 μm nominal size (Polysciences) were added 
and used as an internal standard of fluorescence. A FACSCalibur™ 
instrument (Becton Dickinson) was used at conventional air 
pressure, with an air-cooled laser at 488 nm and standard filter setup. 
Data were processed with the CellQuest™ Pro software 
(Becton Dickinson).

2.4. Assessment of viral and bacterial 
production rates

Viral production rates were estimated following the viral 
reduction approach (Winter et al., 2004; Winget et al., 2005). Two L of 
seawater were pre-filtered through 0.8 μm pore size polycarbonate 
membranes to exclude large particles and grazers. The 0.8 μm-filtrate 
was concentrated using a tangential flow filtration system (Sartorius, 
VF20P7, 0.2 μm MWCO). The 0.22-μm filtrate was back-flushed with 
the use of the reverse flow mode of a peristaltic pump (Masterflex, 
EW-07523-80) in order to produce an ultra-concentrated-in-bacteria 
seawater volume (100 mL). The remaining 0.22-μm filtrate was further 
filtered with a spiral-wound ultra-filtration cartridge (Sartorius, 
VF20P2, 30.000 MWCO) so to produce a virus-free ultra-filtered 
volume (200 mL). Bacterial-concentrated and virus-free water masses 
were mixed gently, and then equally distributed into 50-mL centrifuge 
tubes (triplicate incubations). Tubes were incubated at in situ 
temperature (as determined by CTD) and in the dark for 24 h. Every 
0, 1, 3, 6, 12, and 24 h during the incubation, samples were fixed for 
the determination of viral and bacterial abundances as described 
above. Lytic viral production (lytic VP, expressed in virus-like particles 
mL−1 h−1) was estimated from the slopes of the relationships between 
net increases in viral abundance over the respective time period of the 
net increase.

 
VP VLPmax VLPmin

tmax tmin
=

−
−







Lytic VP was further corrected for the bacterial losses due to the 
filtration; the recovery percentage was determined by dividing the 
mean bacterial abundance at the onset of the incubations (B0) by the 
in situ bacterial abundance (B original), and this factor was multiplied 
to the lytic VP measurement.

 
LyticVP VP x Boriginal

B
= 



0

The methodology for the assessment of heterotrophic bacterial 
production is presented in the Supplementary material.

2.5. Assessment of viral metagenomic 
content

Seawater was filtered through 0.2 μm polycarbonate membranes 
under low vacuum. The 0.2-μm filtrate was chemically treated with 
1 mg L−1 FeCl3 to achieve viral particle flocculation within the 
following 6–12 h (John et al., 2011) and filtered again through 1 μm 
polycarbonate filters. The 1 μm filters were stored at 4°C, pending 
resuspension in ascorbic acid buffer. The solution of ascorbate-EDTA 
buffer was prepared daily (0.25 M ascorbic acid, 0.2 M Mg2EDTA, pH 
6–6.5), kept in the dark and added in the viral flocculate, followed by 
hand shaking and overnight rotation at 4°C. After resuspension, viral 
particles in liquid were retained from the 1 μm filter by ultra-
centrifugation at 141.000 g (SorvallTM WX100 ultracentrifuge, 
ThermoFisher Scientific, Sorvall TH 641 swing out rotor). Viral DNA 
was extracted following a CTAB protocol (Winnepenninckx et al., 
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1993) and purified as described in details elsewhere (Tsiola et al., 
2020). The extracted DNA was dissolved in ultrapure water and stored 
at −20°C. Quantification of viral dsDNA was done with the Qubit 
high sensitivity assay kit in a 3.0 Qubit™ fluorometer 
(ThermoFisher Scientific).

Viral DNA shearing was done at 300 bp using the standard 
protocol for Covaris™ focused ultra-sonicator system. An indexed 
library for Illumina sequencing was prepared using the NEBNext 
Ultra DNA Library Prep Kit for Illumina (New England BioLabs) 
following the manual instructions. Size selection was done using 
AMPure XP beads (Beckman Coulter). PCR cycles were 6 (according 
to the manufacturer advice with regards to the amount of DNA input). 
Metagenomic libraries were sequenced in the Illumina Hiseq 4000 
platform available at KAUST Bioscience Core Lab using 
paired-end sequencing.

Viral metagenome reads in FASTQ format were imported to 
CLC Genomics Workbench v.7 (CLC Bio) and trimmed using a 
minimum phred score of 20, a minimum length of 50 bp, 
allowing no ambiguous nucleotides and trimming off Illumina 
sequencing adaptors if found. The trimmed metagenome reads 
were assembled using CLC’s de novo assembly algorithm, using 
a k-mer of 63 and a minimum scaffold length of 500 bp. Raw 
reads were deposited on the NCBI with reference PRJNA996089.1 
The assembled contigs were then analyzed using the iVirus 
pipeline (Bolduc et  al., 2017) through the Cyverse platform 
(Goff et al., 2011) and VirFinder software (Ren et al., 2017) with 
criteria as described previously. Viral sequences with a VirFinder 
score ≥ 0.7 and p < 0.05 and VirSorter categories 1 and 2 were 
used for further analysis. The abundance and metabolic potential 
of auxiliary and metabolic potential of AMGs was determined 
through VIBRANT (v1.2.1; Kieft et al., 2019) using the virome 
option. The taxonomy of viral contigs was determined with the 
VPF-Class software which uses the IMG/VR v3 database for this 
purpose (Pons et  al., 2021; Roux et  al., 2021). Further, viral 
metagenomic sequence data were processed with the MetaPop 
multi-functional bioinformatic pipeline (Gregory et al., 2022) 
for macrodiversity analyses with the “vegan” R package. MetaPop 
was run with default parameters and cut-offs. Raw population 
abundances were normalized in order to mitigate sample-to-
sample variation in the number of reads, via normalizing to the 
library with the highest number of reads. The abundance table 
of viral operational taxonomic units and then, it was used to 
generate a Bray-Curtis distance matrix. MetaPop macrodiversity 
outputs included population abundances, and alpha- (within 
community) and beta-diversity (between community) indices. 
Realizing the need to apply up-to-date pipelines for quality 
assessment of our viral metagenomes, we tested the clustering 
function of CheckV (Nayfach et al., 2021). However, no viruses 
were clustered indicating a lack of duplicates in our analyses. 
The raw number of viral metagenome reads, the quality of reads, 
the number of total contigs, the contig length (total, minimum 
and maximum) and the N50 contig length are summarized in 
Table 1.

1 https://www.ncbi.nlm.nih.gov/sra/PRJNA996089

2.6. Statistics

Principal coordinates analysis was applied to coordinate the 
viral diversity and AMG data (Clarke and Ainsworth, 1993). 
Canonical analysis of principal coordinates (CAP) was applied to 
define clusters of samples based on “depth,” using the set of physical 
and chemical measurements (S, T, D, and the concentrations of 
PO4

3−, NO3
−, NO2

−, NH4, SiO4, TN, TP, DO, DOC, DOP, DON). The 
clustering was tested by permutational multivariate analysis of 
variance (PERMANOVA). Then, patterns in viral diversity and 
AMG content between the stations were tested for significance by 
applying one-factor PERMANOVA using the factor “depth.” The 
null hypothesis was that there are no differences. When 5, 50, and 
75 m were not different to each other, they were named as “surface/
subsurface samples” for brevity. Bray–Curtis dissimilarity matrices 
on square-root transformed metagenomics data were constructed 
(Clarke and Warwick, 1994) to avoid misleading interpretations due 
to the sample-to-sample variation in read counts (Table  1). 
Hypothesis testing was performed using 999 permutations and 
pairwise tests using a significant level of 0.05. A principal coordinate 
analysis (PCoA) plot of all Bray-Curtis distances was created via the 
MetaPop pipeline and is presented as a means of macrodiversity 
visualization of the viral metagenomic data. The list of explanatory 
variables was normalized and the normalized matrix was used to 
create a resemblance matrix using Euclidean distances. Statistical 
analyses were done with the software package PRIMER v6 
(PRIMER-E Ltd, Plymouth Marine Laboratory, Natural 
Environmental Research Council, United  Kingdom) with 
PERMANOVA + add-on software (Anderson et  al., 2008; 
Somerfield, 2008).

One-way analysis of variance (ANOVA) was applied to check for 
significant differences among the different depth layers in: the 
percentage contribution of individual genera and families over total 
viral contigs, the percentage contribution of viral AMGs over total 
number of AMGs and over their assigned KEGG category, the 
abundances of bacteria and virus-like particles, and finally in the 
physical, chemical and biological variables. The significance of the 
differences was assessed with post hoc Tukey test. Homogeneity of 
variance was checked using Levene’s test. ANOVAs were performed 
using IBM SPSS statistics software v23.

3. Results

3.1. Physical, chemical and biological 
features of the sampling area

None of the measured variables differed between stations at the 
horizontal scale (PERMANOVA), thus, stations LV3, LV10, LV13, and 
LV18 are considered as replicates. Supplementary Table 1 summarizes 
output of all PERMANOVAs testing for differences between the 
sampling stations. Output of all PERMANOVAs testing variation 
among sampling depths are presented in Table 2, and not in the main 
body text (degrees of freedom, mean square, Pseudo-F ratio, p value). 
The Canonical Analysis of Principal coordinates (CAP) of physical 
and chemical variables (S, T, D, and the concentrations of NOx, PO4

3−, 
DO, SiO4, DO, DOC, DOP, DON, TN and TP) revealed four 
significantly different groups, which were confirmed by PERMANOVA 
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(p < 0.001). Samples from the same depth layers were grouped together 
and distantly from the others (Figure 1A).

S averaged 38.98 ± 0.13 in the sampling stations with equally high 
values at surface/subsurface depths (one-way ANOVA, p > 0.05). 
Approx. 0.21 lower S was measured at 1,000 m compared to averaged 

surface/subsurface values (Table 3) but the difference was significant 
only when 1,000 m were compared to 75 m (one-way ANOVA, 
p < 0.05). T ranged between 13.80°C and 18.30°C (Table 3). Small 
variation was seen between 50 and 75 m (16.81°C ± 0.46°C). All other 
depth layers exhibited significantly different T between them (one-way 

TABLE 1 Raw numbers of viral metagenome reads, number of reads after quality control, number of total contigs, total contig length, the N50 contig 
length, and Shannon index of the viral metagenomes at the sampling stations.

Station Depth (m) Raw number 
of reads

Quality-
controlled 

reads

Number of 
contigs

Total 
contig 
length 
(Mb)

N50 contig 
length (kb)

Shannon 
index

LV3 5 30,505,144 29,595,432 21,103 41,564 1,986 4,15

LV3 50 44,164,930 43,837,918 29,173 71,860 2,784 4,19

LV3 75 34,002,640 28,560,272 18,094 39,476 2,212 4,10

LV10 5 42,070,590 40,640,660 32,550 69,443 2,276 4,22

LV10 50 34,000,262 33,701,348 28,278 58,482 2,179 4,21

LV10 75 33,550,554 32,383,170 26,566 54,391 2,145 4,24

LV10 1,000 34,742,766 34,632,226 17,416 40,047 2,430 4,24

LV13 5 41,707,744 41,096,800 33,501 73,542 2,384 4,24

LV13 50 49,207,526 48,638,566 31,718 85,466 3,145 4,32

LV13 75 26,951,306 25,742,582 22,032 43,206 1,970 4,25

LV18 5 42,364,022 41,597,834 24,452 69,070 3,527 4,19

LV18 50 42,075,014 41,870,470 29,721 67,949 2,476 4,33

LV18 75 38,370,842 38,233,364 19,374 48,479 2,909 4,26

LV18 1,000 33,178,746 33,074,856 16,481 42,284 2,949 4,40

Samples from 1,000 m from stations LV3 and LV13 were not considered in this study since the raw number of reads was too low.

TABLE 2 Output of permutational analysis of variance (PERMANOVA) testing variation among sampling depths.

Source of variation df MS Pseudo-F p

Physicochemical variables: S, T, D, NOx, PO4
3−, SiO4, DO, DOC, DOP, DON, TN, TP

Depth 3 51.27 23.48 0.001

Residuals 12 2.18

Abundances: virus-like particles, heterotrophic and autotrophic bacteria

Depth 3 313.94 15.45 0.001

Residuals 12 20.32

Viral community: family level

Depth 3 283.47 6.24 0.005

Residuals 10 45.44

Viral community: genus level

Depth 3 356.92 3.59 0.006

Residuals 10 99.48

Potential bacterial hosts of viruses

Depth 3 321.27 5.17 0.005

Residuals 10 62.16

AMG general metabolic pathways

Depth 3 906.46 4.32 0.009

Residuals 10 210.02

Salinity (S), temperature (T), density (D), and the concentrations of phosphate (PO4
3−), the sum of nitrate and nitrite (NOx), silicate (SiO4), total nitrogen (TN) and phosphorus (TP), dissolved 

oxygen (DO), dissolved organic carbon (DOC), phosphorus (DOP) and nitrogen (DON) and chlorophyll a (Chl) at the sampling stations.
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ANOVAs, p < 0.05), with the coldest waters seen at 1,000 m (post hoc 
Tukey test, p < 0.05).

The concentrations of dissolved inorganic and organic nutrients 
significantly differed between surface/subsurface depths and 1,000 m 

(one-way ANOVAs, p < 0.05), being higher at 1,000 m (post hoc Tukey 
test, p < 0.05). DO concentration followed the opposite pattern (i.e., it 
was significantly lower at 1,000 m compared to surface/subsurface 
layers, post hoc Tukey test, p < 0.05). Measurements of these variables 
as well as of D, DOC, DON, DOP are presented in Table 3, and are 
discussed in the Supplementary material. Chl concentrations differed 
significantly between 5 and 75 m, and between 50 and 75 m (one-way 
ANOVAs, p < 0.05). Chl concentration was ~4x higher at 75 m than 
5 m, and ~3x higher at 75 m than 50 m (post hoc Tukey tests, p < 0.05, 
Table 3).

3.2. Viral and bacterial abundances and 
production rates

Neither viral (4.6 × 106 ± 4.3 × 105 mL−1) nor heterotrophic 
bacterial (3.2 × 105 ± 8.4 × 104 mL−1) abundances differed within the 
surface/subsurface layers (one-way ANOVAs, p > 0.05, Figures 2A,B). 
Significant differences were seen between surface/subsurface and 
1,000 m samples at both cases (one-way ANOVA, p < 0.05); 
abundances were significantly lower at 1,000 m than at the other 
depths (post hoc Tukey test, p < 0.05). The abundance of 
Synechococcus did not differ between the sampling depths, opposite 
to Prochlorococcus (one-way ANOVA, p < 0.05), which was 
significantly lower at 5 than 75 m, as well as at 50 than 75 m (post hoc 
Tukey tests, p < 0.05). Synechococcus overcame in abundance 
Prochlorococcus by approx. one order of magnitude at 5 m, and the 
opposite was noticed at 75 m (Figures 2C,D). The resulting virus-to-
bacteria ratio (VBR) varied greatly between surface/subsurface 
(9–21) and 1,000 m (56–107) considering in the calculation total 
bacterial abundances (Figure  2E). Significantly higher VBR was 
measured at 1,000 m than surface/subsurface samples (post hoc 
Tukey test, p < 0.05).

Lytic VP did not differ between the sampling depths (one-way 
ANOVA, p > 0.05), and it was slightly higher at 5 m (1.9 × 106 ± 1.3 × 
106 cells mL−1 h−1) than the other depths (8.3 × 105 ± 3.6 × 105 cells 
mL−1 h−1; Figure 2F). BP did not differ within the surface/subsurface 
samples (one-way ANOVA, p > 0.05) and ranged between 2.35 and 
9.28 ng C L−1  h−1 (Figure  2G). There was a significant difference 
between surface/subsurface and 1,000 m samples (one-way ANOVA, 
p < 0.05); significantly lower BP levels were seen at 1,000 m than 
surface/subsurface (post hoc Tukey test, p < 0.05).

3.3. Viral community composition

Viral community composition differed with the sampling depth 
at the family and genus level (PERMANOVAs, p < 0.01). Bray-Curtis 
distances were plotted using the principal coordinates analysis 
method (PCoA, Figure 1B). The two 1,000-m samples were more 
dissimilar to the rest and exhibited the highest species richness 
among all samples, while surface/subsurface samples were less 
dissimilar to each other and clustered together (Figure 1B). Alpha 
diversity indices (richness, Chao1, ACE, Shannon’s H, Simpsons, 
inverse Simpsons, Fisher, and Pielou’s J) for the samples are presented 
in Supplementary Table 1A. A percentage of 30 ± 7% of the contigs 
remained unassigned to the family level. Within the assigned contigs, 

FIGURE 1

(A) Canonical analysis of principal coordinates (CAP) of the seawater 
physicochemical variables (blue solid-lined circle), depicting the 
sample grouping based on “depth” and Pearson correlations of the 
physicochemical variables with the canonical axes. Explanatory 
variables were normalized and the normalized matrix was used to 
create a resemblance matrix using Euclidean distances. S, salinity; T, 
temperature; D, density, concentrations of NOx, dissolved inorganic 
nitrogen; PO4, phosphate; DO, dissolved oxygen; SiO4, silicate; 
DON, dissolved organic nitrogen; DOC, dissolved organic carbon; 
TN, total nitrogen; and TP, total phosphorus. The length and 
direction of the vectors indicate their relative strength and direction 
of relationship, respectively. (B) Principal coordinates analysis (PCoA) 
ordination plot of all Bray-Curtis distances. An abundance table of 
viral operational taxonomic units was generated via MetaPop and 
then, the abundance table was used to generate a Bray-Curtis 
distance matrix to visualize viral community distributions using a 
PCoA ordination method. The color of each circle represents the 
species richness within each sample.
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TABLE 3 Salinity (S), temperature (T), density (D), and the concentrations of phosphate (PO4
3−), the sum of nitrate and nitrite (NOx), silicate (SiO4), total 

nitrogen (TN) and phosphorus (TP), dissolved oxygen (DO), dissolved organic carbon (DOC), phosphorus (DOP) and nitrogen (DON) and chlorophyll a 
(Chl) at the sampling stations.

Station Depth 
(m)

S T D PO4
3− NOx SiO4 TN TP DO DOC DOP DON Chl

psu oC kg  m−3 μM μM μM μM μM mL  L−1 μM μM μM μg  L−1

LV3 5 38.9 18.3 28.2 0.003 0.104 0.97 3.83 0.04 5.34 73 0.04 3.27 0.04

LV3 50 38.9 17.1 28.5 0.003 0.108 1.00 3.68 0.01 5.41 63 0.04 3.09 0.10

LV3 75 39.0 16.5 28.7 0.004 0.136 1.10 3.29 0.02 5.32 61 0.00 2.76 0.24

LV3 1,000 38.8 13.8 29.2 0.213 5.158 8.27 6.91 0.31 4.19 46 0.10 1.60 -

LV10 5 38.8 18.0 28.2 0.005 0.086 1.15 3.76 0.04 5.34 66 0.03 3.24 0.04

LV10 50 38.9 16.8 28.6 0.006 0.065 1.17 3.85 0.04 5.45 63 0.02 3.15 0.06

LV10 75 39.0 16.5 28.7 0.005 0.342 1.24 4.16 0.04 5.19 60 0.03 3.39 0.28

LV10 1,000 38.8 13.8 29.2 0.196 5.568 8.19 7.19 0.14 4.22 40 0.04 1.46 -

LV13 5 39.0 18.1 28.3 0.007 0.060 0.86 4.18 0.05 5.33 65 0.03 3.70 0.03

LV13 50 39.1 17.6 28.5 0.005 0.065 0.85 3.86 0.05 5.34 60 0.04 3.32 0.05

LV13 75 39.1 17.2 28.6 0.006 0.087 0.81 4.00 0.04 5.36 62 0.03 3.41 0.11

LV13 1,000 38.8 13.8 29.2 0.219 5.751 8.97 7.46 0.27 4.12 40 0.05 1.52 -

LV18 5 39.2 17.8 28.5 0.008 0.504 1.69 4.36 0.03 5.34 67 0.00 3.27 0.09

LV18 50 39.1 16.6 28.8 0.004 0.159 1.36 3.92 0.03 5.33 62 0.00 3.32 0.10

LV18 75 39.1 16.2 28.9 0.006 1.375 1.78 5.68 0.03 4.84 60 0.00 3.84 0.22

LV18 1,000 38.8 13.8 29.2 0.224 4.103 6.51 7.70 0.16 4.18 42 0.03 3.34 -

FIGURE 2

Abundances of virus-like particles (A: VLPs), heterotrophic bacteria (B), Synechococcus (C), Prochlorococcus (D), the ratio between virus-like particles 
and total bacteria (E: VBR), lytic viral production rate (F: Lytic VP) and heterotrophic bacterial production (G: BP) at the sampling area represented as 
average values and standard deviations that derive from the four sampling stations (LV3, LV10, LV13, and LV18) at four sampling depths (5, 50, 75, and 
1,000  m).
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the dominant families were Podoviridae (29% ± 3%) and Siphoviridae 
(23% ± 3%, Figure 3A). At 1,000 m, significantly lower contribution 
of Podoviridae (24% ± 2%) was seen compared to 5 m (27% ± 1%) and 
50 m (30% ± 2%; one-way ANOVAs, p < 0.05). The same was noticed 
for Siphoviridae that contributed less at 1,000 m (19% ± 4%) compared 
to 5 m (22% ± 2%) and 50 m (24% ± 2%; one-way ANOVAs, p < 0.05). 
The third most abundant family was that of Myoviridae, exhibiting a 
decreasing trend (post hoc Tukey test, p < 0.05) from surface 
(23% ± 5% relative abundance) to deep waters (14% ± 0.3%, 
Figure 3A). Phycodnaviridae family was seen at all surface/subsurface 
stations with no significant differences in its contribution (0.7%–
1.4%). The remaining taxa (<0.5%) were rare families (27 in total). 
Most of them were found in few stations each. The families 
Adenoviridae, Baculoviridae, Herpesviridae, Inoviridae, Iridoviridae, 
Marseilleviridae, Microviridae, Mimiviridae, Poxviridae were found 
in all stations (Figure 3B). The contribution of genera is presented in 
the Supplementary material (Supplementary text and 
Supplementary Table 2).

Information about the potential host assignment is presented in 
the Supplementary material.

3.4. Viral AMG content

A list of 143 AMGs was counted and associated with a metabolic 
pathway as defined by the Kyoto Encyclopedia of Gene (KEGG) using 
the VIBRANT method. The general pathways are shown in Table 4 
and include: “amino acid metabolism,” “carbohydrate metabolism,” 
“metabolism of cofactors and vitamins,” “energy metabolism,” “lipid 

metabolism,” “glycan biosynthesis and metabolism,” “nucleotide 
metabolism,” “biosynthesis of secondary metabolites,” “folding, 
sorting and degradation,” “metabolism of other amino acids,” 
“metabolism of terpenoids and polyketides,” and “xenobiotics 
biodegradation and metabolism.” The specific metabolic pathways 
within the general ones are shown in Figure  4 and 
Supplementary Table 3. Statistical analysis for differences between the 
sampling depths was performed (1) in percentage contribution of 
specific AMG pathways within their general metabolic category, as 
well as (2) in percentage contribution of specific AMG pathways over 
total AMG reads.

The content of AMGs differed with the sampling depth when 
considering both general and specific metabolic pathways 
(PERMANOVAs, p < 0.01). AMG content differed between 1,000 m 
and surface/subsurface samples. In terms of percentage contribution, 
the most frequently-detected general metabolic pathway was “amino 
acid metabolism” (34% ± 6%), followed by “carbohydrate metabolism” 
(18% ± 3%), “metabolism of cofactors and vitamins” (14% ± 4%), 
“energy metabolism” (12% ± 5%), and then “lipid metabolism” and 
“glycan biosynthesis and metabolism” (Table  4). The remaining 
categories are presented in the Supplementary material 
(Supplementary text and Supplementary Table 3).

3.4.1. Amino acid metabolism AMGs
“Amino acid metabolism” AMGs were mostly related to “cysteine 

and methionine metabolism” and “arginine and proline metabolism” 
contributing 59% ± 8% and 32% ± 7% within the category, respectively 
(Supplementary Table 3). The “cysteine and methionine metabolism” 
AMGs contributed significantly less within the category at 5 m than 

FIGURE 3

(A,B) Percentage contribution of the major viral families to total viral taxa at the sampling area represented as average values and standard deviations 
that derive from the four sampling stations (LV3, LV10, LV13, and LV18) at four sampling depths (5, 50, 75, and 1,000  m). “Other” families contribute 
<0.5% to the total reads and are expanded in the bottom left plot (at panel B: the 100% x axis refers to the “Other” fraction of panel A).
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TABLE 4 Percentage contribution of the general AMG metabolic pathways (as defined by KEGG using the VIBRANT method) identified at the sampling stations.

Station Depth 
(m)

Amino 
acid

Carbohydrate Cofactors 
and 

vitamins

Energy Lipid Glycan Nucleotide Secondary 
metabolites

Folding, 
sorting, 

degradation

Other 
amino 
acids

Terprenoids 
and 

polyketides

Xenobiotics

LV3 5 30.0 19.5 16.0 11.0 0.5 3.0 3.5 9.5 1.0 1.5 4.5 0

LV3 50 40.4 16.4 15.0 8.7 0 2.1 2.1 7.3 2.1 0.7 5.2 0

LV3 75 36.7 15.2 11.4 13.9 0 3.2 6.3 7.0 1.3 1.9 3.2 0

LV10 5 30.0 21.0 18.6 8.9 0.2 2.7 2.2 7.2 3.0 0.5 5.4 0.2

LV10 50 41.0 14.2 13.2 12.7 0.5 1.4 1.9 9.4 0.5 0.5 4.7 0

LV10 75 29.3 18.7 12.6 19.5 0.4 4.1 9.8 2.8 1.6 0.4 0.8 0

LV10 1,000 33.3 20.0 5.0 8.3 3.3 10 1.7 10.0 5.0 0 3.3 0

LV13 5 26.1 21.0 16.9 10.2 0.6 3.7 2.4 8.6 2.6 2.0 5.7 0.2

LV13 50 32.6 18.4 14.6 14.6 0.4 3.4 2.6 6.7 0.7 2.2 3.4 0.4

LV13 75 32.6 18.0 11.2 11.2 0 6.7 2.8 7.3 1.7 3.9 4.5 0

LV18 5 43.7 12.0 12.7 11.3 0 4.2 4.2 7.0 0.7 0.7 3.5 0

LV18 50 40.1 12.5 16.4 17.8 0 3.3 3.9 2.6 0 2.6 0.7 0

LV18 75 34.2 16.5 16.5 20.3 0 0 6.3 6.3 0 0 0 0

LV18 1,000 26.0 22.0 20.0 0 4.0 6.0 2.0 14.0 2.0 0 4.0 0

From left to right the full category description is: Amino acid metabolism, Carbohydrate metabolism, Metabolism of cofactors and vitamins, Energy metabolism, Lipid metabolism, Glycan biosynthesis and metabolism, Nucleotide metabolism, Biosynthesis of 
secondary metabolites, Folding, sorting and degradation, Metabolism of other amino acids, Metabolism of terpenoids and polyketides, Xenobiotics biodegradation and metabolism.
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the rest depths (one-way ANOVA, p < 0.05, post hoc Tukey test). The 
remaining percentage at 5 m was attributed to “glycine, serine and 
threonine metabolism” AMGs (Supplementary Table 3), involving 
glyA, GATM and serA. Within “cysteine and methionine metabolism,” 
the involved genes were DNMT1, DNMT3A, mtnN, mtn and pfs at all 
depths, while at 50 and 75 m the gene yrrT was also detected. The 
“arginine and proline metabolism” AMGs contributed significantly 
more within the category at 5, 50, and 75 m than 1,000 m (one-way 
ANOVA, p < 0.05, post hoc Tukey tests).

3.4.2. Carbohydrate metabolism AMGs
Nearly half of the detected AMGs involved in “carbohydrate 

metabolism” were associated to “amino sugar and nucleotide sugar 
metabolism” (46% ± 8% within the category, Supplementary Table 3). 
“Amino sugar and nucleotide sugar metabolism” AMGs exhibited 
lower diversity at 1000 m (ugd, gmd, ascC, ddhC, rfbH, algA, xanB, 
rfbA, wbpW, psIB, glmS, galE) compared to surface/subsurface 
samples (all genes in the previous parenthesis and additionally: 
TSTA3, fcl, per, rfbE, wecC, nagB, GNPDA, UDP-glucoronate 
4-epimerase, GMPP, neuA, wbpP, glum, UDP-glucose 4,6-dehydratase, 

pgm and wbpA). Other consistently-high “carbohydrate metabolism” 
AMGs were those involved in “fructose and mannose metabolism” 
having significantly higher percentage contribution over all AMGs at 
1000 m than the rest depths (one-way ANOVA, p < 0.05, post hoc 
Tukey test, Figure 4). Higher diversity was also seen in genes involved 
at “fructose and mannose” in the surface/subsurface depths compared 
to 1,000 m. Opposite, “galactose metabolism” AMGs had significantly 
lower percentage contribution within the category at 1,000 m 
compared to the other depths (one-way ANOVA, p < 0.05, post hoc 
Tukey test, Supplementary Table 3). AMGs associated to “pentose 
phosphate pathway” (PPP) were not detected at 1,000 m. At surface/
subsurface samples, PPP AMGs involved rpiB, gnd, gntZ, PGD, zwf, 
pgm, talA and talB. Only at 1,000 m, 2 reads assigned to “pyruvate 
metabolism” (pps, ppsA, Figure 4).

3.4.3. Metabolism of cofactors and vitamins 
AMGs

Only at 1,000 m, AMGs related to “metabolism of cofactors and 
vitamins” included “biotin metabolism” (fabG, fabF, fabZ, Figure 4). 
At surface/subsurface depths, the detected AMGs were involved 

FIGURE 4

Bubble chart reporting the percentage contribution of the specific AMG metabolic pathways (as defined by KEGG using the VIBRANT method) over the 
total number of AMGs identified at the four sampling depths. For 5, 50, and 75  m: averaged values derive from the four sampling stations (LV3, LV10, 
LV13, and LV18). For 1,000  m, the values of the two deep stations are presented separately (dark red: LV10 and light red: LV18). The dimension of each 
bubble is proportional to the relative percentage contribution of the specific AMG categories.
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mainly in “porphyrin and chlorophyll metabolism” (bchE, cobS, cobT, 
and ahbD) and “riboflavin metabolism,” “folate biosynthesis” and 
“ubiquinone and other terpenoid-quinone biosynthesis” with highest 
contribution of “folate biosynthesis” (folA, glyA, purT, and purN) in all 
5-m samples (Figure 4).

3.4.4. Energy metabolism AMGs
Significantly higher contribution of “energy metabolism” AMGs 

was seen at 50 and 75 m compared to 1,000 m (one-way ANOVA, 
p < 0.05, post hoc Tukey tests, Table 4). More than 90% of “energy 
metabolism” AMGs were associated to “photosynthesis” at all 
75 m-samples (Supplementary Table 3; Figure 4). The AMGs involved 
were psbA and psbD. At 5 and 50 m-samples, AMGs related to 
“photosynthesis” did not exceed 73% and 77%, respectively. At 5 and 
50 m, AMGs were mostly associated to “sulfur metabolism” (20% ± 3%, 
msmA, cysC, fccA, and dsrA) and “oxidative phosphorylation” (CYTB 
and petB) and “methane metabolism” (serA, PHGHD, glyA, SHMT, 
cofF, torD, fbaB; Figure 4). At 1,000 m, “energy metabolism” AMGs 
were associated to “carbon fixation pathways in prokaryotes” (pps and 
ppsA, Figure  4) but also to “methane metabolism” and “sulfur 
metabolism” with different specific genes involved compared to 
surface/subsurface layers. At 1,000 m, pps and ppsA and cysH were 
found within “methane metabolism” and “sulfur metabolism,” 
respectively.

3.4.5. Lipid metabolism AMGs
The percentage of “lipid metabolism” AMGs significantly differed 

between surface/subsurface depths and 1,000 m (one-way ANOVA, 
p < 0.05) being higher at 1,000 m (post hoc Tukey test; Table 4). All 
AMGs in the category were related to “fatty acid biosynthesis” at 
1,000 m (Supplementary Table 3; Figure 4) involving fabG, fabF, and 
fabZ. In the surface/subsurface depths, no “fatty acid biosynthesis” 
AMGs were found and the great majority were related to “biosynthesis 
of unsaturated fatty acids” (desC; Figure 4).

3.4.6. Glycan biosynthesis and metabolism AMGs
The percentage of “glycan biosynthesis and metabolism” AMGs 

significantly differed between surface/subsurface depths and 1,000 m 
(one-way ANOVA, p < 0.05) being higher at 1,000 m (post hoc Tukey 
test; Table  4). Most AMGs were related to “lipopolysaccharide 
biosynthesis” (Figure 4), with the most common AMGs at 1,000 m 
being waaF, rfaF and rfaE1 and lpxA, and at surface/subsurface depths 
being kdsB, kdsA, lpxH, gmhC, and gmhD.

4. Discussion

4.1. Same lysis rate at all depths—different 
taxa and AMGs involved

We studied oceanic viral populations taking into consideration 
the lytic efficiency and the possible mechanisms that viruses employ 
to alter their hosts’ metabolism using their own metagenome 
footprint. Our results demonstrate clear depth-dependent patterns 
(surface/subsurface shallow vs. deep waters) in viral community 
composition and AMG content during the early stratification season 
in the Eastern Mediterranean Sea. The vertical environmental 
variability of this oligotrophic basin was considered in order to 

uncover, and propose viral actions that lead to energy acquisition and 
lysis sustenance. The depth-dependent patterns were linked to 
differences in temperature, nutrient availability (total and dissolved 
nitrogen and phosphorus), host productivity and host population 
density. While viral productivity levels did not change significantly 
along the water column, the numbers of free viruses per bacteria 
(VBR) were significantly higher at 1,000 m, resembling a similar peak 
in VBR in shallower mesopelagic depths in the same study area 
(Magiopoulos and Pitta, 2012). Interestingly, the diversity of viral taxa 
and AMGs was also substantially different at this depth. The presented 
findings suggest that a similar quantitative effect of viruses on their 
hosts (lytic activity) is achieved by different viral populations carrying 
different auxiliary metabolic genes.

Differences in viral communities with temperature were 
highlighted in the Mediterranean and globally (Coutinho et al., 2019; 
Gregory et al., 2019) and differences with depth were also reported for 
the hadal zone (Jian et al., 2021) and the Pacific Ocean using either 
high-throughput sequencing technology (Hurwitz et  al., 2015) or 
genome fingerprinting approaches (Steward et al., 2000; Brum, 2005). 
Coutinho et al. (2019) have reported a peak in the Shannon diversity 
index in deep water of the western-Mediterranean. Lower contribution 
of the dominant families in deep rather than surface waters was seen 
in the hadal zone of Challenger Deep (Gao et al., 2022). Similarly, the 
highest species richness was recorded at 1,000 m, with the community 
encompassing less Podoviridae and Siphoviridae members but more 
unassigned reads, which is reasonable as a more complex community 
may sustain and optimize ecosystem functioning under low-oxygen 
and low-nutrients conditions.

Additionally, at 1,000 m we  found that the AMG content was 
different than at the other depths. The main distinctive features of the 
deep layers in comparison to the shallower ones were (a) a higher 
contribution of genes involved in the sulfur relay system, the synthesis 
and metabolism of glycan and the metabolism of fructose, mannose, 
fatty acids, cofactors and vitamins and secondary metabolites, (b) a 
lower contribution of genes involved in energy metabolic pathways, 
and the metabolism of arginine, proline and galactose, (c) different 
AMG content within the categories of metabolism of amino sugar and 
sugar nucleotide, fructose and mannose, lipopolysaccharide, sulfur 
and methane, lipids and purine, and finally (d) the absence of genes 
related to pentose phosphate pathway, and the unique finding of genes 
related to pyruvate and biotin metabolism, and prodigiosin 
biosynthesis. At this point, we  urge the readers to take into 
consideration the low number of replicated samples when deepening 
to our findings. Consideration of seasonal and inter-annual changes 
in irradiance, temperature and nutrient levels with depth would have 
also improved our exploration, since it is widely known that these 
changes largely impact viral activity (Brum et al., 2016; Coutinho 
et al., 2017; Gainer et al., 2017; Puxty et al., 2018).

In the energy-limited bathypelagic zone, it is expected that 
viruses, as their hosts (Konstantinidis et  al., 2009), need to have 
higher metabolic flexibility and thus, exploit a variety of AMGs to 
support their reproduction in comparison to the more limited 
resources. Recent reports consider that viral genomes are under the 
selective pressure of the environment (Heyerhoff et  al., 2022); in 
natural populations, the availability of nitrogen (Jian et al., 2021) and 
phosphorus (Kelly et  al., 2013) and the variable temperature 
conditions (Coutinho et al., 2019) seem to drive differences in viral 
genomes from the community to the protein level. While the total 
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amount of AMGs entailed in energy acquisition was lower at 1,000 m 
compared to surface/subsurface waters, the particular genes involved 
were rather more variable and seemed to ensure that diverse 
substrates and energy sources can be  used in the EMS deep 
environment where light, organic matter and nutrients are limited 
and the growth of bacteria is carbon-limited (Rahav et al., 2019). In 
the bathypelagic realm of the oligotrophic EMS, nutrients are 
scattered in time and space, thus their high demand may have caused 
relevant viral genome adaptions that are discussed in chapters 4.2. 
and 4.3.

4.2. Diversion of host metabolism toward 
gluconeogenesis, fatty-acid and glycan 
biosynthesis and metabolism, and sulfur 
relay may support lytic activity in the deep 
EMS

A higher contribution of AMGs related to energy production via 
gluconeogesis (pps, ppsA) was seen in the deepest samples, suggesting 
that the use of alternative carbon sources for the synthesis of glucose 
and polysaccharides is positively selected at 1,000 m. In deep waters, 
hexoses are preferentially removed from high-molecular weight DOC 
by bacteria (Garel et al., 2021). The number of hexose metabolism 
genes was higher in the deep, and this fact led us to think that viruses 
may provide a vital mechanism to build the precursors for ATP 
synthesis and aid viral proliferation, thus supporting the high 
microbial respiration needs in the bathypelagic zone (Acinas et al., 
2021). AMGs involved in the pentose phosphate pathway (PPP) was 
proposed to divert host metabolism to nucleotide synthesis and 
energy production (Thompson et  al., 2011). PPP is probably not 
boosted in the bathypelagic zone in our study area but this hypothesis 
needs confirmation using a larger set of samples and replicates. A 
range of PPP genes (rpi, gnd, zwf) was seen in the surface/subsurface 
samples (but not in the deep) where light and energy availability is not 
a limiting step for host and viral productivity, similar to recent 
observations for surface coastal waters of the Mediterranean (Tsiola 
et al., 2020).

A higher contribution of AMGs related to fatty-acid 
biosynthesis was seen at 1,000 m, suggesting that the elongation of 
fatty acids is promoted through viral AMGs. fabG encodes for the 
NADPH-dependent reduction of beta-ketoacyl-ACP substrates to 
beta-hydroxyacyl-ACP products, and has been found in viromes in 
the hadal zone (Jian et al., 2021). Alongside, the reaction of the 
enzyme of fabZ was a bottleneck in the fatty-acid production in 
numerous microbial hosts (Jeon et al., 2012). The presence of fabG 
and fabZ in the deep may be related to the need of fatty acids as 
electron donors in several bacteria. Sulfate-reducing bacteria for 
example are optimized to fully oxidize fatty acids; interestingly, 
their presence was indicated by the concomitant detection of CysH 
gene at 1,000 m.

The higher contribution of AMGs involved in the glycan 
biosynthesis in the deep supports the scenario of accelerated viral 
folding and structuring in these systems, something that totally 
agrees with the high VBR and VP lytic measurements in our study. 
The identification of genes involved in the amino sugar and 
nucleotide sugar metabolism along with genes involved in 

glycoprotein synthesis and metabolism (waaF, rfaE; now known as 
hldE, having key roles in the biosynthetic process of 
lipopolysaccharides, Graves et al., 2001; Weynberg et al., 2017) is a 
unique coupled finding for deep waters, that confirms the 
magnitude of hosts-gene hijacking in natural populations. In 
addition, the different repertoire of AMGs at the four depths 
involved in glycan metabolism, thus in correct host recognition, 
attachment and entry to the bacterial host cell (Kortright et al., 
2020). indicates that attachment and penetration to hosts may 
happen by exploiting different strategies in deep vs. shallow waters, 
ultimately leading to equally high lytic activity at all depth layers.

The higher contribution of the mec gene at 1,000 m seems to assist 
nutrient acquisition in this deep ecosystem, since the gene encodes for 
a sulfur carrier protein that aids the biosynthesis of cysteine (Hesketh-
Best et al., 2022) and possibly the degradation of sulfated organic 
matter (Han et al., 2023), thus viral particle formation too. Despite the 
low understanding of the role of mec in the viral genomes, it seems 
that recent investigations on viral implications on the oceanic sulfur 
cycling are reinforced and extended by our findings (Kieft et al., 2021); 
viral genes related to sulfur relay were found at 1,000 m, thus possibly 
contributing to sulfur’s budget manipulation.

We propose that the various above-mentioned mechanisms may 
have been adapted by the viral populations in order to more 
efficiently use the scattered energy sources in the oligotrophic deep 
part of the EMS water column. In such case, the selective advantage 
of viruses can reasonably justify the high VBR and lytic production 
in all depth layers, despite the low nutritional status of the 
bathypelagic zone.

4.3. Change of amino-acid frequency aids 
adaptation to the cold in the deep

Arginine and proline metabolism AMGs contributed less in the 
deepest samples, confirming that viruses “select” for certain amino 
acids for tolerance to cold temperatures (Alarcón-Schumacher et al., 
2021) and optimal capsid formation (Weynberg et al., 2017).

4.4. Surface (5  m) vs. subsurface (50 and 
75  m) patterns in AMG content

The most noticeable difference in the AMG content between 
between 5, 50, and 75 m was that of the DCM; at 75 m, photosynthesis-
related psbA and psbD outnumbered the energy-metabolism AMGs 
(>90%), while at 5 and 50 m these genes were significantly less. 
Indeed, comparing with in situ primary production measurements 
(Livanou et  al., 2019; Psarra unpubl. data), primary production 
maxima at subsurface layers were consistently recorded just above the 
DCM layer. It was found that the psb genes are expressed during the 
viral latent period, thus their overrepresentation in the DCM seems 
supportive of extensive photosynthesis at this layer (Sharon et al., 
2007; Sieradzki et al., 2019). At 75 m, no energy-production related 
to sulfur seemed to occur through viral AMGs, and photosynthesis 
governed. On the contrary, at 5 and 50 m, a repertoire of viral AMGs 
related to sulfur exploitation either for ATP production or for sulfur 
assimilation and biosynthetic processes was found; dissimilatory 
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(e.g., dsrA) and assimilatory (e.g., cysC) sulfur metabolism genes 
support the auxiliary metabolism of sulfur in the host cells (Kieft 
et al., 2021). The dsrA, encoding for dissimilatory sulfur reductase 
within the pathway of sulfur oxidation was noted in the latter study, 
while Roux et al. (2016) and references therein have mentioned only 
the dissimilatory sulfur reductase subunit C (dsrC) in various pelagic 
and benthic samples. The authors proposed that viruses assist their 
sulfur oxidizer hosts through the dsrC-like genes under nutrient 
limiting conditions (Roux et al., 2016) that could be valid in the 
oligotrophic conditions of the studied area. Our findings are in 
agreement with previous observations that viral diversity does not 
differ substantially between surface and deep-chlorophyll maximum 
(DCM) layers except when considering protein clusters (Brum et al., 
2015). An additional indication that excessive energy at DCM was 
diverted toward viral replication is the peak of purine metabolism 
genes (Puxty et al., 2015) at 75 m.

4.5. Conclusion

A comprehensive description of viral dynamics in surface (5 m), 
subsurface (50 and 75 m) and deep (1,000 m) off-shore waters of the 
EMS was achieved by combining whole viral metagenome 
sequencing, flow cytometric and productivity analyses, assuming 
that such a combination is the foundation of meaningful viral 
ecology discussions. The findings confirm our hypothesis that a 
more diverse repertoire of AMGs is present in bathypelagic than 
shallow EMS waters, diverting hosts’ metabolism toward energy 
production and thus, viral replication too. Further work is needed 
to generalize our implications to other ecosystems and seasons with 
regards to the diel, seasonal and annual variations in irradiance, 
temperature and other physicochemical characteristics of the water 
masses, since the sampling power in this study was limited by field-
work constraints and analytical costs. AMG content was 
substantially different between 1,000 m and the shallower layers, 
revealing novel implications for the energy-production mechanisms 
in the resource-depleted deep waters of the EMS. The lysis rate was, 
however, similar along the vertical profile. Altogether, our findings 
advocate that viral interference with hosts’ metabolism is affected 
by the particular environmental setting, and must be  carefully 
considered for deciphering the biogeochemical turnover in 
the oceans.
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Fluorescence-based primary 
productivity estimates are 
influenced by non-photochemical 
quenching dynamics in Arctic 
phytoplankton
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Philippe Tortell 1,3

1 Department of Earth Oceans and Atmospheric Sciences, University of British Columbia, Vancouver, BC, 
Canada, 2 Department of Biology, Mount Allison University, Sackville, NB, Canada, 3 Department of 
Botany, University of British Columbia, Vancouver, BC, Canada

Chlorophyll fluorescence-based estimates of primary productivity typically 
include dark or low-light pre-treatments to relax non-photochemical quenching 
(NPQ), a process that influences the relationship between PSII photochemistry 
and fluorescence yields. The time-scales of NPQ relaxation vary significantly 
between phytoplankton taxa and across environmental conditions, creating 
uncertainty in field-based productivity measurements derived from fluorescence. 
To address this practical challenge, we used fast repetition rate fluorometry to 
characterize NPQ relaxation kinetics in Arctic Ocean phytoplankton assemblages 
across a range of hydrographic regimes. Applying numerical fits to our data, 
we derived NPQ relaxation life times, and determined the relative contributions 
of various quenching components to the total NPQ signature across the different 
assemblages. Relaxation kinetics were best described as a combination of 
fast-, intermediate- and slow-relaxing processes, operating on time-scales of 
seconds, minutes, and hours, respectively. Across sampling locations and depths, 
total fluorescence quenching was dominated by the intermediate quenching 
component. Our results demonstrated an average NPQ relaxation life time of 
20  ±  1.9  min, with faster relaxation among high light acclimated surface samples 
relative to lowlight acclimated sub-surface samples. We also used our results to 
examine the influence of NPQ relaxation on estimates of photosynthetic electron 
transport rates (ETR), testing the commonly held assumption that NPQ exerts 
proportional effects on light absorption (PSII functional absorption cross section, 
σPSII) and photochemical quantum efficiency (FV/FM). This assumption was violated 
in a number of phytoplankton assemblages that showed a significant decoupling 
of σPSII and FV/FM during NPQ relaxation, and an associated variability in ETR 
estimates. Decoupling of σPSII and FV/FM was most prevalent in samples displaying 
symptoms photoinhibition. Our results provide insights into the mechanisms 
and kinetics of NPQ in Arctic phytoplankton assemblages, with important 
implications for the use of FRRF to derive non-invasive, high-resolution estimates 
of photosynthetic activity in polar marine waters.

KEYWORDS

chlorophyll fluorescence, non-photochemical quenching (NPQ), Arctic phytoplankton, 
primary productivity, photosynthetic electron transport rates
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1 Introduction

For over two decades, single-turnover active Chlorophyll 
fluorescence (ST-ChlF) techniques have been used for rapid, 
non-invasive photochemistry measurements, exploiting the inverse 
relationship between the photochemical and fluorescence yields of 
Photosystem II (PSII; Kolber et  al., 1998). In applying ChlF 
measurements, it is important to account for competitive heat 
dissipation processes, known as non-photochemical quenching 
(NPQ), which decrease ChlF without an associated increase in 
photochemistry (Müller et  al., 2001). In broad terms, NPQ is 
upregulated under excess excitation conditions when PSII energy 
absorption outpaces downstream photosynthesis.

Observable NPQ results from several underlying ChlF quenching 
mechanisms (Triantaphylidès and Havaux, 2009), whose presence and 
relative amplitudes vary across taxa and environmental conditions. 
Rapid energy-dependent quenching (qE) is induced by lumen 
acidification during photosynthetic electron transport, which leads to 
protonation of PsbS binding sites on light harvesting complexes (LHC; 
Lavaud, 2007). The resulting LHC conformational changes increase 
PSII heat losses, thereby competitively downregulating charge 
separation. Lumen acidification also promotes de-epoxidation of LHC 
xanthophyll pigments, converting them to fluorescence quenching, 
anti-oxidant forms (Fernández-Marín et  al., 2021). In some 
phytoplankton groups, not including diatoms, “slow” NPQ (qT) 
involves migration of mobile LHC units from PSII to PSI during state 
transitions to balance incoming excitation energy throughout the 
electron transport chain (Owens, 1986; Chukhutsina et  al., 2014). 
Finally, long-term quenching (qI) results from photo-inactivation or 
photodamage, which induces PSII core protein synthesis and repair 
(Campbell and Serôdio, 2020). Collectively, these and other quenching 
mechanisms act to mitigate PSII over-reduction and associated damage.

Irrespective of the underlying mechanisms, NPQ directly impacts 
ChlF-based estimates of PSII photosynthetic electron transport rates 
(ETR), and low light (<10 µmol photons m−2  s−1) or dark NPQ 
relaxation periods are commonly applied prior to sample measurement 
to minimize these effects (Schuback et al., 2021). NPQ relaxation 
protocols can be optimized in laboratory experiments with individual 
phytoplankton species, but diverse NPQ responses across taxa (Goss 
and Lepetit, 2015; Croteau et al., 2021) and variable environmental 
conditions (Li et al., 2021) make it difficult to identify appropriate 
NPQ relaxation time-scales for field measurements. Different field 
studies have thus employed a wide variety of NPQ relaxation 
protocols, with dark or low light applications ranging from 5 to 60 min 
(e.g., Alderkamp et al., 2010; Walter et al., 2017; Schallenberg et al., 
2020). The use of lengthy NPQ relaxation times is particularly 
challenging for continuous, underway sampling, potentially leading 
to photo-physiological shifts from in-situ states, and reduced 
measurement frequency.

Despite the potentially confounding effects of NPQ on ChlF 
measurements, the NPQ signal itself provides valuable photo-
physiological information. Among oceanographers, there is interest 
in NPQ as a proxy for the electron requirements for carbon fixation 
(Schuback et al., 2015, 2017; Hughes et al., 2018), and as an indicator 
of oxidative stress associated with iron limitation (Ryan-keogh and 
Thomalla, 2020; Schallenberg et  al., 2020). Other environmental 
factors, including high light, low nutrients and low temperature, can 

also lead to oxidative stress and influence NPQ expression (Lacour 
et al., 2020). Such conditions exist across much of the Arctic Ocean, 
where phytoplankton are subject to extreme environmental 
conditions. In the Arctic summer, high solar radiation and long 
daylight hours within the stratified and nutrient-poor surface layer 
contribute to strong NPQ signatures (Lacour et al., 2018; Lewis et al., 
2019). During the summer – fall transition, light availability decreases 
rapidly and wind-mixing resupplies the surface layer with nutrients 
(Ardyna et  al., 2014). Historically, in situ studies of Arctic 
phytoplankton have focused on the mid-summer season (Matrai et al., 
2013). However, on-going climate changes are expected to increase the 
frequency of Arctic fall-blooms associated with longer ice-free seasons 
(Ardyna et al., 2014; Lewis et al., 2020), motivating further study of 
phytoplankton photo-physiological properties outside the 
mid-summer months.

To date, several field studies have demonstrated the effects of 
environmental variability on NPQ (Suggett et al., 2009; Gorbunov 
et al., 2011; Alderkamp et al., 2013; Schallenberg et al., 2020; Croteau 
et al., 2021), but direct studies of NPQ relaxation kinetics have largely 
been restricted to laboratory cultures of single phytoplankton species 
(Roháček et al., 2014; Blommaert et al., 2021) or land plants (Long 
et al., 2022). In this study, we describe NPQ relaxation kinetics in 
natural Arctic phytoplankton of varying taxonomic composition 
across a range of environmental conditions. We  also present a 
mathematical framework to justify short NPQ relaxation protocols for 
ST-ChlF-based ETR estimates, and provide the first in-situ analysis of 
NPQ effects on derived photochemistry estimates. Our results expand 
current understanding of NPQ relaxation dynamics in natural marine 
phytoplankton assemblages, and provide new insight into the effects 
of low-light acclimation protocols on fluorescence-based primary 
photochemistry estimates.

2 Theory: effects of NPQ relaxation on 
ETR estimates

To derive ETR from ST-ChlF measurements, photosynthetically 
available radiation (PAR, μmol photons m−2 s−1) is multiplied by the 
functional absorption cross section of PSII ( ′σ PSII, m2 photon−1, or Å2 
PSII−1), and the fraction of PSII reaction centers open for 
photochemistry (F’q/F’v, dimensionless).

 ETR =PAR F q F vPSII∗ ∗ ′ ′′σ /  (1)

The prime notation (ʹ) indicates measurements made under 
background light, which drives both photochemistry and NPQ 
induction, decreasing ChlF yields. Lower ChlF yields decrease 
measurement signal to noise ratios, affecting the statistical quality of 
derived parameters, particularly ′σ PSII (Schuback et al., 2021). For this 
reason, samples are often exposed to low light prior to ChlF 
measurements to allow for re-opening of PSII and NPQ relaxation. 
Light-regulated terms in Eqn. 1 can then be  substituted by dark-
regulated equivalent terms for higher confidence ETR estimates 
(Suggett et al., 2010).
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Importantly, this formulation assumes NPQ has an equal effect 
upon light absorption (σPSII) and PSII photochemical efficiency (FV/
FM). This assumption is based on the definition of σ PSII as the product 
of the PSII optical absorption area (aPSII ) and FV/FM (Kolber et al., 
1998; Kromkamp and Forster, 2003), such that:
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From the relationship presented in Eq. 3, it follows that robust 
ETR estimates can be  obtained without extended NPQ 
relaxation periods,
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Here, ′′ notation implies measurements made under low-light or 
darkness, when NPQ is only partially relaxed. Under these conditions, 
samples are not fully acclimated to low light, but the PSII pool reopens 
for photochemistry and rapidly reversible NPQ components are 
relaxed, improving data signal to noise. Substituting terms derived in 
Equation 4, Equation 2 can be rewritten as:
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This modified approach does not require full NPQ relaxation, thus 
enabling rapid measurements amenable to high-frequency 
autonomous data collection. Such high-resolution measurements are 
necessary to characterize in-situ phytoplankton responses to dynamic 
environments and fine-scale oceanographic variability (e.g., narrow 
hydrographic fronts or upwelling plumes).

3 Materials and methods

3.1 Field sampling

We present results from two ship-based surveys of Arctic 
phytoplankton assemblages during summer and early fall, 2022. 
During June 24 – July 7, 2022, surface seawater was collected from an 
underway supply system aboard the Le Commandant Charcot during 
a circumnavigation of the Svalbard Archipelago (Figure 1). This cruise 
was operated primarily for tourism, with limited opportunities for 
discrete scientific sampling, and limited ancillary data. Later in the 
season, additional discrete and continuous sampling was conducted 
in the Canadian Arctic (CAA; Figure 1) aboard the CCGS Amundsen 
from September 23 to October 16, 2022, as part of the ArcticNet 
program. During both cruises, photophysiological properties of 
phytoplankton assemblages were monitored with a bench-top LIFT 
Fast Repetition Rate Fluorometer (FRRF; Soliense Inc.) using a single-
turnover (ST) flash protocol, as described in Sezginer et al. (2021). 

Background fluorescence blanks were prepared by gently filtering 
samples through 0.2 um GF/F filters. Blanks were prepared for each 
discrete sample, and once daily for continuous underway data, with 
derived blank values subtracted from all measurements.

Seawater for continuous, underway sampling was obtained from 
the ship’s surface intake supply, drawn from a nominal depth of ~7 m. 
A peristaltic pump actuated by Soliense LIFT software was used to 
draw water into the measurement cuvette in synchronization with 
autonomous data acquisition routines. The FRRF was programmed to 
continuously collect 10 successive ST-ChlF transient measurements 
per sample without background illumination. Between samples, the 
cuvette was flushed with water from the underway line for 2 min. This 
underway sampling was interrupted every 4 h by NPQ relaxation 
experiments (see section 3.2), and by rapid light curves (PvE 
measurement; data not shown here). In the CAA, additional discrete 
samples were collected using Niskin bottles from the surface (~ 1 m) 
and subsurface Chl maxima (10–40 m).

In addition to FRRF measurements, the ship’s continuous seawater 
line supplied an underway flow-through system for hydrographic 
measurements on both vessels. The flow-through system on the CCGS 
Amundsen included a Seabird thermosalinograph (SBE 38), and a 
WETstar fluorometer (WET Labs) for [Chla] estimates. On Le 
Commanant Charcot, temperature and salinity were measured with a 
SBE 45 Seabird thermosalinograph, but no fluorometer was available.

Underway hydrographic measurements in the CAA were 
supplemented with on-station CTD casts. Mixed layer depths were 
calculated with a density-difference criterion of 0.02 kg m−3, following 
Noh and Lee (2008). Niskin bottle sampling was used to calibrate a 
CTD mounted nitrate sensor (Seabird SUNA) and Chla fluorometer 
(Seapoint chlorophyll fluorometer). Depth profile data were provided 
by the Amundsen Science group of Université Laval, and are available 
from the Polar Data Catalog (10.5884/12713).

On the CAA cruise, we  collected samples for photosynthetic 
pigment analysis, as a source of phytoplankton taxonomic 
information. For these samples, two 1 L dark Nalgene bottles were 
filled directly from Niskin bottles from the surface and subsurface 
chlorophyll maxima depth. Within 1 h of sampling, samples were 
filtered under low light onto 45 mm GF/F filters (Whatman, 0.7 ∝m 
pore size) and immediately placed in a −80°C freezer. Filters were 
shipped on dry ice to the Estuarine Ecology Laboratory at the 
University of South Carolina for high performance liquid 
chromatography analysis of pigment concentrations. Pigment data 
were analyzed using CHEMTAX software to identify the relative 
abundances of phytoplankton groups (Wright and Jeffrey et al., 1997; 
Higgins et al., 2011). An initial pigment matrix, specific for Arctic 
phytoplankton was taken from Coupel et al. (2015). To determine 
photoprotective to photosynthetic ratios (PP:PS) of carotenoid 
concentrations, the total concentrations of Alloxanthin, Carotene, 
Diadinoxanthin, Diatoxanthin, Zeaxanthin, and Antheraxanthin were 
divided by the total concentrations of 19′-butanoyloxyfucoxanthin, 
fucoxanthin, 19′-hexanoyloxyfucoxanthin, and peridinin.

3.2 Photophysiology and NPQ relaxation 
kinetics

Primary photophysiological parameters (see 
Supplementary material S1) were derived by fitting the biophysical 
model of Kolber et al. (1998) to ChlF transients produced by the ST 
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flash protocol. Excitation flashlets consisted of a 25,000 µmol photons 
m−2  s−1 light pulses centered around 445 nm with 1 µs duration 
separated by dark intervals of 2.5 µs. Physiological parameters were 
monitored during NPQ relaxation curves, which were initiated in 
freshly collected samples exposed for one-minute to 500 µmol photons 
m−2 s−1 irradiance supplied simultaneously by 5 colored lamps (445, 
470, 505, 530, and 590 nm), each providing 100 µmol photons m−2 s−1. 
Previous work has shown Arctic phytoplankton reach a stable light 
regulated state within minutes (Sezginer et  al., 2021), such that a 
one-minute high light treatment should be sufficient to produce an 
NPQ response without compromising sampling frequency. Light 
saturation values for Arctic phytoplankton range from 50 to 450 (Ko 
et al., 2020; Sezginer et al., 2021), so we selected a high light treatment 
of 500 µmol photons m−2 s−1 to ensure supersaturation. Following high 
light exposure, a 30 min low intensity, far-red actinic light (5 µmol 
photons m−2 s−1, 730 nm) treatment was applied to samples to relax 
NPQ, following the recommendation of Schuback et al. (2021).

During the relaxation period, the coefficient of non-photochemical 
quenching was calculated as the ratio of quenched to unquenched 
variable fluorescence, ( ) ( )1 – /V VqN t F t F′′=  (Roháček, 2010). Total 
qN is the sum of underlying quenching components. Following the 
approach of Roháček (2010), we fit a three-component exponential decay 
model to the observed qN time series to describe NPQ relaxation 
kinetics and the relative contributions of fast, intermediate and slow 
quenching (Figure 2):

 ( ) int0 int( )fast slow

t t t
T

fast slowqN t qN q e q e q e
− − −
Τ Τ= + +  (6)

The three components of NPQ have relaxation life-times of 
τ τfast , ,int  and τ slow. The initial amplitudes of qfast, qint, and qslow sum 
to 1, and total quenching immediately following high light 
exposure equals qN0. The total NPQ relaxation life time was 
calculated as the weighted mean of the individual relaxation 
life times:

 τ τ τ τqN fast fast slow slowq q q= ∗ + ∗ + ∗int int.  (7)

For all measurements, curve fits with R2 values <0.9 were excluded 
from further analysis. To avoid overfitting, we  applied Akaike’s 
Information Criterion to compare our three-component model 
against a two-component model. With few exceptions, the three-
component model outperformed the two-component model, 
justifying the generalized fitting of fast, intermediate and slow 
relaxation components.

3.3 Photosynthetic electron transport  
rates

Photosynthetic electron transport rates in the presence of  
500 µmol photons m−2 s−1 were calculated according to Eq. 5. The 
light-regulated photochemical yield of PSII was taken as the average 
F Fq m
′ ′/  measured during the high light exposure period. The PAR 

term was set to 500 µmol photons m−2  s−1. Values of σ ′′PSII  and  
FV′′/FM

′′  recorded throughout the relaxation period were used to follow 
any change in ETR as a function of NPQ relaxation.

FIGURE 1

Location of field sampling stations during summer, 2022. Underway NPQ relaxation curves were conducted at locations indicated by red circles along 
ship survey tracks (black line) in the Canadian Arctic Archipelago, CAA (A) and Svalbard Archipelago (B). In the CAA, NPQ relaxation curves were also 
measured at discrete oceanographic stations indicated by white triangles. Nutrient and pigment data are available for these stations. The CAA and 
Svalbard sampling regions are shown as red and blue boxes, respectively, on the upper map.
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3.4 Statistical analysis

We performed Kruskal-Wallis and multi-comparison tests to 
compare NPQ relaxation kinetic parameters between CAA surface, 
subsurface, and Svalbard Archipelago phytoplankton assemblages. 
Pearson correlation coefficients were used to assess the co-variation 
in ′′σPSII  and FV′′/FM′′  during NPQ relaxation. Spearman rank 
correlations were used to examine relationships between 
environmental and photophysiological variables. All curve fitting was 
performed using least squares methods using Matlab (R2020a).

4 Results and discussion

4.1 NPQ relaxation kinetics

Across all samples, application of a short, high light treatment 
(500 μmol photons m−2 s−1) induced a strong initial NPQ response, 
with qN0 ranging from 0.80 to 1 and showing an average relaxation 
life-time (τqN ) of 20.0 ± 1.9 min. Significant differences in qN0 were 
detectable between sampling regions. The greatest values of qN0 were 
observed in the subsurface CAA (average = 0.93 ± 0.01), followed by 
the surface CAA (average = 0.90 ± 0.01), and surface Svalbard 
(average = 0.88 ± 0.01) samples (Table  1). We  observed a positive 
correlation between the magnitude of qN0 and the life time for 
relaxation (r = 0.47, p < < 0.01), with the highest τqN  in the subsurface 
CAA, followed by the surface CAA, and surface Svalbard samples.

Across all sampling regions, the total qN relaxation signal was well 
described as a combination of three kinetic relaxation components, 
operating on time-scales of seconds (qfast,), minutes (qint.), and hours 

(qslow.). Variability in τqN  among samples was driven by differences in 
the relative amplitudes of the individual quenching components. For 
example, qslow was minimal in Svalbard samples where qN relaxed 
fastest. Relative to the Svalbard samples, the contribution of qslow to 
total qN was two-fold higher in CAA surface samples, and four-fold 
higher in subsurface CAA samples. The reverse pattern was apparent 
in qint, whose contribution to qN was greatest in Svalbard samples, and 
lowest in CAA subsurface samples. In contrast, qfast did not display 
significant differences between sampling regions. Notable regional 
differences in NPQ dynamics appeared to be related to variability in 
mean daily irradiance exposure (Table 1). Across the three datasets, 
mean daily irradiance displayed a positive correlation with qint 
(r = 0.39, p  < < 0.01), and negative correlations with slow qslow 
(r = −0.45, p < < 0.01) and τqN  (r = −0.46, p < < 0.01). This result 
provides evidence that light acclimation status influences NPQ 
relaxation dynamics, with rapidly-relaxing components of NPQ 
preferentially upregulated under higher light conditions.

Although the amplitudes of qfast, qint and qslow varied between 
samples, relaxation lifetimes (τ τ τfast slow, ,int ) for each component 
were remarkably similar (Table 1), supporting their interpretation as 
reflecting distinct mechanisms. Consistent with previous observations 
(Malnoë, 2018), τ fast was ~30s, while τ int  was around 5 min, and τ slow 
was several hours.

Previous studies of NPQ kinetics have attributed fast relaxation 
quenching (lifetimes ranging from ~10 to 100 s) to rapid energy-
dependent quenching (qE) associated PsbS de-protonation. 
Intermediate quenching (life times around 10 min; Schansker et al., 
2006; Roháček, 2010) have been interpreted as state-transition related 
quenching (qT), while and slow quenching relaxing (over several 
hours) has been attributed to long-lived photoinhibition (qI; Nilkens 
et al., 2010; Roháček, 2010). We observed that intermediate quenching 
was the most significant contributor to qN0 across all samples, with 
relaxation life times faster than LHC de-phosphorylation rates 
required to reverse state transitions (McCormac et  al., 1994), but 
within range of zeaxanthin epoxidation rates (Nilkens et al., 2010). 
We thus postulate that the intermediate component of NPQ relaxation, 
commonly attributed to qT in other studies, may be associated with 
xanthophyll cycling dynamics (qZ) in our samples, rather than with 
state transitions. This idea is supported by the significantly higher 
PP:PS ratios in surface CAA samples (with high q_int), relative to 
subsurface samples. Further, qT pathways are not known to exist in 
diatoms (Lavaud, 2007), which were prevalent in our study regions, 
particularly in southern Baffin Bay (See section 4.3.2, and 
Supplementary material S2). Diatoms have instead been shown to 
exhibit strong xanthophyll-regulated quenching (Blommaert et al., 
2021), consistent with our observations.

4.2 Correlation between σPSII and FV/FM 
during NPQ relaxation and implications for 
ETR estimates

As expected, NPQ relaxation led to a consistent increase in F′′V/F′′

M following the removal of high light (Figure 3C). In contrast, there 
was much greater variability in σ ′′PSII  responses to NPQ relaxation, 
with instances of both increasing and decreasing σ ′′PSII over the time-
course of low light exposure. As a result, changes in F′′V/F′′M and 
σ ′′PSII  were sometimes uncoupled during NPQ relaxation, with 

FIGURE 2

Example of data analysis used to characterize NPQ relaxation time-
scales following a one-minute high light exposure. Data points 
obtained from repeated FRRF analysis are shown as white points, 
while the black line represents the model fit to the data, combining 
fast, intermediate and slow components (qfast, qint, and qslow) of NPQ, 
which are displayed in green, blue, and red, respectively.
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correlation coefficients ranging from 0.98 to −0.89 (e.g., Figures 3A,B) 
across different measurement locations. Divergence between F′′V/F′′M 
and σ ′′PSII  exerted a direct effect on derived ETR estimates during 
NPQ relaxation. As hypothesized, samples with synchronous changes 
in F′′V/F′′M and σ ′′PSII  displayed minimal changes in ETR estimates 
(Eq. 5) over the time course of the experiment (Figures 3A,D). In 
contrast, ETR decreased by as much as 40% in samples where F′′V/F′′M  
and σ ′′PSII  showed significant uncoupling (Figures  3B,D). These 
results challenge the notion that ETR estimates are unaffected by NPQ 
relaxation time due to synchronous F′′V/F′′M and σ ′′PSII  responses.

The expectation of equal NPQ effects on σPSII and FV/FM is based 
on the definition of σPSII as the product of FV/FM and the absorption 
coefficient of PSII photochemistry, aPSII . In turn, aPSII , is determined 
by the ratio of the absorption coefficient of light harvesting complexes 
(aLHC) and the concentration of functional PSII reaction centers 
(Silsbe et  al., 2015). During ST-ChlF protocols, aPSII  is typically 
assumed to be  constant over the relatively short time-course of 
measurements. In practice, however, a decrease in σPSII during NPQ 
relaxation could be explained by increasing numbers of functional 
PSII reaction centers, as cells recover from photoinhibition, such that 
aLHC is “diluted” across more PSII centers.

We examined the potential role of photoinhibition in the NPQ 
signal, based on the correlation between Fo′′ and FM′′  during NPQ 
relaxation curves. Regulated NPQ (qE and qZ) is expected to cause 
proportional quenching of Fo and FM, while photoinhibition leads to 
increased Fo relative to FM (Gilmore et al., 1996; Müller et al., 2001). 
Our analysis showed that the relationship between σ ′′PSII  and NPQ 
was related to underlying patterns in Fo′′ and FM′′ . Across all samples, 

Fo′′ and FM′′  increased during NPQ relaxation periods, but subtle 
differences in Fo′′ and FM′′  recovery kinetics led to some variability in 
the relationship between the two terms, with correlation coefficients 
ranging from 0.55 to >0.99 (Figure 3D). Out of 125 NPQ relaxation 
experiments, 39 samples displayed perfectly synchronized Fo′′ and Fm′′ 
responses (r > = 0.99). Among these samples, σ ′′PSII  increased over 
the time-course of NPQ relaxation and showed a strong negative 
correlation with NPQ (r = −0.87). These samples also displayed tightly 
coupled σ ′′PSII  and F′′V/F′′M responses (r = 0.80), near constant ETR 
estimates during the NPQ relaxation time course (r = −0.02), and only 
a small contribution of long-lived photoinhibitory quenching (qslow) 
to the overall qN signal (qslow = 0.02 ± 0.01). In contrast, samples with 
less synchronized Fo′′ and FM′′ responses (r < = 0.90) displayed higher 
degrees of qslow (0.08 ± 0.01), and weaker relationships between σ ′′PSII 
and F′′V/F′′M (r = 0.20). In these latter samples, ETR estimates were 
more sensitive to dark relaxation, decreasing in response to relaxation 
life time (r = −0.35). These results suggest that the assumption of 
constant aPSII  may be violated due to plasticity in the concentration 
of functional RCIIs under conditions of initial photoinhibition 
followed by recovery. It follows from this that choice of NPQ 
relaxation protocol will have a particularly strong influence on ETR 
results in samples exposed to potential photoinhibitory light regimes.

4.3 Environmental and taxonomic controls 
on NPQ relaxation kinetics and ETR 
estimates

The considerable variability we  observed in NPQ relaxation 
kinetics reflects differences in the photo-acclimation state of 
phytoplankton assemblages across our study region. This 
photophysiological variability is, in turn, driven by hydrographic and 
taxonomic properties associated with spatial and temporal (summer 
vs. fall) differences between samples. To minimize confounding 
seasonal effects, we conducted separate analysis of environmental and 
taxonomic effects on NPQ relaxation dynamics and ETR for the CAA 
and Svalbard datasets.

4.3.1 Svalbard coastal oceanography and 
photophysiology

The Svalbard Archipelago is situated on the eastern boundary of 
Fram Strait, where the bulk of water mass transfer occurs between the 
Arctic and Atlantic basins (Walczowski, 2014). Off the west coast of 
Svalbard, the West Spitsbergen Current (WSC) delivers warm, saline 
Atlantic water north to the Arctic Basin, while off the east coast, the 
East Spitsbergen Current (ESC) carries cold, fresher Arctic water 
south. These currents mix with glacial melt water in the many fjords 
penetrating the Svalbard coastline. Due to the distinct hydrographic 
features of these different water masses, we were able to use underway 
temperature and salinity measurements to divide data into WSC, ESC 
and Fjord subregions (Figure 4A).

Photophysiological properties varied with hydrographic variables 
such as temperature, salinity and PAR (Table 2), leading to significant 
spatial heterogeneity along our cruise track (Figures 4B-D). Most 
notably, σPSII varied significantly from east to west, with a mean value 
of 1,309 ± 7.15 Å2 RCII−1 in the WSC, compared to 745 ± 8 and 696 ± 
7  Å2 RCII−1 for fjords and the ESC, respectively (Figure  4B). In 

TABLE 1 NPQ relaxation parameters (mean ± standard error) for all study 
regions.

CAA 
subsurface 
– Sept/Oct 

(n  =  19)

CAA 
surface 

– Sept/Oct 
(n  =  48)

Svalbard 
surface – 
June/July 

(n  =  58)

qN0 0.93 ± 0.01 0.90 ± 0.01 0.88 ± 0.01

τqN  (minutes)
45.54 ± 4.32 17.76 ± 2.09 13.28 ± 1.42

qFast 0.15 ±0.01 0.15 ± 0.03 0.11 ± 0.02

τ fast 

(minutes)

0.45 ± 0.13 0.59 ± 0.12 0.46 ± 0.07

qInt. 0.69 ± 0.05 0.81 ± 0.03 0.87 ± 0.02

τint. (minutes) 5.84 ± 2.85 5.83 ± 0.81 5.93 ± 0.50

qSlow 0.16 ± 0.02 0.04 ± 0.01 0.02 ± 0.00

τslow 

(minutes)

267 ± 30.6 188 ± 28.2 217 ± 20

Mean surface 

PAR (µmol 

photons 

m−2 s−1)

5.0 ± 1.9 76.5 ± 1.3 1,0780 ± 224

PP:PS 0.18 ± 0.01 0.30 ± 0.02 

(n = 19)

N/A

The fractional contribution of each quenching component to the total qN0 amplitude is 
denoted as qFast, qInt., and qslow, while the half-lives of each quenching component are denoted 
as τ fast , τint , and τslow. The ratio of photoprotective to photosynthetic pigments is 
abbreviated as PP:PS.
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contrast, there were no significant differences in FV/FM between any of 
the subregions, with mean values falling within 0.33 to 0.36 for the 
three subregions (Figure 4C). Variability in σPSII  had a significant 
effect on NPQ relaxation kinetics and ETR behavior across the 
subregions (Table 2). In ESC-influenced waters with lower σPSII, ETR 
was relatively stable during NPQ relaxation experiments, with a mean 
percent change of −2.5 ± 5.0%. By comparison, ETR estimates in WSC 
and fjord waters were more sensitive to NPQ relaxation, with ΔETR 
of −10.1 ± 7.0%. and − 24.1 ± 3.6%, respectively. Differences in ΔETR 
were significant between Fjord and ESC populations (p << 0.01).

Variability in phytoplankton taxonomy may partially explain the 
spatial differences in photo-physiology around Svalbard. Different 
phytoplankton taxa have distinct light harvesting pigment compositions, 
and the functional PSII absorption area, σPSII, also shows taxon-specific 
variability (Suggett et al., 2009; Gorbunov et al., 2020). Although FV/FM 
also varies with species composition, it appears to be more strongly 
affected by nutrient concentrations, and is thus widely used as an 
indicator of environmental conditions (Ryan-Keogh et al., 2013; Ko et al., 
2020). The significant differences we observed in σPSII but not in FV/FM 
suggest that variability between subregions of the Svalbard Archipelago 
are due to changes in taxonomic composition, rather than direct 

environmental effects. Although we  lack direct estimates of 
phytoplankton taxonomy for the Svalbard region (due to limited 
opportunities for discrete sampling), previous studies in this area have 
noted differences in phytoplankton composition between ESC and WSC 
influenced waters. Kilias et al. (2014) observed a high percentage of 
haptophytes in WSC study sites, with chlorophytes more abundant at a 
study site affected by the ESC. The differences in σPSII between the ESC 
and WSC reported here agree well with expected values for haptophytes 
and chlorophytes. Laboratory monocultures of green algae yielded 
450 nm-specific measurements of σPSII  nearing 600 Å2 RCII−1, while 
haptophytes were closer to 1,000 Å2 RCII−1 (Gorbunov et  al., 2020). 
Without ancillary data, we cannot unequivocally determine whether 
observed differences in σPSII, and ultimately ETR behavior, are driven 
by differences in nutrient availability or in phytoplankton taxonomy for 
the Svalbard samples. As discussed below, such analysis is, however, 
possible for the CAA samples.

4.3.2 Canadian Arctic oceanography and 
photophysiology

Sampling in the Canadian Arctic (CAA) took place in the late 
summer to early fall (Sept 23 – Oct 15, 2022) in Baffin Bay, 

FIGURE 3

(A,B) Representative time-series of σ ′′PSII  and F′′V/F′′M measurements during NPQ relaxation, showing strong coupling (A) and decoupling (B) of these 
variables following low light exposure. The percent change ofσ ′′PSII  (blue triangles), F′′V/F′′M (red circles), and ETR (black squares) are plotted with 
respect to NPQ relaxation time in minutes, with values normalized to 1 at the beginning of the low light measurement period. (C) Distribution of F′′V/F′′M 
(blue) and σ ′′PSII  (orange) changes during NPQ relaxation experiments. Changes in F′′V/F′′M were always positive, whereas both positive and negative 
changes in σ ′′PSII  were observed. (D) The effect of σ ′′PSII  and F′′V/F′′M decoupling on derived ETR estimates. Samples with strongly correlated σ ′′PSII  
and F′′V/F′′M also displayed proportional FM′′  and FO′′ responses (correlation coefficients shown on the colorbar) and displayed little change in ETR 
estimates during the time-course of NPQ.
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primarily in waters influenced by the Baffin Island current 
(Figure 5A). This water mass transports Pacific-derived Arctic 
water exiting Nares Strait and Lancaster Sound south to the 
Labrador Sea along the east coast of Baffin Island (Münchow 
et al., 2015). In the north, the cruise track intersected the North 
Water Polynya (NWP), where southbound Arctic water mixes 
with warmer, saltier Atlantic water carried by the West Greenland 
Current. The polynya, referred to by local communities as 
Pikialasorsuaq or "great upwelling,” has long been recognized as a 
productivity hotspot (Ribeiro et al., 2021). As discussed below, 
biogeochemical and photophysiological differences were apparent 
between the different oceanographic settings of the NWP and 
Southern Baffin Bay.

Depth profiles of seawater density within the NWP (stations with 
latitude >76oN) confirmed enhanced vertical mixing in the NWP. The 
average mixed layer (ML) depth in the NWP was 41.5 ± 16.9 m. By 
comparison, stratification was stronger in Southern Baffin Bay, where 
the ML was 20.4 ± 2.22 m (Figure 5B). As expected, differences in 
stratification intensity between Baffin Bay and the NWP were 
associated with differences in surface water nutrient concentrations; 
[NO3] was elevated in NWP surface waters compared to Baffin 
stations, with mean concentrations of 3.46 ±1 11. and 0.37 ± 0.34 µM, 
respectively (Figure 5B). The higher nutrient availability in the NWP 
surface waters was associated with elevated FV/FM values (Table 3; 
Figure 5D). However, the highest biomass was observed in sub-surface 
waters of central Southern Baffin Bay (Figure  5C), in a deeper 

FIGURE 4

(A) Distribution of seawater density along the ship track calculated from salinity and temperature measurements (Millero and Poisson, 1981) illustrate 
the hydrographic difference between the West and East Spitsbergen Current (WSC and ESC, respectively). The WSC was defined as waters saltier than 
35  psu and warmer than 6°C (Aagaard et al., 1987). Fjords were classified as water with a salinity <33  psu. All intermediate water was classified as ESC. 
Gaps in thermosalinograph (TSG) data occurred during sampling in heavily ice-covered waters. Approximate paths of the WSC (red) and ESC (white) 
are adapted from Vihtakari et al. (2018). Panels (B,C) show continuous underway σPSII  and FV/FM measurements. Panel (D) shows the fractional change 
in ETR recorded throughout NPQ relaxation experiments.

TABLE 2 Spearman rank correlation coefficients between temperature (°C), salinity (psu), surface PAR (∝mol photons m−2 s−1) and photo-physiological 
parameters.

σPSII FV/FM qN τqN
qfast qint qslow ∆ ETR

Temp 0.73** −0.55* 0.37 0.10 0.30* −0.33* 0.06 −0.07

Sal 0.59* 0.16 0.71** −0.23 −0.14 0.13 0.09 0.34*

PAR 0.37 −0.57** −0.17 −0.10 0.59** −0.55* −0.35 0.28

Values of p < 0.05 are indicated with * and values of p << 0.01 with **. Sample number, n, is 58 in all cases.
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chlorophyll maximum where [Chl] peaked at 8.1 mg m−3 and the 
associated FV/FM was 0.48. This elevated biomass may have contributed 
to the depleted nitrate values in Baffin Bay surface and 
subsurface waters.

Across our CAA sampling stations, the ratio of photoprotective to 
photosynthetic pigments (PP:PS) was the strongest predictor of NPQ 
relaxation dynamics (Table  3), reflecting the influence of light-
acclimation state on NPQ responses. PP:PS also displayed strong 
correlations with σPSII, albeit with an opposite relationship in surface 
waters (positive correlation) and subsurface waters (negative 
correlation). The positive correlation between PP:PS and σPSII  in 
surface samples is not immediately intuitive, as photoprotective 
pigments are not excitonically coupled to RCII. However, as σPSII is 

dependent on the ratio of aLHC to [RCII], samples with relatively few 
photosynthetic pigments are expected to have limited [RCII], leading 
to elevated σPSII  (see section 4.2). In turn, σPSII  was the greatest 
determinant of ETR behavior during NPQ relaxation experiments 
among surface samples. Surface σPSII was negatively correlated with 
ΔETR (ρ  = −0.75, p < <0.01), such that samples with lower σPSII  
displayed only small changes in ETR during NPQ relaxation 
experiments. In contrast, samples with higher σPSII  values 
demonstrated large decreases in ETR estimates as a function of NPQ 
relaxation time. The relationship between σPSII and ΔETR observed 
here is similar to that reported for Svalbard above.

In contrast to surface waters, there was no statistically significant 
correlation between σPSII and ΔETR in subsurface samples (ρ  = 0.34, 

FIGURE 5

(A) Map of Baffin Bay showing bathymetry and surface currents. The southbound Baffin Island Current (BIC) is shown in blue, and the northbound West 
Greenland Current (WGC) in red. The gray shaded area highlights the NWP. (B) Mean nitrate depth profiles are displayed for Baffin Bay stations (red), 
and NWP stations (black). The standard error is indicated by the shaded area. The mean mixed layer depth for both regions is indicated by X marker. 
(C) Taxonomic distribution of phytoplankton assemblages; colors indicate the dominant taxa group for the subsurface (squares) and surface (circles), 
while marker size indicates the total chlorophyll concentration. The FV/FM and σPSII  for underway surface samples are shown in subplots (D,E), 
respectively. (F) The fractional change in ETR over the NPQ relaxation time (30  min) for surface samples.
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p > 0.05). We did, however, observe a significant relationship between 
PP:PS and ΔETR. Samples with lower concentrations of photo-
protective pigments (i.e., lower PP:PS ratios) exhibited larger decreases 
in ETR estimates during the time-course of NPQ relaxation (Table 3). 
This result can be  understood in the context of cellular photo-
protective capacity. Cells with lower concentrations of photoprotective 
pigments would be more prone to long-lived photoinhibition during 
high light treatments (Choudhury and Behera, 2001), which could 
explain the observed decreases in σ ′′PSII (and thus ETR) during NPQ 
relaxation (See section 4.2). These results imply that light acclimation 
state and species composition, plays an important role in determining 
the stability of ETR during NPQ relaxation experiments.

Beyond the use of PP:PS and σPSII as indicators of cellular photo-
protective capacity, these light harvesting properties provide some 
taxonomic explanation for the observed patterns in ΔETR. Diatom-
dominated stations exhibited the lowest σPSII  values and ΔETR 
closest to zero, whereas higher σPSII  were observed at stations 
dominated by picoplankton, and where absolute magnitudes of ΔETR 
were greater (Supplementary material S2). This result suggests that 
photosynthetic rates estimates are less sensitive to NPQ relaxation 
effects in diatom-dominated assemblages, as compared to 
picoplankton dominated communities. Assumptions of 
proportional NPQ effects on σPSII and FV/FM, and thus NPQ effects 
on photosynthetic rate estimates, were developed in early 
fluorescence studies conducted on eukaryotic species (Gorbunov 
et al., 2001; Suggett et al., 2010). However, previous studies have 
shown these assumptions do not hold in prokaryotes (Xu et al., 
2018), and our results provide field-based evidence that they are 
also violated in marine environments with taxonomically-mixed 
phytoplankton assemblages.

5 Conclusion

The purpose of this study was to characterize the effects of 
natural oceanographic variability on NPQ relaxation kinetics, and 

the subsequent effects of NPQ relaxation on ETR estimates. 
Contrary to the assumption that NPQ relaxation time should have 
no influence on ETR estimates, we observed divergent FV/FM and 
σPSII  responses during NPQ relaxation experiments, leading to 
significant NPQ-dependent variability in ETR estimates. We thus 
conclude that NPQ relaxation time is, indeed, an important 
consideration for reliable ETR estimates. On average, we found that 
20 min of low light exposure was sufficient to relax short-lived 
quenching mechanisms, while 45 min was sufficient for samples 
acclimated to low light environments. These results have important 
implications for the application of FRRF in underway surveys of 
photochemistry. Distinct NPQ dynamics occur across varying light 
environments and phytoplankton taxonomic composition, and can 
vary strongly across different hydrographic subregions. 
We  recommend researchers apply their own NPQ relaxation 
experiments at the onset of a new field campaign to determine the 
most appropriate NPQ relaxation period for their study region. 
With an increasing dataset of NPQ dynamics across a range of 
oceanographic regions, it may be possible to build empirical models 
defining appropriate protocols for NPQ relaxation for field-
based studies.
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σPSII FV/FM qN τqN
qfast qint qslow ” ETR n

Surface

Temp 0.26 −0.29 −0.42* 0.08 0.11 −0.19 0.16 0.22 48

Sal −0.53** 0.19 0.15 0.18 0.26 −0.23 0.36 0.47* 48

PAR 0.19 −0.19 −0.17 −0.11 −0.06 −0.07 −0.05 0.09 48

PP:PS 0.58** −0.09 −0.38 −0.15 −0.43* 0.39* −0.11 −0.18 19

NO3 −0.34 0.51* −0.05 −0.09 −0.12 0.16 0.11 −0.19 19

Chl −0.06 0.30* 0.24 0.32 −0.23 0.27 0.02 −0.02 19

Sub-surface

PAR 0.26 −0.43 −0.19 −0.38 −0.01 0.17 −0.25 −0.22 19

PP:PS −0.45* 0.62** 0.00 −0.15 −0.45* 0.17 0.22 −0.58* 19

NO3 −0.14 0.37 −0.11 0.00 −0.11 0.31 −0.11 −0.17 19

Chl 0.23 −0.42 0.37 0.04 0.26 0.03 −0.20 0.16 19

Values of p < 0.05 are indicated with *. Values of p << 0.01 are **. The number of samples, n, is shown in the right-hand column.
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Aphanizomenon sp. ULC602, recently isolated in a Belgian lake, is a 
filamentous, nitrogen-fixing, freshwater cyanobacterium that is one of the 
primary producers of cyanotoxins following its bloom formation, causing 
water contamination. This study aims to evaluate the effects of growing 
conditions and essential nutrients on the growth of Aphanizomenon sp. 
ULC602 via its production of chlorophyll-a (Chlo-a). Our results indicated 
that this bacterium could grow well at temperatures ranging from 18 to 25°C 
with an optimal pH of 6.0–7.5 under continuous lighting. It grew slowly in the 
absence of a carbon source or at lower carbon concentrations. The addition 
of nitrogen from nitrate and urea led to a less than 50% reduction of Chlo-a 
content compared to the medium lacking nitrogen. The iron bioavailability 
significantly stimulated the Chlo-a production, but it was saturated by an 
iron concentration of 0.115  mM. Moreover, a decrease in Chlo-a biomass 
was observed under sulfur deficiency. The bacterium could not grow well in 
media containing various phosphorus sources. In conclusion, as the growth 
and consequent forming bloom of cyanobacteria can be  stimulated or 
inhibited by environmental conditions and eutrophication, our investigation 
could contribute to further studies to control the blooming of the target 
bacterium in freshwater.

KEYWORDS

cyanobacteria, Aphanizomenon, chlorophyll-a, freshwater, growing conditions

1 Introduction

Cyanobacteria, known as blue-green algae, are gram-negative photosynthetic bacteria 
that can inhabit both freshwater and marine ecosystems. They have the ability to flourish 
in extreme environmental conditions and adapt to various stress parameters including 
high light intensity, UV, extreme temperatures, high salt, and both low and high pH 
(Kultschar and Llewellyn, 2018). Generally, based on their morphology, this bacterial 
group can be unicellular, such as Microcystis sp. and Synechococcus sp., or filamentous, 
including Anabaena sp., Aphanizomenon sp., and Oscillatoria sp. (Chorus and Welker, 
2021; Mehdizadeh Allaf and Peerhossaini, 2022). In addition, the blooming of 
cyanobacteria in waterbodies affects the water quality and can cause odor problems 
(Rastogi et al., 2015). Following the formation of bloom, most cyanobacteria also produce 
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toxic compounds, cyanotoxins, as their secondary metabolites, such 
as microcystins, cylindrospermopsins, anatoxin-a, saxitoxins, 
nodularins, and lyngbyatoxins, among others (Walve and Larsson, 
2007; Moore et al., 2008; Rastogi et al., 2015; Kultschar and Llewellyn, 
2018; Jeong et al., 2020). These toxins are usually released into the 
aquatic environment during cell death and lysis, leading to the death 
of aquatic organisms and causing effects on human health (Hallegraeff, 
1993; Rastogi et  al., 2015; Huisman et  al., 2018). Therefore, it is 
necessary to characterize factors that may result in the immense 
expansion of these bacteria.

Aphanizomenon is a planktic genus of cyanobacteria that is found 
in freshwater and is one of the primary toxic bloom-forming 
cyanobacteria (De Figueiredo et al., 2011; Cirés and Ballot, 2016; Van 
Hassel et al., 2022). Belonging to the order Nostocales, in the absence 
of nitrogen, bacteria of this genus are able to differentiate into 
nitrogen-fixing cells, so-called heterocysts (Kumar et al., 2009; Singh 
and Montgomery, 2011; Cirés et al., 2013; Zhang et al., 2017). These 
cells are generally pale yellow with various shapes (spherical to 
cylindrical) and usually found in the intercalary or terminal position 
of the filaments. They contribute the fixed nitrogen to vegetative cells 
in the filament (Cirés and Ballot, 2016; Singh et al., 2020). They usually 
accumulate cyanophycin granules at the poles adjacent to vegetative 
cells where nitrogen is stored (Singh et al., 2020). Furthermore, they 
can differentiate into other specialized spore-like cells, akinetes, which 
allow these bacteria to survive in harsh conditions (Kaplan-Levy et al., 
2010). The akinetes look bigger, possess a thicker cell wall than 
vegetative and heterocyst cells, and accumulate a large amount of food 
reserves and DNA (Kaplan-Levy et al., 2010; Cirés et al., 2013; Cirés 
and Ballot, 2016; Singh et al., 2020).

Many studies indicated that the development, morphotype, 
phenotype, metabolism, and differentiation of cyanobacteria, in general, 
depend on growing conditions including light quality, temperature, pH, 
UV exposure, and nutrient demands in the medium (Kaplan-Levy et al., 
2010; Larson et al., 2018; Singh et al., 2020). For example, in Anabaena 
sp. UTEX 2576, nitrogen sources and iron levels in the growth medium 
were demonstrated as essential factors affecting the production of 
natural pigments and the consumption of other mineral elements, such 
as P, Ca, Mg, B, Mo, Zn, and Cu (Norena-Caro et al., 2021). Phosphate 
limitation in the growing medium could trigger the formation of 
akinetes in Anabaena circinalis (Kaplan-Levy et al., 2010). Larson et al. 
(2018) observed that the formation of a harmful bloom of several 
nitrogen-fixing cyanobacteria was influenced by phosphorus-iron 
colimitation. A bulky abundance of heterocysts of nitrogen-fixing 
cyanobacteria was observed in the media containing low nitrogen with 
high phosphorus and iron (Larson et al., 2018). This research group also 
pointed out that iron plays an important role in the development of 
cyanobacterial biomass (Larson et al., 2018). Previous studies on the 
effects of the abovementioned factors on members of the 
Aphanizomenon genus focused on four traditional morphological 
groups, namely, Aph. flos-aquae, Aph. gracile. Aph. issatschenkoi, and 
Aph. volzii (Rekar and Hindák, 2002; Komárek and Komárková, 2006; 
Preußel et al., 2009; Ballot et al., 2010; Üveges et al., 2012; Cirés and 

Ballot, 2016; Cirés et al., 2017; Chen et al., 2020; Wen et al., 2022). Cirés 
et  al. (2013) indicated that the differentiation of akinetes of 
Aphanizomenon ovalisporum was dependent on environmental 
temperature, and the highest number of akinetes was found at 
20°C. These authors also investigated the influence of temperature on 
the production of saxitoxin, a potent neurotoxin produced by 
Aphanizomenon gracile (Cirés et  al., 2017). In another study, the 
responses of Aphanizomenon strains to levels of phosphorus and 
nitrogen were evaluated (De Figueiredo et al., 2011). The study revealed 
that concentrations of orthophosphate ≤0.3 mg/L inhibited the growth 
of all strains. Nitrate variation did not affect the Aphanizomenon gracile 
species, while the other species were significantly sensitive to the 
depletion of this source (De Figueiredo et al., 2011). Furthermore, the 
co-cultivation of Aphanizomenon flos-aquae and Microcystis aeruginosa 
highlighted that temperature played a key role in the succession of 
bloom between the two strains (Wen et al., 2022).

Chlorophyll-a (Chlo-a) is known as the photosynthetic pigment 
of phytoplankton (Huang et al., 2022). It has been considered one of 
the well-known water quality indicators and a biomass indicator of 
cyanobacteria (Borowitzka and Moheimani, 2013; Viso-Vázquez et al., 
2021; Mudaliar and Pandya, 2023). This indicator was used for 
predictions of cyanobacterial blooms on the surface water of the A 
Baxe reservoir (Viso-Vázquez et al., 2021). Similarly, surface water 
quality in two wetlands of India was also assessed based on the Chlo-a 
concentration produced by cyanobacteria existing in the water, along 
with the dissolved oxygen content using multi-temporal Sentinel-2 
images (Mudaliar and Pandya, 2023).

The present research work illustrated the influences of growing 
conditions and nutrients in laboratory conditions on the growth of a 
freshwater filamentous cyanobacterium, Aphanizomenon sp. ULC602, 
which was recently isolated from a Belgian lake. The goal of this study 
was achieved by investigating the production of Chlo-a by the target 
bacterium in different growing conditions, including temperatures, 
pH, and photoperiods. The impacts of major nutrient sources, 
including C, N, Fe, S, and P sources, on Chlo-a biomass were also 
evaluated using various forms and concentrations of these nutrients.

2 Materials and methods

2.1 Bacteria and chemicals

Aphanizomenon sp. ULC602 was obtained from the Belgian 
Coordinated Collection of Microorganisms (BCCM; Belgium) (Van 
Hassel et al., 2022) and was cultivated in a 50% dilution of BG110 
medium, which was prepared following the manufacturer’s guidelines 
(Table 1) in laboratory room temperature (23 ± 1°C), which is denoted 
as RT in this study. The cultures were continuously illuminated with 
white light in a 24 h/0 h light/dark period. The culture was kept in the 
growing medium at RT for a period of 30 days. All chemicals used in 
this study were purchased from Carl Roth (Austria) with high quality 
unless stated otherwise.

2.2 Experiment design

The filamentous cyanobacterium Aphanizomenon sp. ULC602 
was cultivated and maintained in 50 mL of fresh 50% BG110 medium, 

Abbreviations: Chlo-a, Chlorophyll-a; PC, Phycocyanin; EPS, Extracellular polymeric 

substance; WGA, Wheat germ agglutinin; RT, Room temperature; PBS, Phosphate-

buffered saline; N, Nitrogen; C, Carbon; Fe, iron; S, Sulfur; P, Phosphorus; SD, 

Standard deviation.
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pH 7.0 at RT, and illuminated with white light in a 24 h/0 h light/dark 
period for 30 days. The growth of the bacterium was assessed by 
regularly measuring the chlorophyll-a (Chlo-a) concentrations using 
a Chlo-a assay (Zavřel et al., 2015).

2.2.1 Effects of growing conditions
The influences of growing conditions were evaluated using three 

factors: pH, temperature, and photoperiod. For evaluation of the 
influence of pH values on the growth and Chlo-a production of 
Aphanizomenon sp. ULC602, the cell culture was grown at RT in a 
24 h/0 h light/dark period in 50 mL of 50% BG110 media, adjusting 
the pH in the range of 4.0–9.0 using 0.1 N NaOH and 0.1 N HCl.

The effects of growing temperature were determined by cultivating 
the bacterium in 50 mL of 50% dilution of BG110 medium at different 
temperatures, including 4°C, 12°C, 18°C, RT, and 37°C, under 
exposure to continuous lighting (24 h/0 h light/dark).

For the photoperiod experiment, the bacterium was grown in a 
50% dilution of BG110 medium at RT and illuminated using three 
different photoperiods: 24 h/0 h, 12 h/12 h, and 0 h/24 h light/dark.

2.2.2 Effects of nutrients
For monitoring the effects of nutrients, the culture was cultivated 

at RT in various modified 50% BG110 media adjusted to pH 7.0 under 
continuous light (photoperiod 24 h/0 h light/dark); these media are 
named and listed in Table S1. The standard medium is 50% BG110 
(Std) at pH 7.0, which is lacking a nitrogen source, and the iron source 
used in this medium was in the form of Fe3+ as ammonium ferric 
citrate (C6H8FeNO7).

The effects of iron were investigated by cultivating the bacterium 
in modified media M2 to M9 containing different concentrations of 
C6H8FeNO7 from 0 to 0.0227 mM, as well as other iron forms such as 
0.000185 mM FeCl3 and 0.0359 mM FeSO4. Among them, the iron 
source was removed in the M2 medium; the original Fe (III) in the Std 
medium was replaced by other Fe (III) forms such as FeCl3 in M4; the 
Fe (III) was replaced by Fe (II) in M8, and the M9 medium contained 
the combination of both Fe (II) and Fe (III) forms. The impact of an 
organic chelating agent, EDTA-Na-Mg2, on bacterial growth was also 
studied by removing it in the M3 medium.

Media M10 and M11 were supplied with nitrogen from 
8.8241 mM NaNO3 and 1.5 mM urea, respectively. The amount of 
inorganic carbon in the 50% BG110 medium, which is from Na2CO3 
and NaHCO3, varied from 0 to 0.095 mM in media M12 and M13, 
respectively. The effects of limited sulfur in the media were investigated 

using media M14 to M17 with the concentration of MgSO4 ranging 
from 0 to 0.15 mM. The PO4

3− source was removed in media M18. 
Three formulations of PO4

3− were added to media M19 to M21, 
including 0.175 mM K2HPO4 combined with 0.65 mM KH2PO4 
(M19), 0.018 mM NaH2PO4 (M20), and 1.45 mM K2HPO4 (M21).

All experiments mentioned above were conducted for 30 days, and 
samples were taken twice per week. The growth of Aphanizomenon sp. 
ULC602 was evaluated by measuring the variability of the 
concentration of produced Chlo-a during the cultivation. After 
30 days, cells were collected for flow cytometry analysis.

2.3 Chlorophyll-a assay

The Chlo-a concentration was measured by Chlo-a assay using a 
spectrophotometer, following the protocol of Zavřel et al. (2015) with 
some modifications. Briefly, 1 mL of bacterial culture was harvested 
by centrifugation at 13,000 x g at room temperature for 5 min. Then, 
1 mL of pre-cooled 100% methanol was added to the harvested cell 
pellets and mixed for 5 min by vortexing. The mixture was then 
incubated in the dark at 4°C for 20 min to extract the pigment. 
Subsequently, the mixture was centrifuged at 13,000 x g for 5 min at 
4°C. The absorbance of the collected supernatant was measured at 
665 nm using the Lambda Bio + Spectrophotometer (Perkin Elmer, 
USA). The 100% methanol was used as the blank, and its absorbance 
was spectrophotometrically measured at 720 nm. The concentration 
of Chlo-a was calculated according to the following equation (Zavřel 
et al., 2015):

 Chlo a g ml x Abs Abs− ( ) = −( )µ / .12 9447 665 720  (1)

where Abs665 is the absorbance of the Chlo-a at 665 nm and Abs720 
is the absorbance of the 100% methanol at 720 nm.

The relative Chlo-a biomass content (%) was calculated based on 
the Chlo-a produced by the bacteria grown in different growing and 
nutrient conditions compared to those in the standard medium (Std) 
and standard growing conditions. The Chlo-a produced by the 
bacterium grown in 50% BG110 (pH 7.0, photoperiod of 24 h/0 h 
light/dark, at RT) was expressed as 100%.

2.4 Flow cytometry analysis

For the flow cytometry analysis, 1 mL of the bacterium culture 
adjusted at an optical density of 750 nm (OD750) ~ 0.5 was collected by 
centrifugation at 6,000 x g at 4°C for 5 min and washed twice with 
phosphate-buffered saline (PBS) 1X, pH 7.4. The cells were then 
re-suspended in 200 μL of PBS 1X buffer, pH 7.4. The fluorescence of 
Chlo-a from the cell suspension was analyzed by flow cytometry using a 
CytoFLEX Flow Cytometer (Beckman Coulter, Bream, CA, USA) 
following the manufacturer’s instructions. The obtained data were 
analyzed and normalized using Flowjo v10.8.1 software (LLC, BD, USA).

2.5 Confocal microscopy observation

Microscopic preparation was conducted following the previous 
description with some modifications (Nairn, 1969; Pham et al., 2020). 

TABLE 1 Component of 50% BG110 (Std) in 1  L (BCCM, Belgium).

Component Final concentration (mM)

K2HPO4•3H2O 0.0876

MgSO4•7H2O 0.3115

CaCl2•2H2O 0.1224

EDTA-Mg-Na2 0.0013

Citric acid 0.0143

C6H8FeNO7 0.0113

Na2CO3 0.095

NaHCO3 0.8999

Microelements* 0.5 mL

*Trace metal mix A5 with Co (Sigma, St. Louis, USA).
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FIGURE 1

(A) Growth curve of Aphanizomenon sp. ULC602 after 30  days based on the production of Chlo-a. (B) Microscopic observation of Aphanizomenon sp. 
ULC602 by confocal laser scanning microscopy (CLSM): (a) transmission photomicrograph; (b) representing fluorescence from staining cells with 
wheat germ agglutinin (WGA) conjugated Alexa Fluor 488; (c) representing fluorescence from phycocyanin at 650–660  nm; (d) representing 
fluorescence from chlorophyll-a at 670–720  nm; (e) photomicrograph of heterocyst (H) and akinetes (A) cells; and (f) photomicrograph of heterocyst 
cell, which occurred in the intercalary position in the filament (H). Blue arrows show the heterocyst cells, while the black arrow indicates the akinetes 
cells.

After 1 month of cultivation, 1 mL of cells, adjusted to OD750 ~ 0.5, was 
collected by centrifugation at 6,000 x g at 4°C for 5 min. Cells were 
washed twice with PBS 1X buffer, pH 7.4, then fixed with 4% 
paraformaldehyde dissolved in PBS 1X for 30 min at RT. Subsequently, 
the cells were washed with PBS 1X twice by centrifugation (at 6,000 x g, 
4°C, 5 min) to completely remove the fixing solution. The pellets were 
then re-suspended in 100 μL of PBS 1X. For the preparation of 
microslides, 20 μL of fixed cells in PBS 1X were dropped on the high 
precious cover glass (Marienfield, USA) and left to air-dry. The dried 
trace was then stained with wheat germ agglutinin (WGA; Alexa Fluor 
488 conjugated; Thermo Fisher Scientific) solution (diluted 1:200 in 
1% PBS-BSA) for 15 min at RT following the manufacturer’s 
instructions. The trace was then washed four times with PBS 1X, pH 
7.4. Then, 5 μL of a mounting solution containing 50% glycerol in PBS 
1X was added to the trace on the cover glass (Pham et al., 2020). The 
cover glass was attached to the microscope slide and sealed by ROTI 
seal (Carl Roth). Cells were then observed under Leica DMi8 confocal 
microscopy (Leica) with excitation at 488 nm and emission at 496 nm 
for WGA staining, excitation at 543 nm and emission at 670–720 nm 
for chlorophyll-a, and emission at 650–660 nm for phycocyanin as 
described previously (Hernández Mariné et al., 2004; Grigoryeva and 
Chistyakova, 2020).

2.6 Statical analysis

All experiments and measurements were conducted in triplicate. 
Data analyses were carried out statistically by Sigma plot software 
(Systat Software Inc., USA), and one-way ANOVA was used to test for 
comparisons in the mean values of the treatment groups. The 
evaluation of significant differences between the mean of the standard 
medium and the means of the individual media was also performed 
by the Holm-Sidak post-test. The data are expressed as the 
mean ± standard deviation (SD) when appropriate.

3 Results

3.1 Growth measurement

The growth of Aphanizomenon sp. ULC602 was measured based 
on the production of Chlo-a by this bacterium, shown in 
Figure  1A. The cultivation was started with 1% pre-culture 
supplement in 50 mL of fresh 50% BG110 medium, pH 7.0, with a 
24 h/0 h light/dark photoperiod at RT (Eq. 1). After the first 10 days, 
the Chlo-a biomass increased slightly, then rose remarkably over the 
following 20 days. After 1 month, the Chlo-a concentration reached 
13.96 μg/mL. The morphology of this bacterium was imaged by 
confocal laser scanning microscopy using the natural pigment 
fluorescence (Chlo-a and phycocyanin) of the bacterium 
(Figures 1Bc). The extracellular polymeric substance (EPS) of the 
bacterium was observed by staining with WGA-Alexa Fluor 488 
conjugated (Figures 1Ba). Results showed that a trichome of the 
studied strain, composed of plenty of single cells, was heterocystous 
and in straight or bent shapes (Figures 1Ba–f). A single vegetative 
cell was cylindrical to barrel-shaped. The heterocysts were spherical 
and found in the intercalary or terminal position in each trichome 
(Figures 1Be,f). The akinetes were oval and bigger than the vegetative 
and heterocyst cells (Figures 1Be).

3.2 Effects of growing conditions on the 
production of Chlo-a

The influence of pH values on the Chlo-a production in 
Aphanizomenon sp. ULC602 is illustrated in Figure 2A. The results 
showed that the bacterium can grow well at neutral pH ranging 
from 6.0 to 7.5, with the optimal pH value of 7.0. At the acidic pH 
range (from pH 4.0 to 5.5) and the basic pH of 9.0, the Chlo-a 
concentrations were significantly lower and accounted for 
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approximately 50% of the Chlo-a concentration at pH 7.0. The 
bacterium was dead at pH 4.0. The Chlo-a fluorescence intensities 
in cells obtained from different pH samples were analyzed by flow 
cytometry with the Chlo-a intensity in the Std medium sample 
(green) as the reference (Figure 2B). Similarly, the intensities of 
Chlo-a gradually declined at acidic and basic pH.

The effects of growing temperatures and photoperiods are 
recorded in Table 2. The bacterium could grow well at 18°C for 
1 month, similar to its growth at RT (Holm-Sidak test: t = 1.677, 
p = 0.132); however, at a lower temperature (12°C) and at a high 
temperature (37°C), the bacterium grew slowly, and the produced 
Chlo-a biomass only accounted for 43.97 and 25.65%, respectively, 
compared to the biomass obtained at RT (Holm-Sidak test: 
t = 19.659 and 23.489, respectively, p < 0.05). At the cold 
temperature (4°C), cells nearly could not grow. In addition, three 
conditions of photoperiods were applied to grow the bacterium in 
the Std medium at RT, namely, 24 h/0 h, 12 h/12 h, and 0 h/24 h 
(light/dark). Among them, the cells grew well under continuous 
lighting (24 h/0 h), and the produced Chlo-a biomass in this 
condition was considered 100%. When reducing the lighting time, 
the cells grew slowly (n = 9, F = 667.129, p < 0.001). The Chlo-a 
biomass obtained when the lighting time decreased to 12 h 
(12 h/12 h light/dark) was less than 75% compared to the amount 
obtained in continuous lighting conditions (Holm-Sidak test: 
t = 74.371, p < 0.05). In the dark photoperiod (0 h/24 h light/dark), 
the cells did not grow.

3.3 Effects of nutrients

Figures  3A,B indicate the production of Chlo-a biomass by 
Aphanizomenon sp. ULC602 in modified media containing carbon 
and nitrogen sources. The Chlo-a biomass produced in the standard 
(Std) medium, 50% BG110, was expressed in relative biomass as 100%. 
In the presence of the nitrogen (N) sources of 8.8241 mM NaNO3 
(M10) and 1.5 mM urea (M11), the Chlo-a biomass was reduced by 
less than 50% compared to the amount obtained in the Std medium 
(Holm-Sidak test: t = 28.654 and 34.285, respectively; p < 0.05). The 
Chlo-a-producing rate of the bacterium decreased following the 
reduction in the amount of inorganic carbon source in M12 and M13 
(t = 27.965 and 19.657, p < 0.05).

We investigated the growth and produced Chlo-a biomass of the 
bacterium in response to various iron (Fe) additions over 1 month, as 
exhibited in Figure 4A. The cells could not grow in the absence of 
soluble Fe3+ from ammonium iron citrate in the growing media (M2 
and M3), especially when the chelating agent, EDTA, was 
simultaneously removed (M3) after 3 days of inoculation (Holman-
Sidak test: t = 19.169 and 19.910, respectively; p < 0.05). The Chlo-a 
biomass declined to less than 60% in the M4 medium, which 
contained a half concentration of iron compared to the Std medium 
(Holman-Sidak test: t = 7.740; p < 0.05). The produced Chlo-a in the 
M7 medium, containing soluble Fe3+ from 0.0002 mM FeCl3 instead 
of ammonium iron citrate, was reduced to 36% of the concentration 
compared to the amount obtained in the Std medium (Holman-Sidak 

FIGURE 2

(A) Effects of pH on the production of Chlo-a of Aphanizomenon sp. ULC602. Data are presented as means ± SD (n  =  3). Statistical analysis was 
performed using the one-way ANOVA method (n  =  27, F  =  160.711, p  <  0.001). (B) Flow cytometry analysis of Aphanizomenon sp. ULC602 grown in 
media with various pH: pH 4.0: no data, pH 7.0 (green), pH 6.5 (grey), pH 6.0 (blue), pH 7.5 (black), pH 5.5 (pink), pH 5.0 (orange), pH 8.0 (yellow), and 
pH 9.0 (red).

TABLE 2 Effects of temperature and photoperiod on the production of Chlo-a of Aphanizomenon sp. ULC602.

Relative chlorophyll-a biomass (%)

Temperatures (°C) Photoperiod (light/dark)

4°C 12°C 18°C RT (23°C) 37°C 24 h/0 h 12 h/12 h 0 h/24 h

5.16 ± 0.13 43.97 ± 3.81 93.65 ± 2.39 100 25.65 ± 0.458 100 30.529 ± 1.16 7.89 ± 0.076

The data are presented as means ± SD (n = 3) (p < 0.05).
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test: t = 12.368, p < 0.05). When increasing the iron concentration to 
0.0227 mM in the M5 medium, cells produced a comparable amount 
of Chlo-a biomass to that obtained from the Std medium (Holman-
Sidak test: t = 1.415, p = 0.437). Similarly, the produced Chlo-a 
concentrations obtained from cells grown in the M7, M8, and M9 
media were comparable to the concentration obtained from the Std 
medium (Holman-Sidak: t = 0.388, 1.593, and 0.691, respectively; 
p = 0.703, 0.424, and 0.748, respectively). Flow cytometric analysis of 
these samples verified these results and is presented in Figure 4B with 

the Chlo-a intensity of the bacterium grown in the Std medium in 
green as the reference.

The effects of sulfur (S) deficiency were conducted by growing the 
bacterium in the M14 to M17 media with the concentration of S 
ranging from 0 to 0.15 mM. Figure 5 shows that at low concentrations 
of S in the M14 medium (0 mM), M15 medium (0.0015 mM), and 
M16 medium (0.015 mM) the bacterium produced less than 50% of 
the Chlo-a biomass compared to the Std medium containing 0.3 mM 
of MgSO4 (Holman-Sidak test: t = 16.891, 14.433, and 11.641, 

FIGURE 4

(A) Effects of iron sources on the production of Chlo-a of Aphanizomenon sp. ULC602. Data are presented as means ± SD (n  =  3). Statistical analysis 
was performed using one-way ANOVA (n  =  27, F  =  145.182, p  <  0.001). (B) Flow cytometry analysis of Aphanizomenon sp. ULC602 grown in iron-
containing media. Std medium, 50% BG110 (green); M2, modified medium without iron (no data); M3, modified medium without iron and chelating 
agent EDTA (no data); M4, 0.0057  mM ammonium iron (III) citrate (light blue); M5, 0.0227  mM ammonium iron (III) citrate (yellow); M6, ammonium iron 
(III) citrate was replaced by 0.0002  mM FeCl3 (orange); M7, the medium with 0.0002  mM FeCl3 (blue); M8, ammonium iron (III) citrate was replaced by 
0.0359  mM FeSO4 (purple); M9, the medium with 0.0359  mM FeSO4 (pink).

FIGURE 3

(A) Influence of carbon and nitrogen sources on the growth of Aphanizomenon sp. ULC602. Data are presented as means ± SD (n  =  3). (B) Flow 
cytometry analysis of Aphanizomenon sp. ULC602 grown in media containing nitrogen sources: standard medium (Std; in blue), M10 containing 
8.8241  mM NaNO3 (red), and M11 containing 1.5  mM urea (orange).
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respectively; p < 0.05). The Chlo-a biomass obtained in the M17 
medium, with 0.15 mM of the S source, was comparable with the 
amount produced in the Std medium (Holman-Sidak test: t = 0.361, 
p = 0.725). Furthermore, the bacterium could not produce Chlo-a in 
all media containing various forms and concentrations of phosphate 
(M20 to M23 media; illustrated in Supplementary Figure S1).

4 Discussion

In the present study, we  evaluated the influences of growing 
parameters and essential nutrient sources on the growth of a bloom-
forming filamentous cyanobacterium belonging to the Aphanizomenon 
genus, named Aphanizomenon sp. ULC602, which was recently 
isolated from a Belgian lake (Belgium, Europe) by BCCM. This strain 
was reported to contribute to the production of microcystin in Belgian 
waterbodies during summer (Van Hassel et al., 2022). The strain was 
cultivated and preserved at laboratory RT (23°C), which was reported 
as the normal temperature range in lakes and the favorable range for 
photosynthesis in most cyanobacteria, including Anabaena, 
Microcystis, and Synechoccocus (Konopka and Brock, 1978), as well as 
other studied strains of the Aphanizomenon genus (Cirés et al., 2013; 
Cirés and Ballot, 2016). The microscopic imaging indicated that the 
morphology of the studied bacterium was similar to that of other 
species in the Aphanizomenon genus with straight or bent shape, and 
trichomes were in a sub-symmetric structure consisting of cylindrical 
to barrel-shaped cells (Komárek and Komárková, 2006; Chorus and 
Welker, 2021). Spherical heterocysts were found intercalary between 
vegetative cells and sometimes at the terminal position (Komárek and 
Komárková, 2006). It was determined that the optimal photoperiod 
for the growth of cyanobacteria varies amongst each strain 
(Zevenboom and Mur, 1984; Jacob-Lopes et al., 2009; Polyzois et al., 
2020). The target bacterium, Aphanizomenon sp. ULC602, was shown 

to grow faster and produce higher amounts of Chlo-a under a 
photoperiod of 24 h/0 h (light/dark) compared to the other tested 
periods (12 h/12 h and 0 h/24 h). The limitation of lighting time led to 
restraint of the utilization of inorganic carbon sources, thus reducing 
the energy for respiratory metabolism in cyanobacteria, which was 
assumed as the reason for this result (Jacob-Lopes et al., 2009). It can 
also explain the decrease in the growth and Chlo-a production in the 
media containing less inorganic carbon (M12 and M13) in this study.

Unlike previously studied species in the same genus and nitrogen-
fixing species, which are grown in standard BG110 medium lacking a 
nitrogen source, Aphanizomenon sp. ULC602 was cultivated in a 
medium containing 50% dilution of the standard BG110 medium, 
indicating lower nutrient requirements for this strain compared to 
others. It was reported that the addition of N sources to the medium 
was demonstrated to improve the biomass of cyanobacteria (Cirés 
et al., 2017; Gour et al., 2018; Krausfeldt et al., 2019; Lu et al., 2019; 
Norena-Caro et  al., 2021). The nitrogen can be  supplied from 
atmospheric sources, from nitrates known as the popular form of 
dissolved inorganic nitrogen in aquatic systems, or from urea that is 
usually found in agro-industrial wastewaters (Glass et  al., 2009); 
however, the presence of nitrogen sources from sodium nitrate (M10 
medium) and urea (M11 medium) resulted in a decrease of the Chlo-a 
biomass produced by Aphanizomenon sp. ULC602 compared to the 
amount obtained in the Std medium, which was not observed for 
other cyanobacteria and Aphanizomenon strains in other studies. For 
instance, the growth of Aphanizomenon gracile was not influenced  
by various nitrate concentrations, while Aphanizomenon 
aphanizomenoides and Aphanizomenon issatchenkoi grew slowly in the 
condition of nitrate depletion (De Figueiredo et al., 2011). An increase 
in biomass of Anabaena sp. PCC7120 was seen in the presence of 
sodium nitrate and ammonium chloride in the media (Johnson et al., 
2017). Similarly, the growth rate of Anabaena sp. UTEX 2576 in the 
presence of sodium nitrate was shown to be higher than in media with 

FIGURE 5

(A) Influence of sulfur deficiency on Chlo-a production of Aphanizomenon sp. ULC602, illustrated by means ± SD (n  =  3). Statistical analysis was 
performed using one-way ANOVA (n  =  15, F  =  126.917, p  <  0.001). (B) Flow cytometry analysis of Aphanizomenon sp. ULC602 in media containing 
various concentrations of SO4

2−, Std medium (green); M14, containing 0  mM MgSO4 (no data); M15, containing 0.0015  mM MgSO4 (red); M16, 
containing 0.015  mM MgSO4 (blue); and M17, containing 0.15  mM MgSO4 (orange).
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urea or without a nitrogen source, and the Chlo-a accumulation of this 
bacterium in sodium nitrate medium was also 50% higher than the 
latter media (Norena-Caro et  al., 2021). By contrast, the growing 
inhibition of urea was observed with Anabaena spiroides, which is 
comparable with our target bacterium (Volk and Phinney, 1968). It is 
noted that the iron form used in the standard medium of 
Aphanizomenon sp. ULC602 is ammonium iron (III) citrate, which 
provides a small amount of nitrogen for the bacterium, creating a high 
C:N ratio in the formula of the medium. Supplementation of nitrogen 
in other forms led to a significant reduction of the C:N ratio in 
modified media. This could be the reason for the inhibition of the 
Chlo-a production of Aphanizomenon sp. ULC602.

Iron is an essential element for bacterial growth due to its role in 
the synthesis of DNA and sulfur proteins, such as nitrogenase, an 
important enzyme in nitrogen fixation (Walve and Larsson, 2007; 
Norena-Caro et al., 2021; Qiu et al., 2022). It was reported to be a 
limiting factor employed by photosynthetic organisms for their 
growth and metabolism (Keren et al., 2004; Qiu et al., 2022). Iron 
usually remains in aquatic systems in various forms including soluble 
inorganic and organic complexes (Qiu et al., 2022). It is demonstrated 
that iron stimulates not only nitrogenase activity but also the growth 
rate in cyanobacteria (Kumawat et al., 2006; Larson et al., 2018; Aslam 
et al., 2021; Norena-Caro et al., 2021). The supplementation of iron to 
the medium resulted in a remarkable rise in the numbers of trichomes 
and Chlo-a biomass since iron indirectly impacts chlorophyll synthesis 
by its precursor δ-aminolevulinic acid (ALA) (Kumawat et al., 2006; 
Wang et al., 2010). This could be the reason for the increase in the 
Chlo-a biomass produced by Aphanizomenon sp. ULC602 with the 
increase of the ferric (Fe3+) concentration in the medium (from 0 mM 
to 0.227 mM) under both studied forms (ammonium ferric citrate and 
ferric chloride); however, the amount of Chlo-a was saturated when 
the iron concentration was above 0.115 mM under different forms, 
including ferric or ferrous (FeSO4) forms. A similar observation of the 
Chlo-a saturation by iron concentration was noted in previous studies 
(Volk and Phinney, 1968; Wang et al., 2010). The Chlo-a biomass 
obtained from Microcystis aeruginosa reached the maximum level at 
the concentration of ammonium ferric citrate of 12.3 μmol Fe.L−1 
(Wang et  al., 2010). Notably, in the absence of a chelating agent 
(EDTA), or both EDTA and iron, the target bacterium cannot grow 
well. EDTA is a well-known chelating agent that plays a role in 
retaining the stability and bioavailability of iron in the medium due to 
its high affinity with iron, thus avoiding the precipitation of iron when 
it comes in contact with other elements (Martell et al., 1996; Oviedo 
and Rodríguez, 2003). Therefore, it can become evident that low 
Chlo-a synthesis of the target bacterium can be  achieved when 
removing the chelating agent from its growing medium. The results 
also suggested that S deficiency caused the decrease in the bacterial 
growth and concentration of Chlo-a generated by Aphanizomen sp. 
ULC602, which was mentioned in other investigations with Anabaena 
species (Volk and Phinney, 1968; Kharwar and Mishra, 2020). The 
same trend was observed with the limitation of iron concentration 
since there was no significant effect on the bacterial growth and 
Chlo-a biomass with a concentration of MgSO4 higher than 
0.15 mM. This result was similar to the S requirement of Anabaeba 
spiroides (Volk and Phinney, 1968). A study for the impact of long-
term sulfur deficiency in Anabaena sp. PCC7120 suggested that S 
limitation causing the disruption of photosynthesis could be  the 
reason for the reduction in biomass (Kharwar and Mishra, 2020). 
Interestingly, Aphanizomenon sp. ULC602 can grow slowly in the 

medium without phosphorous (P) source (M18 medium) but cannot 
grow well when increasing the concentration of P using potassium 
dihydrogen phosphate in the medium or replacing it with a low 
concentration of sodium dihydrogen phosphate (M19 to M21 media). 
Even though P is one of the major nutrient sources for the growth of 
cyanobacteria, the requirements for this source can be dependent on 
each species (Chen et al., 2020; Vuorio et al., 2020). Vuorio et al. 
(2020) evaluated phosphorus thresholds for several blooming 
cyanobacteria, in which the Aphanizomenon genus possesses the 
lowest threshold of 19 μg/L of total P.

5 Conclusion

Overall, the present work presents the growth and Chlo-a 
production of the freshwater cyanobacterium Aphanizomenon sp. 
ULC602 in different growing and nutrient conditions in modified 
media. Since the Aphanizomenon genus is one of the well-known 
producers of toxic bloom in water, this strain could be a candidate 
for the expansion of cyanotoxins in European freshwater lakes. 
Therefore, our investigation could contribute useful information to 
further studies for understanding its differential responses of 
growth to abiotic factors, thus controlling the explosion of this 
bacterium. This information could also be utilized to develop a 
nutrient-based biosensor for the detection of Aphanizomenon 
species in freshwater.
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UV radiation and temperature 
increase alter the PSII function 
and defense mechanisms in a 
bloom-forming cyanobacterium 
Microcystis aeruginosa
Fang Yan 1,2†, Mingze Li 1,2†, Shasha Zang 1,2, Zhiguang Xu 1,2, 
Menglin Bao 1,2 and Hongyan Wu 1,2*
1 School of Life Science, Ludong University, Yantai, China, 2 Key Laboratory of Marine Biotechnology in 
Universities of Shandong, Ludong University, Yantai, China

The aim was to determine the response of a bloom-forming Microcystis 
aeruginosa to climatic changes. Cultures of M. aeruginosa FACHB 905 were grown 
at two temperatures (25°C, 30°C) and exposed to high photosynthetically active 
radiation (PAR: 400–700  nm) alone or combined with UVR (PAR  +  UVR: 295–
700  nm) for specified times. It was found that increased temperature enhanced 
M. aeruginosa sensitivity to both PAR and PAR  +  UVR as shown by reduced 
PSII quantum yields (Fv/Fm) in comparison with that at growth temperature 
(25°C), the presence of UVR significantly exacerbated the photoinhibition. M. 
aeruginosa cells grown at high temperature exhibited lower PSII repair rate 
(Krec) and sustained nonphotochemical quenching (NPQs) induction during 
the radiation exposure, particularly for PAR  +  UVR. Although high temperature 
alone or worked with UVR induced higher SOD and CAT activity and promoted 
the removal rate of PsbA, it seemed not enough to prevent the damage effect 
from them showing by the increased value of photoinactivation rate constant 
(Kpi). In addition, the energetic cost of microcystin synthesis at high temperature 
probably led to reduced materials and energy available for PsbA turnover, thus 
may partly account for the lower Krec and the declination of photosynthetic 
activity in cells following PAR and PAR  +  UVR exposure. Our findings suggest 
that increased temperature modulates the sensitivity of M. aeruginosa to UVR by 
affecting the PSII repair and defense capacity, thus influencing competitiveness 
and abundance in the future water environment.

KEYWORDS

Microcystis aeruginosa, UV radiation, temperature, photosynthesis, cyanobacteria

1 Introduction

With the process of modern industrialization, nitrogen and other elements such as 
phosphorus and potassium are increasingly enriched in oceans, lakes and rivers. This 
enrichment leads to large-scale reproduction of certain species of cyanobacteria in water 
bodies, resulting in blooms that threaten the quality and sustainability of aquatic ecosystems 
(He et al., 2016; Zhou et al., 2023). Meanwhile, as a result of the increase in CO2 concentration 
and the depletion of the ozone layer, there has been a gradual rise in both air temperature and 
ground-level UV radiation, especially UV-B (280–315 nm) (Häder and Barnes, 2019; 
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Williamson et al., 2019). It shows that the global surface temperature 
increased by 1.1°C in 2011–2020 compared to 1850–1900 with the 
increasing emissions of greenhouse gas (IPCC, 2023). Increasing 
temperature may stimulate the development of cyanobacterial blooms 
by prolonging the growing season, increasing stability of water column 
and enhancing the growth rates (Visser et al., 2016; Wang et al., 2020; 
Ma and Wang, 2021). UV radiation usually has negative effects on 
photosynthesis and growth of cyanobacteria (Rastogi et  al., 2014; 
El-Sheekh et al., 2021). Freshwater ecosystems, particularly in low and 
mid latitudes, are more likely to be influenced by alterations in UV 
radiation, as global warming and release of trace gases may reduce the 
barrier properties of the ozone layer (Williamson et al., 2019). Thus, 
the combined influence of UV radiation and temperature on algae, 
particularly cyanobacteria that form blooms on water surfaces, is of 
significant interest.

Microcystis aeruginosa is a bloom-forming cyanobacterium 
found throughout the world (Huo et al., 2021; Zhang et al., 2023), 
with several strains producing toxins known as microcystins (MCs) 
that can lead to poisoning of both humans and livestock. 
M. aeruginosa grows optimally at temperatures between 20 and 25°C 
(Tan, 2011; Yang et al., 2020; Ji et al., 2021; Guo et al., 2023) and 
changes in temperature can affect growth and photosynthesis either 
positively or negatively (Ma et al., 2015; Islam and Beardall, 2020; 
Zheng et al., 2020; Guo et al., 2023). For example, Zheng et al. found 
that high temperature at 30 and 35°C in contrast to at 25°C reduced 
the photosynthetic pigment content and PSII efficiency by increasing 
reactive oxygen species (ROS) level, thus resulted in growth 
inhibition in M. aeruginosa FACHB 912 (Zheng et al., 2020), similar 
low growth rate at 30°C was also shown in M. aeruginosa CS558 
(Islam and Beardall, 2020), in contrast, rapid cell density 
accumulation from 26°C to 35°C was reported in M. aeruginosa 
FACHB 1343 (Guo et al., 2023), and temperature ≥ 25°C promoted 
the growth of both strains of M. aeruginosa FACHB905 and 419 (Ma 
et  al., 2015). As for UV radiation, its negative influences on 
M. aeruginosa has been demonstrated by numerous studies. UV 
radiation inhibits the photosynthetic activity (Jiang and Qiu, 2011; 
Yang et al., 2015), regulates the microcystin synthesis (Ding et al., 
2013) and decreases the pigments content, growth rate and 
abundance of M. aeruginosa (Yang et al., 2014; Hernando et al., 2018; 
De la Rosa et al., 2021).

There have been several recent studies on interactions between 
these factors. For example, it is reported that UV-B radiation and high 
temperature led to lower growth rate and photosynthetic pigments 
content in M. aeruginosa, while the activities of antioxidative enzymes 
were enhanced and production of photoprotective mycosporine-like 
amino acids (MAAs) was induced (Babele et  al., 2017; Cordeiro-
Araύjo et al., 2022); in addition, polyunsaturated fatty acids (PUFAs) 
(especially ω6) are involved in adaptations to increased temperature 
and UVR stress (De la Rosa et  al., 2021). In contrast, raised 
temperatures have also been reported to counteract the negative 
influence of UV radiation on growth and photosynthesis in 
M. aeruginosa (Islam and Beardall, 2020; Noyma et  al., 2021). 
Although these results are varied depending on the strain selection or 
the UV radiation treatments design, the mechanisms responsible for 
these changes in sensitivity to UV radiation with temperature 
elevation are not known.

Here, the photosynthetic performance of M. aeruginosa under 
varying temperature and photosynthetically active radiation (PAR) 

and PAR + UVR conditions were investigated, together with the 
turnover of PsbA subunits, antioxidant functions, dissipation of excess 
energy dissipation, and MCs production. The objective was to 
determine the effects of temperature increases on the UVR sensitivity 
of M. aeruginosa, with specific reference to PSII repair and the 
defense response.

2 Materials and methods

2.1 Culture conditions

The toxic FACHB 905 strain of the unicellular cyanobacterium 
M. aeruginosa was obtained from the Institute of Hydrobiology, 
Chinese Academy of Sciences, and grown in BG-11 medium at 
25°C with a 40 μmol m−2  s−1 (8.2 Wm−2) PAR in a photoperiod 
12 L:12D in a temperature- and light-controlled incubator (GXZ-
280B, Ningbo Jiangnan Instrument, China). According to the 
summer high temperature at Lake Taihu, China surface water (more 
than 30°C) (Jiang et  al., 2009; Zheng et  al., 2020), the culture 
temperature was set at 25°C for control temperature and 30°C for 
higher temperature group. The organisms were, respectively, 
pre-adapted for 7 days at two temperature conditions prior to the 
radiation treatments. Cultures in the exponential growth phase 
were used for all experiments.

2.2 Radiation treatments

Exponentially growing M. aeruginosa cultures were placed in 
UV-transparent quartz tubes (inside diameter, 6.4 cm; length, 20 cm) 
with a concentration of about 5× 106 cells mL−1 and growth in a 
temperature-controlled (25 ± 1°C or 30 ± 1°C) flow-through water 
baths. To assess PSII damage, an inhibitor of chloroplast protein 
synthesis, lincomycin, was introduced into one of the tubes, with a 
final concentration of 500 μg mL−1. The cultures were grown under 
aeration (0.3 L min−1) with simultaneous exposure to two irradiation 
treatments, namely, (1) PAR (400–700 nm), with covering of the 
quartz tubes by Ultraphan film 395 (UV Opak, Digefra, Munich, 
Germany) and (2) PAR + UVR (295–700 nm), with covering of the 
tubes by Ultraphan film 295. Radiation was generated by a solar 
simulator (Sol 1,200, Dr. Hönle GmbH, Germany) with a 1,000-W 
xenon arc lamp, and irradiance levels were monitored using a 
radiometer (PMA 2100, Solar light, USA), using 40.8 Wm−2 PAR 
(200 μmol m−2 s−1) and 5.0 Wm−2 UVR, as described (Xu et al., 2019). 
Cultures were exposed to PAR or PAR + UVR for 90 min and then 
shifted to growth light of 40 μmol m−2 s−1 of PAR for 1 h recovery. The 
cultures were sampled at intervals of 30 min to analyze antioxidant 
functions, chlorophyll fluorescence, and protein levels using 
western blotting.

2.3 Measurement of chlorophyll 
fluorescence

A pulse amplitude-modulated fluorometer (WATER-ED PAM, 
Walz, Germany) was used for measuring chlorophyll fluorescence. 
The PSII photochemical efficiency (Fv/Fm) was determined using the 
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minimal (F0) and maximal (Fm) fluorescence yields of cells that had 
been adapted to the dark for 10 min, using the formula Fv = (Fm–F0). 
For determination of F0 and Fm, low irradiance with 0.5-s pulses of 
saturating light at <0.1 μmol m−2  s−1 and 4,000 μmol m−2  s−1, 
respectively, were used. A sustained NPQ phase, indicating the 
inducible increased relaxation time as a fraction of NPQ, persisted 
following the 10-min period in the dark (Wu et al., 2012). This was 
defined as NPQs = (Fmt0–Fm)/Fm, where Fmt0 indicates the Fm value of 
samples at time zero prior to radiation exposure, with Fm determined 
at each specific time point.

Rate constants for photoinactivation (Kpi, s−1) and PSII repair 
(Krec, s−1) were obtained by fitting a single-phase exponential 
decay curve to the Fv/Fm versus cumulative photon plot generated 
during radiation exposure processing of lincomycin-treated 
samples. Krec was determined from non-lincomycin treated 
samples using the Kok equation (Kok, 1956; Campbell and 
Tyystjärvi, 2012).

 

Y
Y

K
K K

K
K K

et rec

pi rec

pi

pi rec

K K tpi rec

0
=

+
+

+
− +( )

Where Yt and Y0 represent the maximal quantum yields at time t 
and time zero (in seconds), respectively.

2.4 Immunoblotting for PsbA protein

Samples (20 mL) were vacuum-filtered onto glass-fiber filters 
(GF/F, diameter, 25 mm; Whatman), frozen in liquid nitrogen, and 
kept at −80°C before analysis. The total protein was quantified by the 
Lowry method using a kit (Bio-Rad) before probing for PsbA. Samples 
of total protein (1 μg) were separated on 6–12% SDS-PAGE gels 
(60 min, 200 V) before transfer to PVDF membranes which were 
probed with a primary antibody recognizing the C-terminal region of 
PsbA (Agrisera, 1:50,000) (Xu et al., 2019) and an HRP-coupled anti-
rabbit secondary antibody. Tanno Gis Analyzer software (Tanno 5,200, 
China) was used for scanning and analysis of the blots. The removal 
rate of PsbA (KPsbA, s−1) was determined as described (Gao et  al., 
2018a,b).

2.5 Determination of catalase (CAT) and 
superoxide dismutase (SOD) activities

Twenty milliliters of sample were collected onto a polycarbonate 
membrane (0.22 μm, Whatman) and rinsed with phosphate buffer 
(pH 7.6). Proteins were extracted in 600 μL of the same buffer 
containing 1 mM EDTA, 50 mM KH2PO4, and 1% (w/v) 
polyvinylpolypyrrolidone followed by centrifugation (12,000 × g, 
10 min, 4°C). CAT activity was determined using a kit (Nanjing 
Jiancheng Biological Engineering Company, China) by examining 
the initial disappearance rate of hydrogen peroxide (H2O2) at 
240 nm (Li et al., 2015). SOD was also measured using a kit (Nanjing 
Jiancheng Biological Engineering Company, China) with the 
enzyme concentration causing 50% dismutation of the superoxide 
radical corresponding to one unit (De la Rosa et al., 2021).

2.6 Microcystins (MCs) measurement

The samples were collected and centrifuged (10,000 × g, 10 min, 
4°C). The pellets were resuspended in PBS and subjected to freezing 
and thawing (liquid nitrogen and 4°C, respectively) to induce cell 
breakage. After re-centrifugation (10,000 × g, 10 min, 4°C), the 
supernatants were diluted with Milli-Q water and the MCs contents 
measured by ELISA with a QuantiPlate™ Kit for Microcystin 
(EnviroLogix, USA), following the provided directions, reading 
absorbances at 450 nm with a multimode reader (BioTek, USA). The 
validation of ELISA has been demonstrated to exhibit a high 
correlation of over 99% with high-performance liquid 
chromatography, as evidenced by Sheng et al. (2007).

2.7 Statistical analysis

SPSS v. 22.0 was used for data analysis. The effects of light 
exposure times on Fv/Fm, NPQs, PsbA and CAT and SOD activities 
were evaluated by ANOVAs (RM-ANOVAs), while the effects of 
temperature, UVR, and lincomycin were examined using multivariate 
analysis of variance (MANOVA), followed by Tukey’s HSD tests. 
Two-way ANOVAs were used for assessing the influence of 
temperature and UVR on KPsbA, Kpi and Krec, while one-way ANOVAs 
were used to assessing MCs differences. p  < 0.05 was considered 
statistically significant.

3 Results

When M. aeruginosa cells cultured at different temperature 
were treated with PAR and PAR + UVR, the PSII photochemical 
yield (Fv/Fm) decreased in correspondence with the duration of 
exposure (p < 0.05) (Figure 1). After 90 min, the Fv/Fm of the cells 
growing at 25°C decreased to about 90.5 and 73.6% of the initial 
values for the PAR and PAR + UVR treatments, respectively 
(Figure 1A), while at 30°C, the reduction in the Fv/Fm value was 
larger, being 80.0% for PAR and 52.0% for PAR + UVR (Figure 1B). 
Cells exposed to lincomycin showed more marked decreases in Fv/
Fm over the 90-min period at both temperatures (p <  0.05), 
especially in the case of UVR treatment where Fv/Fm was reduced to 
26.3% at 25°C and 16.0% at 30°C of the initial values. Following 
transfer to low-light conditions for recovery, the Fv/Fm returned to 
88.2–94.9% of the time-0 value at both temperatures when 
lincomycin was absent (p <  0.05). After UVR treatment, cells 
recovered more slowly, with values of 86.3% at 25°C and 71.7% at 
30°C. The cells treated with lincomycin, however, did not recover 
(Figure 1).

The rate constants for PSII repair (Krec, s−1) and photoinactivation 
(Kpi, s−1) are shown in Table  1. The rise of temperature provoked 
higher Kpi, while exposure to UVR resulted in a marked increase in Kpi 
to approximately five times than that of PAR (p < 0.05). Interactions 
between temperature and UVR were more obvious in the case of Krec 
(p < 0.05), where higher values resulted from UVR treatment relative 
to those of PAR at 25°C, while only temperature or temperature 
combined with UVR significantly lowed the Krec at 30°C compared 
with that at 25°C (p < 0.05).
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Growth of cultures with PAR and PAR + UVR led to marked 
reductions in the PsbA levels as the treatment duration increased 
(p < 0.05) (Figure 2). After 90 min of radiation treatment, both the 
UVR (p < 0.05) and the temperature (p < 0.05) markedly altered the 
PsbA content, but there was no interaction between them (p = 0.666) 
(Figure 2). PsbA content decreased to 71.9 and 65.9% of the initial 
values after 90 min of PAR or PAR+ UVR treatment at 25°C 
respectively, while 57.4 and 55.4% at 30°C (p < 0.05). After culture 
with lincomycin, cells contained markedly lower concentrations of 
PsbA irrespective of temperature or UVR changes (p <  0.05) 
(Figure 2). However, after the restoration under growth light, the PsbA 
content rose to about 85% at 25°C and 76% at 30°C compared with 
the initial for both radiation treatments, while cells treated with 
lincomycin did not recover.

UVR significantly increased the rate of PsbA removal (KPsbA, s−1) 
in M. aeruginosa FACHB 905 (p <  0.05) at both temperatures 
(Figure 3), the rise of temperature alone or in combination with UVR 
further promoted the removal rate (p < 0.05).

NPQs was induced sharply during the radiation exposure with 
PAR + UVR at 25°C (p < 0.05), while only a slight increase showed 
under PAR exposure (Figure 4A) The rise of temperature to 30°C 
decreased the induction of NPQs under both PAR and PAR + UVR 
exposure with no significant difference between them (Figure  4B 
p >  0.05). After recovery, the NPQs relaxed irrespective of the 
radiation treatments.

Cells grown at 30°C had higher activities of both CAT and SOD 
before the radiation treatment than those at 25°C (Figure 5, p < 0.05). 
Both activities remained stable during exposure to PAR except the 
CAT activity in cells exposed to PAR at 30°C, which decreased to 73% 
of the initial value at time 0 (p <  0.05). In contrast, PAR + UVR 

exposure markedly elevated both SOD (p < 0.05) and CAT (p < 0.05) 
activities at both temperatures.

MCs content increased obviously after the exposure of PAR and 
PAR + UVR at 25°C (Figure 6); the difference between the two was 
non-significant (p > 0.05). Cells grown at 30°C showed higher MCs 
content than those at 25°C regardless of the radiation treatments. It 
showed that increased temperature exhibited the main effect on MCs 
production (p < 0.05).

4 Discussion

This study showed that M. aeruginosa FACHB 905 was more 
resistant to both PAR and PAR + UVR exposure at growth 
temperature (25°C) as indicated by the less inhibition on PSII 
quantum yield (Fv/Fm) in comparison with that at increased 
temperature of 30°C, as expected, the presence of UVR significantly 
exacerbated the photoinhibition, and the increased temperature 
worked synergistically with UVR leading to a further inhibition on 
Fv/Fm. To explore the underlying mechanism, we  evaluated the 
alterations in PsbA content to evaluate the turnover of subunits and 
recovery of PSII function. The function of PSII often drops more 
rapidly than the content of PsbA, suggesting that the photoinactivated 
but intact PbsA may accumulate (Wu et al., 2011). However, here, it 
was found that the reductions in PSII activity coincided 
approximately with decreases in the PsbA levels for the samples 
exposed to PAR + UVR at high temperature, and in other treatments 
PSII function dropped slower than PsbA content. The different 
correspondences between PsbA levels and PSII function in 
M. aeruginosa FACHB 905 suggest the possibility of a regulatory 

FIGURE 1

The maximum photochemical yield (Fv/Fm) changes in Microcystis aeruginosa FACHB 905 treated without or with lincomycin (+Lin). Cultures grown at 
25°C (A) or 30°C (B) were exposed to PAR (40.8 Wm−2) and PAR  +  UVR (40.8 Wm−2  +  5.0 Wm−2) for 90  min, and then shifted to PAR (8.2 Wm−2) for 
60  min. The dotted line indicates the division between light exposure and recovery period. Data are the means ± SE (n  =  4), most error bars within 
symbols.

TABLE 1 The rate constant for PSII repair (Krec, s−1) and photoinactivation (Kpi, s−1) and the ratio of Krec to Kpi for various treatments.

Temperature Radiation treatments Krec SE Kpi SE Krec/Kpi

25°C PAR 0.000371c 0.000025 0.000042a 0.000003 8.83

PAR + UVR 0.000670d 0.000057 0.000220b 0.000006 3.05

30°C PAR 0.000235a 0.000027 0.000066c 0.000002 3.64

PAR + UVR 0.000309b 0.000037 0.000282d 0.000010 1.10

Data are the means ± SE of four replication. Superscripts with different letters represent significant differences (p < 0.05) among treatments.
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adaptation (Edelman and Mattoo, 2008; Wu et al., 2011), in which 
radiation treatment triggers increased PsbA clearance from 
accumulated intact but photoinactivated PSII pools in the presence 
of low growth light (Gao et al., 2018a,b). This removal of PsbA from 
photoinactivated PSII centers was increased after exposure to UVR 
and elevated temperature (Figure 3), suggesting a possible protective 
mechanism against these forms of stress (Xu et al., 2023), as rapid 
clearance of defective PsbA may lead to the incorporation of fresh 
PsbA proteins, as has been reported in several diatoms (Zang et al., 
2022; Xu et  al., 2023). However, different from diatoms, 
cyanobacteria possess a small gene family coding for the various, 
functionally distinct PsbA isoforms (Mulo et al., 2012). For example, 
in Synechococcus PCC7942, under environmental stresses, including 
reduced temperature, increased light or UV-B, the expression of 
psbA shifts to the replacement of the PsbA:1isoform (encoded by 
psbA1) with PsbA:2 (encoded by psbA2 and psbA3) (Kós et  al., 
2008). When PSII centers contains PsbA:2, cells showed increased 
resistance against UV radiation (Campbell et al., 1998). This could 
partly contribute to the relatively higher Krec values in the presence 
of UVR, particularly for cells grown at 25°C. In contrast, the PsbA 
protein isoform exchange might not occur at high temperature in 
M. aeruginosa, as found in the cyanobacterium Thermosynechococcus 

elongates BP-1 and Synechococcus sp. PCC 7942 (Campbell et al., 
1996; Kós et al., 2008), thus we assumed that the antagonistic effect 
between high temperature and radiation treatments on the 
regulation of PsbA protein isoform exchange might somehow 
account for the lower Krec value at 30°C. However, the turnover of 
PsbA isoforms in this study regardless of the treatment conditions 
was insufficient to compensate for the progressively declination of 
PSII function as shown in Figure 1.

Both temperature and UVR stress can lead to increased 
production of ROS, potentially generating oxidative stress. The 
antioxidant enzyme SOD responds rapidly by catalyzing the 
conversion of superoxide radicals into H2O2 that is then converted to 
H2O by CAT (Rastogi et al., 2014; Cho et al., 2021). In this study, cells 
grown at elevated temperature showed higher SOD and CAT activity 
than that at 25°C, and the subsequent exposure with UVR further 
stimulated the activity of both antioxidases, indicating their 
protective role in mitigating harmful effects of oxidative stress caused 
by UVR. Both UVR and increases in temperature are known to 
induce increased production of these enzymes in Anabaena sp. and 
M. aeruginosa CAAT 2005–3 (Singh et al., 2013; De la Rosa et al., 
2021). However, the response in M. aeruginosa did not appear to 
be  sufficient to counteract ROS entirely as there was still 
photosynthetic activity along with reduced PsbA. On the other hand, 
elevated temperature and UVR may increase the membrane 
peroxidation by triggering the up-regulation of ROS and 
destabilization of membranes (Mittler et al., 2012), thus probably 
affecting the formation of NPQ, since cyanobacteria possess a 
medium NPQ quenching component, i.e., state transition process 
(qT), associated with thylakoid membrane fluidity (Wang et  al., 
2012). It has been found that M. aeruginosa strains may have a fast 
NPQ component, resulting from high-light conditions, derived from 
conformational alterations in photosynthetic pigment proteins in the 
thylakoid membrane (PPPTM) (Wang et al., 2012). Thus, it is possible 
that UVR may alter the conformations of PPPTMs, inducing NPQ at 
normal growth temperatures (Xu et al., 2019), while less NPQ was 
formed due to the elevated temperature and together with the 
outweighted UVR damage effects.

MCs have been reported to act as protein-modulating 
metabolites and protectants, thus increasing the fitness of MCs 
producers under stress conditions (Zilliges et al., 2011). In this study, 

FIGURE 2

PsbA content changes in M. aeruginosa FACHB 905 treated without or with lincomycin (+Lin). Cultures grown at 25°C (A) or 30°C (B) were exposed to 
PAR (40.8 Wm−2) and PAR  +  UVR (40.8 Wm−2  +  5.0 Wm−2) for 90  min, and then shifted to PAR (8.2 Wm−2) for 60  min. The dotted line indicates the 
division between light exposure and recovery period. Data are the means ± SE (n  =  4).

FIGURE 3

PsbA protein removal rate constant (KPsbA, s−1) in M. aeruginosa 
FACHB 905 grown at 25°C or 30°C. Data are the means ± SE (n  =  4). 
Different letters above error bars indicate significant differences 
(Tukey HSD) (p  <  0.05) among treatments.
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both PAR and PAR + UVR treatment markedly increased MCs 
synthesis at growth temperature of 25°C, indicating their protective 
role against oxidative stress. In addition, elevated temperature 
provoked further production of MCs, this result aligns with the 
previous research that the rise of culture temperature from 20°C to 
30°C induced a marked elevation in the expression of one of the 

MCs genes, mcyB (Scherer et al., 2017). However, MCs production 
may be  energetically costly (Kardinaal et  al., 2007a,b; Lei et  al., 
2015), reducing the availability of resources for other functions, for 
example, PsbA synthesis (Xu et al., 2019), thus probably causing the 
lower Krec at high temperature.

5 Conclusion

In this study, changes in physiological parameters features and 
PSII repair in M. aeruginosa grown at higher temperatures with UV 
radiation were investigated. Increased temperature was observed to 
enhance the sensitivity of M. aeruginosa to UV radiation mainly 
through reducing the PSII repair rate and depressing the NPQs 
induction. Although elevated temperature itself or in combination 
with UV radiation induced higher SOD and CAT activity and 
promoted the removal rate of PsbA, these did not appear sufficient to 
counter their negative effects. In addition, high temperature may favor 
the preferential synthesis of MCs, or this energetically costly process 
might lead to the less energy and materials allocated to the synthesis 

FIGURE 4

The sustained NPQ (NPQs) changes in M. aeruginosa FACHB 905 grown at 25°C (A) or 30°C (B). Cultures were exposed to PAR (40.8 Wm−2) and 
PAR  +  UVR (40.8 Wm−2  +  5.0 Wm−2) for 90  min, and then shifted to PAR (8.2 Wm−2) for 60  min. The dotted line indicates the division between light 
exposure and recovery period. Data are the means ± SE (n  =  4).

FIGURE 5

SOD (A) and CAT (B) activity changes in M. aeruginosa FACHB 905 
grown at 25°C or 30°C. Cultures were exposed to PAR (40.8 Wm−2) 
and PAR  +  UVR (40.8 Wm−2  +  5.0 Wm−2) for 90  min, and then shifted 
to PAR (8.2 Wm−2) for 60  min. The dotted line indicates the division 
between light exposure and recovery period. Data are the means ± 
SE (n  =  4).

FIGURE 6

Changes of the microcystin content in M. aeruginosa FACHB 905 
grown at 25°C or 30°C before (T0) and after 90  min-exposure with 
PAR (40.8 Wm−2) and PAR  +  UVR (40.8 Wm−2  +  5.0 Wm−2). Data are 
the means ± SE (n  =  4).
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of PsbA, which partly accounting for the lower Krec and the declination 
of photosynthetic activity of cells exposed to PAR and 
PAR + UVR. These findings suggest that high temperature reduced the 
adaptability of M. aeruginosa to UVR stress, which would affect its 
competitiveness and abundance in water environments of the future.
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spatiotemporal variability in the 
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This study investigated the spatiotemporal distribution of the phytoplankton in 
the coral habitat of Dongshan Bay (China), along with critical factors affecting 
the distribution, during June, August, and December 2022. Phytoplankton 
abundance in Dongshan Bay exhibited considerably temporal variation, peaking 
in June 2022, gradually decreasing thereafter, and reaching its lowest point in 
December 2022. The abundance of bottom-layer phytoplankton consistently 
exceeded that of the surface layer throughout all seasons. The average 
phytoplankton abundance in the coral habitat of Dongshan Bay was lower than 
that in non-coral habitat areas. Fluctuations in the Zhangjiang River and coastal 
upwelling influenced the diversity and community structure of the phytoplankton. 
Critical factors causing spatiotemporal variability in phytoplankton community 
structure included nutrient concentrations and seawater temperature. Nutrients 
played key roles in influencing various phytoplankton groups. Dominant diatom 
species, such as Thalassionema nitzschioides and Thalassiosira diporocyclus, 
were positively correlated with ammonia nitrogen, seawater salinity, coral cover, 
and the number of coral species present. In winter, Calanus sinicus exhibited a 
negative correlation with harmful algal bloom species. Additionally, it was found 
that both in the coral habitat and surrounding open sea, currents, nutrients, and 
zooplankton may play crucial roles in determining the spatiotemporal variability 
in the phytoplankton community structure.

KEYWORDS

phytoplankton, community structure, spatiotemporal variability, coral habitat, 
current, nutrient

1 Introduction

Phytoplankton, as a main food source for marine zooplankton, plays an important role in 
the energy flow and nutrient cycling of marine ecosystem. Variability in phytoplankton 
community structure can have negative ecological impacts on marine ecosystems (See et al., 
2005), such as leading to harmful algal blooms (Paerl, 1988), which provide a sensitive early 
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warning for climate-driven perturbations in marine ecosystems 
(Hallegraeff, 2010), and affecting the quality of food sources for 
outbreaking marine larval organisms such as the Crown-of-Thorns 
Starfish (Peng C. et al., 2023).

Coral reefs, among the most diverse ecosystems on Earth (Zhao 
et al., 2006; Galand et al., 2023), can utilize heterotrophic food sources 
and photosynthate transferred from their symbiotic dinoflagellate 
(Zheng et  al., 2021). On crossing the coral reefs, oceanic water 
becomes enriched with various detritus, including organic particles, 
aggregates, coral mucus and more, which in turn provides a substantial 
food source for other organisms (Sournia and Ricard, 1976). The 
sensitivity of phytoplankton to variations in water quality parameters 
enables them to indirectly serve as indicators of the health status of 
coral reefs (Limbu and Kyewalyanga, 2015).

Recently, there have been multiple studies on the phytoplankton 
community structure of coral reefs in various bays and oceans 
worldwide (Sournia and Ricard, 1976; Jales et al., 2022; Şahin et al., 
2022; Zhang J. et  al., 2022; Soondur et  al., 2023). Some research 
findings (Soondur et al., 2023) indicate that diatoms and dinoflagellates 
are more abundant in non-degraded coral reefs, whereas cyanobacteria 
exhibit higher densities in degraded coral reefs. Non-degraded coral 
reefs are more suitable for the growth and reproduction of 
phytoplankton compared to degraded coral reefs. The phytoplankton 
population in coral reef areas is rich in species, with diatoms 
constituting the main group, followed by highly diversified 
dinoflagellates. The abundance of phytoplankton tends to be  the 
highest nearshore (Sournia and Ricard, 1976; Şahin et  al., 2022). 
Phytoplankton composition in an atoll environment is primarily 
associated with nutrient salts (Jales et al., 2022). Shallow-water coral 
reefs will be affected more often by episodic smothering conditions 
caused by harmful algal blooms. For example, the green Noctiluca 
results in a reduction in the dissolved oxygen content in seawater, 
leading to coral mortality (Samiyappan et al., 2023).

Biogeochemistry plays a critical role in the evolution of coral reefs 
with notably impacts on the relationship between corals and 
phytoplankton (Zhang J. et al., 2022). For instance, regional variability 
of seawater pCO2 in Dongshan’s coral habitats depends on the organic 
carbon metabolism of marine phytoplankton, especially diatoms 
(Dong et al., 2023). The spatial variation in phytoplankton abundance 
among six coral atolls in the central South China Sea is significant 
across different regions of the atolls. The highest phytoplankton 
abundance observed in Huangyan Atoll indicates potential 
anthropogenic eutrophication (Ke et  al., 2018). The micro-
phytoplankton will serve as an indicator for the health status of the 
coral ecosystem from a biological perspective (Soondur et al., 2023). 
A ubiquitous high phytoplankton biomass in the waters near coral 
reefs is a steady source of organic nutrients to the coral reef ecosystems 
(Zhou et  al., 2023). The variability in structure and function of 
bacterioplankton communities between areas of oyster culture and 
coral reefs is mainly driven by salinity and ammonium (Tong et al., 
2021). The environmental parameters of Dongshan Bay vary in 
different seasons (Chen et al., 2023), but there is no available data to 
demonstrate how phytoplankton communities contribute to 
these varieties.

Current plays a significant role in the sea by transporting nutrient-
rich water toward the bay, leading to high phytoplankton abundance 
and primary productivity (Ma et al., 2021). Influenced by the current, 
environmental changes such as temperature variations, nutrient 

availability, and light often result in significant fluctuations in 
phytoplankton species, which in turn affect the community structure 
of phytoplankton. Several studies (Silva et al., 2009; Du and Peterson, 
2014) have shown that phytoplankton in coastal ecosystems undergoes 
seasonal or interannual changes in community structure influenced 
by current. Diatoms dominate during the upwelling season, and as the 
upwelling weakened, there was a transition from diatoms 
to dinoflagellates.

In this study, we investigated the spatiotemporal distribution of 
the phytoplankton community structure in the coral habitat of 
Dongshan Bay, China, in June, August, and December 2022. The aims 
of this study include, (1) to investigate the characteristics of 
phytoplankton community structure in coral habitat; (2) to better 
understand the relationship between the phytoplankton community 
structure in the coral habitat and abiotic and biological factors; (3) to 
explore the critical factors driving variability in the phytoplankton 
community structure in Dongshan Bay; (4) to determine whether the 
distribution of corals influences the community structure of 
phytoplankton. The results of the study provide essential information 
about the phytoplankton community structure in Dongshan Bay’s 
coral habitat, contributing to its conservation and management.

2 Materials and methods

2.1 Study areas

Dongshan Bay, is located on the western coast of the southern 
entrance to the Taiwan Strait. It extends irregularly into the mainland 
and has a plowshare-like shape, with the estuary of the Zhangjiang 
River at its bayhead (Figure  1). This narrow inlet bay has strong 
isolative characteristics. It is influenced by solar radiation, the Taiwan 
Strait, and a monsoonal circulation due to its location within a 
low-latitude belt (Wen, 2017). Within Dongshan Bay is the Dongshan 
Coral Provincial Nature Reserve, which is home to coral communities 
that represent the northernmost distribution of reef-building corals 
along the mainland coast of China. The reserve boasts a rich diversity 
of species. 12 stations in Dongshan Bay were investigated in June, 
August, and December 2022 (Figure 1).

2.2 Sampling and environmental factor 
analysis

Temperature (T), salinity (S), dissolved oxygen (DO) and pH of 
seawater were measured in situ using a YSI EXO2 multiparameter 
water quality sonde (YSI Inc., Ohio, United  States). For nutrient 
analysis, 0.5 L of seawater samples were filtered through pre-cleaned 
0.45 μm cellulose acetate membranes, which were then preserved at 
4°Cand immediately analyzed upon return to the laboratory. 
Concentrations of ammonium (NH4

+), nitrate (NO3
−), nitrite (NO2

−), 
phosphate (PO4

3−), and silicate (SiO3
2−) were determined using 

colorimetric methods as specified in the Oceanographic Survey-Part 
4: Survey of Chemical Parameters in Sea Water (General 
Administration of Quality Supervision, 2008).

To examine the phytoplankton community structure of the coral 
habitat in Dongshan Bay, we collected 500 mL water samples using 
Niskin bottles (0.50 L) from both the surface and bottom layers. As per 
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the Specifications for Oceanographic Survey-Part 6: Marine Biological 
Survey, it is recommended to collect surface and bottom water samples 
when the water depth exceeds 5 meters. However, when the water 
depth is less than 5 meters, collecting only surface water samples is 
sufficient (General Administration of Quality Supervision, 2008). 
Samples were preserved with 1% acetic Lugol’s iodine solution, 
concentrated to a final volume of 10 mL after sedimentation, and 
stored in the dark until they were counted. For permanent storage, 1–2 
drops of formaldehyde were added to each sample.

Zooplankton samples were collected by vertically towing a net 
with dimensions of 145 cm in length, 50 cm in dimeter, and a mesh 
size of 505 μm from near the bottom of the sea surface. After 
collection, all samples were preserved in a 5% formalin-seawater 
solution and subsequently analyzed in the laboratory.

The status of the coral community in 2022 was surveyed using the 
line intercept transect method (Zheng et  al., 2021). Videos were 
recorded slowly above a 50 m transect tape. Only live scleractinian 
corals within the belt transect and directly under the tape at 10 cm 
intervals were identified to the species level. The data and video 
images were used to determine the percent cover of different substrate 
types and various benthic communities, including scleractinian corals, 
soft corals, and macroalgae. Coral community surveys were conducted 
only in June and August, except for station HXC-06 which did not 
conduct a coral community survey in June.

2.3 Phytoplankton and zooplankton 
identification and counting

Every phytoplankton species was identified and counted with a 
phytoplankton enumeration chamber (0.1 mL, 20 × 20 mm) using an 
inverted microscope (Leica DMi8A, Germany) at 100–400× 

magnification. Initially unknown species were later identified using a 
FEI Quanta450 (United States) transmission electron microscope. To 
prepare for identification, diatom cells were cleaned using H2SO4 and 
rinsed with distilled water until neutral. The dinoflagellate cells were 
dehydrated using an ethanol series (10, 30, 50, 70, 90%), followed by 
three times in 100% ethanol, with each step lasting 10 min. Afterward, 
the cells were critically dried, coated with gold using a sputter-coater, 
and examined using a scanning electron microscope.

Zooplankton were identified and enumerated using a stereoscopic 
microscope (Leica M165 FC), with smaller diagnostic features being 
investigated using a Leica Inverted Microscope (Model DMi8A).

2.4 Statistical analysis

In this study, dominant species in phytoplankton community were 
defined as those with a species dominance greater than 0.02 (Xu and 
Chen, 1989). The Shannon-Wiener Index (H′), Pielou Evenness Index 
(J’), and Margalef Richness Index (d) were used the characterize the 
phytoplankton community structure; their calculation Eqs. 1–4 are 
as follows:

Shannon-Wiener Index (Shannon and Wiener, 1949)

 
′ =

=
∑H Pi Pi
i

s

1

2log

 
(1)

Pielou Evenness Index (Pielou, 1966)

 ′ ′=J H S/ log2  (2)

Margalef Richness Index (Margalef, 1958)

FIGURE 1

Geographic location of the investigated stations in Dongshan Bay, China (black sampling sites are not included in August; blue sampling sites are non-
coral habitat stations; red sampling sites are coral habitat stations). In the right figure, the solid black arrow indicates the Zhangjiang River Diluted Water 
(ZDW); the dotted black arrow indicates Zhe-Min Coastal Current (ZMCC).
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d S N= −( )1 / ln

 (3)

Species Dominance (Xu and Chen, 1989)

 Y = ×n N fi i/  (4)

S represents the sum of phytoplankton species observed in the 
community, N represents the total phytoplankton abundance of the 
community, ni represents the cell abundance of No. i species in the 
community, and fi represents the frequency of the No. i  species 
occurring at each station in the community.

The survey data were visualized using Ocean Data View (5.3.0) 
software to create a distribution map of phytoplankton abundance. 
Due to the limited number of stations with a water depth greater than 
5 meters, bottom water samples were collected. Consequently, the 
spatiotemporal distribution of phytoplankton abundance considers 
the average abundance of both the surface and bottom layers. To 
analyze the phytoplankton community structure, cluster analysis was 
performed using Primer 5.29 software. Additionally, the ‘circlize’ 
package in R (v4.3.1) was used to visualize the circos plot of 
spatiotemporal variability in the average abundance and species 
numbers of phytoplankton. The relationship between phytoplankton 
community structure and the major environmental factors (nutrients, 
corals, zooplankton) was analyzed using CANOCO software. 
Environmental factors were used as explanatory variables, and 
dominant species with a dominance level exceeding 0.02 in at least one 
sample were included in the analysis. Species data and environmental 
parameters were log10 (x + 1) transformed for subsequent analysis to 
achieve a normal distribution. Detrended correspondence analysis 
was used to determine the appropriate methods for the species data. 
Subsequently, ordination analysis was conducted, and ordination 
diagrams were generated to analyze the correlation between various 
species and environmental factors.

3 Results

3.1 Community composition and structure 
of phytoplankton

During the study period, a total of 135 phytoplankton species 
were identified in Dongshan Bay, belonging to 7 phyla and 63 genera. 
The phytoplankton community was composed of 101 species of 
Bacillariophyta (74.81%), 22 species of Pyrrophyta (16.30%), five 
species of Chlorophyta (3.70%), three species of Chrysophyta (2.22%), 
two species of Cyanophyta (1.48%), one species of Prymnesiophyta 
(0.74%), and one species of Euglenophyta (0.74%). In June 
(Figure 2A), the dominant phylum was Bacillariophyta with 78 species 
(76.47%), followed by Pyrrophyta with 15 species (14.71%), 
Chlorophyta with five species (4.90%), Cyanophyta with two species 
(1.96%), Chrysophyta with one species (0.98%), and Euglenophyta 
with one species (0.98%). In August (Figure  2B), Bacillariophyta 
remained the dominant phylum with 55 species (79.71%), followed by 
Pyrrophyta with 12 species (17.39%), Chrysophyta with one species 
(1.45%), and Euglenophyta with one species (1.45%). In December 
(Figure 2C), Bacillariophyta was still the dominant phylum with 66 
species (89.19%), followed by Pyrrophyta with six species (8.11%), 

Chrysophyta with one species (1.35%), and Prymnesiophyta with one 
species (1.35%). The highest species number was observed in June 
2022 with 102 species, while the lowest species number was recorded 

FIGURE 2

Spatial variations of phytoplankton species number (A) June; 
(B) August; (C) December.
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in August 2022 with 69 species (Figure 3). The temporal variation of 
diatom (Bacillariophyta) species number mirrored that of the total 
phytoplankton. Dinoflagellates (Pyrrophyta) exhibited the lowest 
diversity in December 2022, but diatoms consistently dominated as 
the primary phylum throughout the study period. The complete list of 
phytoplankton species can be found in the Supplementary Table S1.

The dominant species of phytoplankton in Dongshan Bay were 
primarily diatoms, with notable seasonal variations. These diatoms, 
which formed chain-like structures, included red tide causing species 
such as Chaetoceros curvisetus, Skeletonema costatum, Thalassionema 
nitzschioides, Asterionella japonica, and others. In August, the 
dinoflagellate Scrippsiella trochoidea also emerged as one of the 
dominant species. The abundance and species dominance of 
phytoplankton in Dongshan Bay are presented in Table 1. In June, 
C. curvisetus had the highest cell abundance, while T. nitzschioides had 
the lowest abundance in August. In terms of species dominance, 
Pseudo-nitzschia delicatissima had the highest dominance in 
August 2022.

3.2 Cluster analysis and ecological indices 
of phytoplankton

The cluster analysis of the phytoplankton community structure in 
Dongshan Bay (Figure  4) revealed significant differences in 
spatiotemporal distribution. The community can be clearly divided 
into four groups at 30% similarity level, with noticeable clustering 
observed in June and August, indicating obvious seasonal aggregation. 
In December, two groups emerge: one in the near estuarine and 
nearshore non-coral habitat areas, and the other in the outer part of 
Dongshan Bay, within the coral habitat area. In both June and August, 
at the 40% similarity level, there was a significant difference between 
station HX-1 and other sampling stations. However, in December 
station HX-3 and HX-4 distinctly cluster with the coral habitat area.

The phytoplankton Shannon-Wiener Index (H′) and Pielou 
Evenness Index (J’) were highest in June at station HXC-03, which is 
located in the coral habitat area. Similarly, station HXC-01 had the 
highest Margalef Richness Index (d) in June. Conversely, the lowest 
values for phytoplankton H′, J’, and d throughout the year were 
recorded at station HXC-05 in August (Figure 5). The average values 
of H′ and d were highest in June, followed by December, and lowest in 
August for the entire year of 2022. On the other hand, J’ was highest 
in December, followed by June, and lowest in August. In June and 
August, H′, J’, and d were higher in coral habitats compared to 
non-coral habitats (Table 2). However, in December, the trend was 
reversed, with non-coral habitats showing higher values for H′, J’, and 
d compared to coral habitats. In both August and December, the total 
number of phytoplankton species in coral habitat areas was higher 
than in non-coral habitat areas. Conversely, in June, the total number 
of phytoplankton species in non-coral habitat areas was higher than 
in coral habitat areas.

3.3 Abundance of phytoplankton

Among three surveys, in June 2022, Dongshan Bay exhibited the 
highest average abundance of phytoplankton, with an average 
abundance of 28.64 × 104cells/L. The phytoplankton abundance at 
station HX-2 recorded the highest value, reaching 88.80 × 104cells/L, 
primarily due to the presence of C. curvisetus and S. costatum. The 
zone with high phytoplankton abundance was mainly concentrated in 
the Zhangjiang estuary and the open waters of Dongshan Bay, while 
the adjacent coastal stations showed lower phytoplankton abundance 
(Figure 6A).

In August 2022, the average abundance of phytoplankton reached 
12.66 × 104cells/L. The highest value was recorded at station HX-4, 
reaching 32.45 × 104cells/L, with the primary contributing species 
being P. delicatissima and T. nitzschioides. The zone with high 
phytoplankton abundance was only concentrated in the open waters 
of Dongshan Bay, while the adjacent coastal stations showed lower 
phytoplankton abundance (Figure 6B).

In December 2022, the average abundance of phytoplankton was 
the lowest among the three surveys, with an average abundance of 
1.47 × 104cells/L. The highest value was recorded at station HX-2, 
reaching 2.42 × 104cells/L, primarily represented by S. costatum, 
Thalassiosira rotula, and C. curvisetus. The zone with high 
phytoplankton abundance was only concentrated on the nearshore of 
the inner bay (Figure 6C).

Temporal variation in phytoplankton abundance in Dongshan 
Bay was observed, as shown in Figure 7. The abundance reached its 
peak in June 2022 and gradually decreased thereafter, reaching its 
lowest point in December 2022. Furthermore, the average abundance 
of phytoplankton in the coral habitat area of Dongshan Bay was found 
to be lower compared to non-coral habitat areas.

3.4 Environmental factors

The spatiotemporal variation of chemical factors in Dongshan Bay 
was presented, as shown in Figure 8. The water temperature ranged 
from 15.28 to 30.55, salinity ranged from 0.10 to 34.43, and pH ranged 
from 7.50 to 8.15. The salinity levels in the coral habitat area were 

FIGURE 3

Temporal variation of phytoplankton species number in Dongshan 
Bay.
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higher compared to the non-coral habitat, with station HX-1 recording 
a salinity of only 0.1 in June. Temporal variability was observed in the 
water temperature of Dongshan Bay, with the lowest temperature 
occurring in December. On the other hand, salinity showed notable 
spatial variability in the bay, with the lowest salinity observed in 
nearshore stations like HX-1 and HX-2. The range of dissolved oxygen 
(DO) in Dongshan Bay was 4.00 to 8.64 mg/L, with the lowest value 
recorded in August, higher values in June and highest in December. 
However, the concentration of ammonia nitrogen (NH4

+-N) ranged 
from 0.07 to 11.58 μmol/L, which the highest value occurring at station 
HX-1  in August. Nitrate nitrogen (NO3

−-N) ranged from 0.15to 
254.62 μmol/L, with the highest value occurring at station HX-1 in 
June. Nitrite nitrogen (NO2

−-N) exhibited notable spatial variability in 
Dongshan Bay, with higher values in the nearshore area compared to 
the offshore. Dissolved inorganic nitrogen (DIN) ranged from 1.10 to 
261.11 μmol/L, SiO3

2−-Si ranged from 2.79 to 188.30 μmol/L and 
PO4

3−-P ranged from 0.07 to 2.37 μmol/L. DIN, SiO3
2−-Si, and PO4

3−-P 
in the estuary area were higher than those in other stations.

The number of reef-building coral species was higher at the 
offshore station HXC-04 and HXC-05. Additionally, the coverage rate 
of reef-building coral was higher in August compared to June 
(Figure 9).

The ecological groups of zooplankton in Dongshan Bay mainly 
consisted of nearshore species. These nearshore species were 

predominantly represented by nearshore warm-water species and 
nearshore eurythermal species. The former group includes species 
such as Lucifer hanseni, Oikopleura dioica, Diphyes chamissonis, Lensia 
subtiloides, and others. The latter group comprises species like Acartia 
pacifica and Pleurobrachia globosa. Furthermore, some nearshore 
warm-temperate species like Calanus sinicus and Pseudeuphausia 
sinica are also present. In June and August, the dominant species 
include Acartia pacifica, Sagitta enflata and Dolioletta gegenbauri, 
while Subeucalanus subcrassus emerges as a dominant species in 
August and December.

4 Discussion

4.1 The response of phytoplankton 
community structures to current

The diversity and community structure of phytoplankton are 
influenced by fluctuations in water systems, and coastal upwelling (Du 
and Peterson, 2014; Ye et al., 2017; Zhong et al., 2019; Wilson et al., 
2021; Peng P. et al., 2023). The effects of upwelling on phytoplankton 
abundance and community composition result from the combined 
influences of physical transport mechanisms and the impacts of 
physiological bottom-up control (Ma et al., 2021). Dongshan Bay, 
located on the western coast of the southern entrance to the Taiwan 
Strait, experiences the impact of a horizontal residual circulation 
system characterized by the dilution of freshwater from the Zhangjiang 
River estuary and counterclockwise circulation within the bay (Zheng 
et al., 2009). The water exchange capacity in Dongshan Bay is the 
strongest at the bay mouth, but weaker at the top of the bay (Qin 
et al., 2020).

Due to its location at the mouth of the Zhangjiang River near the 
downstream estuary area, HX-1 experiences a noticeable influx of 
fresh water from the river (Lang, 2021). Consequently, the cluster 
analysis indicates that station HX-1 belongs to a distinct phytoplankton 
group in comparison to the other stations in June (Figure 4). The 
investigation of phytoplankton community structure revealed the 
presence of numerous brackish and even freshwater species, such as 
Melosira sulcata, Pediastrum duplex, Scenedesmus, and Merismopedia, 
were found. The stations of the coral habitat area are located near the 
upwelling zone of Dongshan Bay, also known as the Minnan 
Upwelling Region (Xiao et al., 2002). The upwelling zone begins to 
form around June but initially with relatively weak intensity. By July, 
accompanied by an increase in intensity, the upwelling area expands 
southeastward (Li and Li, 1989; Xiao et al., 2002). Consequently, only 
HXC-01 and HXC-03 among the stations in the coral habitat share a 
common phytoplankton group, whereas the estuarine and other areas 
do not exhibit distinct phytoplankton groups; instead, a discernible 
blending of phytoplankton communities is observed.

In August, the upwelling region further enlarges, extending 
southeastward to potentially connect with the upwelling zone 
northwest of the shallow banks near Taiwan. Alternatively, it may 
merge southward with the upwelling zone off the eastern coast of 
Guangdong. During this period, both the distribution range and 
intensity reach their maximum. In September, the upwelling begins to 
decline (Chen et al., 1982; Hong et al., 1991). Station HX-1 continues 
to be considerably influenced by diluted water from Zhangjiang River, 
which is also associated with a distinct phytoplankton group. On the 

TABLE 1 Temporal variation of phytoplankton dominant species in 
Dongshan Bay.

Season Dominant 
species

Abundance 
(104cells/L)

Species 
dominance

Jun. 2022 Chaetoceros 

curvisetus
12.91 0.32

Skeletonema 

costatum
8.95 0.22

Asterionella 

japonica
1.75 0.04

Chaetoceros 

affinis
1.5 0.04

Pseudo-nitzschia 

pungens
1.21 0.03

Aug. 2022 Pseudo-nitzschia 

delicatissima
5.19 0.39

Thalassionema 

nitzschioides
4.35 0.33

Scrippsiella 

trochoidea
0.63 0.05

Rhizosolenia 

sinensis
0.67 0.02

Dec. 2022 Thalassionema 

nitzschioides
0.51 0.18

Melosira sulcata 0.43 0.12

Thalassiosira 

rotula
1.64 0.06

Skeletonema 

costatum
0.56 0.05
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FIGURE 4

Dendrogram of cluster analysis of phytoplankton assemblage collected in Dongshan Bay.

FIGURE 5

Ecological indices of phytoplankton in Dongshan Bay.
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other hand, station HX-4, situated near the open sea and the coral 
habitat area (HXC01-HXC05), and it shares the same phytoplankton 
groups as other coral habitats (Figure 4).

In December, as the dilute water from the Zhangjiang River 
recedes, seawater flows into the downstream area of the river, resulting 
in increased water exchange within the bay (Lang, 2021). 
Consequently, there is a significant aggregation of phytoplankton 
groups at the estuarine stations HX-1, HX-2 and the inner bay stations 
HXH-1 and HXH-2. The Zhe-Min coastal current, as the primary 
current system on the western side of the Taiwan Strait, flows 
southward along the west coast of the strait during winter, driven by 
the strong northeast monsoon. Its influence extends as far south as the 
sea near Dongshan to Nan’ao Island (Wu, 1982, 1983; Wan et al., 2013; 
Wang et al., 2018), impacting the coral habitat area of Dongshan Bay. 
Consequently, the coral survey stations, along with HX-3 and HX-4, 
exhibit a shared phytoplankton group (Figure 4).

Previous studies have revealed differences in the dominant 
phytoplankton groups between river plume water and upwelled water, 
with diatoms identified as the dominant group in upwelled water (Tong 
et  al., 2023). In the present study, station HX-1 was considerably 
influenced by river plume water, leading to distinct phytoplankton 
assemblages in comparison to the coral habitat area of Dongshan Bay. The 
phytoplankton community in the Bay is predominantly characterized by 
diatoms, serving as the primary functional group. Its higher diversity of 
phytoplankton assemblages is mainly due to the influence of the currents, 
which may carry species from different origins, such as brackish, tropical, 
warm-temperate, and cosmopolitan species.

4.2 The response of phytoplankton 
abundance variation to chemical factors

River plumes and coastal upwelling systems provide rich nutrient 
habitats for plankton (Tong et al., 2023). The nutrient enrichment 
facilitated by upwelling drives alterations in the community structure 
of phytoplankton, biomass, physiology, size fraction, and other 
relevant parameters (Wang et al., 2016; Du and Peterson, 2018; Yang 
et al., 2019; Liu et al., 2022; Mo et al., 2023).

In the present study, the phytoplankton abundance in the 
non-coral habitat area was consistently higher compared to the coral 
habitat area. This finding was positively correlated with nutrients such 
as nitrogen and silicon (Figure 10), which supports previous research 
indicating that the waters of the coral atolls have low phytoplankton 
biomass and nutrient concentrations (Ke et  al., 2018). However, 
Soondur et  al. (2023) reported their findings, suggesting that the 
non-degraded reef area had higher phytoplankton abundance 
compared to the degraded area. We believe that this discrepancy may 

be due to the proximity of the non-coral habitat area to the Zhangjiang 
River estuary, which experiences severe eutrophication caused by 
frequent human activities in Dongshan Bay (Chen et al., 2014).

A ranking analysis, based on RDA, was conducted to explore the 
differences in the spatiotemporal distribution of different 
phytoplankton species and their corresponding environmental 
conditions. From June to August (Figure 11), the quadrats of both 
seasons exhibited a considerably, positive correlation with seawater 
temperature. This implies that as the seawater temperature in 
Dongshan Bay continues to rise, the growth rate of phytoplankton 
accelerates. Consequently, during June and August, there is a higher 
species diversity and cell abundance of phytoplankton, with various 
diatoms dominating the phytoplankton community. In essence, the 
lower water temperature in Dongshan Bay during winter weakens the 
metabolic activity of phytoplankton cells, leading to lower species 
diversity and cell abundance. During this season, diatoms such as 
M. sulcata become relatively dominant. Some researchers (Chen et al., 
2016; Zhang et al., 2020) indicate that water temperature plays an 
important role in modulating the diversity of phytoplankton 
community structure. In our study, the seasonal variations of 
phytoplankton assemblages were primarily influenced by water 
temperature. In Dongshan Bay, temperature remains the primary 
factor influencing the spatiotemporal variability in 
phytoplankton communities.

The abundance of most diatom species such as C. curvisetus, 
S. costatum, and P. pungens, was negatively correlated with nutrient 
concentration. However, the abundance of some diatom species was 
positively correlated with nutrient concentration. Diatoms can 
thrive under oligotrophic conditions, potentially due to the 
presence of heterocystous cyanobacteria living symbiotically with 
diatoms (Kang and Jia, 2019). This N2-fixing cyanobacteria 
symbionts provide nitrogen for diatoms (Foster et al., 2011). In 
August, the cell abundance of one dominant dinoflagellates, 
S. trochoidea, showed a considerably negative correlation with 
phosphate and silicate concentrations. This suggests that this 
heterotrophic dinoflagellate prefers waters with lower nutrient 
concentrations. The phytoplankton diversity and distribution in the 
atoll were primarily associated with nutrients concentration (Jales 
et al., 2022). Under favorable nutrient conditions, including the 
presence of dissolved inorganic nitrogen, dissolved inorganic 
phosphorus and a suitable optimal temperature, phytoplankton 
exhibited high growth rates throughout the upwelling process from 
Shanwei to Shantou-Dongshan (Hu et al., 2015). Some chemical 
factors influenced the distribution of harmful microalgae (Zhang 
A. et al., 2022). In Dongshan Bay in the present study, nutrients and 
seawater temperature were the critical factors causing 
spatiotemporal variability in phytoplankton community structure.

TABLE 2 Ecological indices of phytoplankton in different areas (mean  ±  S.D.).

Coral Habitat Area Non-Coral Habitat Area

Jun. 2022 Aug. 2022 Dec. 2022 Jun. 2022 Aug. 2022 Dec. 2022

S 68 54 74 84 50 60

d 2.15 ± 0.31 1.20 ± 0.48 1.32 ± 0.35 2.07 ± 0.31 1.29 ± 0.14 1.53 ± 0.39

J’ 0.65 ± 0.11 0.57 ± 0.09 0.64 ± 0.07 0.62 ± 0.06 0.54 ± 0.13 0.69 ± 0.05

H′ 3.06 ± 0.57 2.20 ± 0.57 2.41 ± 0.40 2.91 ± 0.29 2.17 ± 0.47 2.76 ± 0.26

S stands for total species; d stands for Margalef Richness Index; J′ stands for Pielou Evenness Index; H′ stands for Shannon-Wiener Index.
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The dominant diatom species, including T. nitzschioides and 
T. diporocyclus, demonstrate a noticeable positive correlation with 
ammonia nitrogen and seawater salinity in the coral habitat area. 

Thus, phytoplankton could potentially serve as sensitive indicator for 
discerning habitat differences within coral reef ecosystems.

4.3 The response of the phytoplankton 
community to biotic factors

In marine ecosystems, zooplankton are major consumers of the 
primary production of phytoplankton (Ratnarajah et al., 2023) and coral 
habitats can provide abundant nutrients for phytoplankton (Zheng et al., 
2021). The association between predator and prey populations has 
evolved into a classical and pivotal subject within the natural world 
(Lampert et al., 1986; Javidi and Ahmad, 2015; Jia et al., 2019; Li et al., 
2023). Some research findings indicate that the equilibrium density of 
phytoplankton populations increases with higher mortality rates, 
decreased capture rates, and decreased conversion rates, while that of 
zooplankton increases with an increase in the capture rate (Zhao et al., 
2020). The heavily grazing, large zooplankton population probably 
provides large quantities of phosphate and ammonia that the 
phytoplankton, suppressed by grazing and now at its annual minimum, 
do not assimilate. In autumn, the unutilized ammonia might subsequently 
be oxidized into nitrate (Martin, 1965). Previously, dominant species of 
phytoplankton have triggered harmful algae blooms along the coast of 
Fujian, China; these species include C. curvisetus, S. costatum, P. pungens, 
S. trochoidea, among others (Zhang, 2022). These species were also the 
dominant species in Dongshan Bay. Based on the RDA performed on the 
abundance of phytoplankton species and biotic parameters (Figure 12), it 
can be concluded that zooplankton density, the coverage rate of reef-
building coral, and species number of reef-building coral are positively 
correlated with the abundance of most dominant species, such as 
S. trochoidea, T. nitzschioides, T. diporocyclus, S. costatum, C. curvisetus, 
C. affinis, and P. delicatissima. The population dynamics of zooplankton 
is strongly affected by the algal biomass (Lampert et al., 1986). Najmi et al. 
(2022) have verified that the presence of a substantial amount of 
phytoplankton is crucial for the survival of zooplankton, and together, 

FIGURE 6

Spatiotemporal distribution of phytoplankton abundance in 
Dongshan Bay (A) June; (B) August; (C) Decmber.

FIGURE 7

Circos plot of temporal variation of phytoplankton abundance in 
Dongshan Bay.
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they play a vital role in maintaining the sustainability of coral reefs. In 
coral atolls like the central South China Sea, the south of the Atlantic 
Ocean, and the Gulf of Aqaba (Red Sea), diatoms and dinoflagellates 
emerge as the predominant groups (Ke et al., 2018; Jales et al., 2022; Şahin 
et al., 2022). These findings align with our own research, highlighting the 
interconnectedness of phytoplankton, zooplankton, and coral reefs. 

Therefore, we speculate that the abundant distribution of phytoplankton 
may be one of the factors leading to an increase in the abundance of 
zooplankton and coral reefs. Due to the thermophilic and photophilic 
tendencies of predators, as well as their predation, areas with abundant 
distributions of phytoplankton experience substantial proliferation 
of zooplankton.

FIGURE 9

Spatiotemporal variability of coral community in Dongshan Bay (The left vertical axis represents the values of the bar chart, while the right vertical axis 
represents the values of the line chart.).

FIGURE 8

Spatiotemporal variability of chemical factors in Dongshan Bay (The left vertical axis represents the values of the bar chart, while the right vertical axis 
represents the values of the line chart.).
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Phytoplankton species such as S. costatum, C. curvisetus, C. affinis, 
and P. pungens negatively correlate with the zooplankton species 
C. sinicus, while they positively correlate with Acartia pacifica, and 
Oikopleura dioica (Figure 12). Martin (1965) discovered that plankton 
tows abundant in Skeletonema, Nitzschia, Thalassionema, and 
Chaetoceros were selectively consumed by copepods (primarily 
A. tonsa), resulting in a swift reduction in Skeletonema abundance and 
the subsequent dominance of Rhizosolenia as uneaten cells outgrew 
other genera. The grazing of zooplankton may be  one of the 
explanations for changes in the phytoplankton community. Some 
researchers have showed that Calanus sinicus predominantly 
consumes certain harmful algal bloom species, such as S. costatum, 
C. curvisetus, P. pungens, and S. trochoidea. The grazing speed of 
C. sinicus on phytoplankton was food-density dependent, increasing 
with phytoplankton abundance up to a threshold value and then 
decreasing regardless of the increase in abundance (Sun et al., 2007). 
Therefore, in Dongshan Bay in winter, C. sinicus exhibits a negative 
correlation with those harmful algal bloom species.

Phytoplankton grazing is an important component of benthic-
pelagic coupling in coral reefs. Smaller copepods, like Acartia, show a 
feeding preference for phytoplankton smaller than 20 μm, exhibiting 
higher clearance rates (Lee et  al., 2012). Since Skeletonema and 

FIGURE 10

Principal Component Analysis (PCA) biplot analysis for phytoplankton 
abundance with physico-chemical parameters in Dongshan Bay. 
(NH4, ammonia nitrogen; DIN, dissolved inorganic nitrogen; PO4, 
phosphate; SiO3, silicate; NO3, nitrate; NO2, nitrite; DO, dissolved 
oxygen; CHN, Coral Habitat Area; NCHA, Non-Coral Habitat Area).

FIGURE 11

Redundancy analysis (RDA) for phytoplankton abundance with associated chemical parameters in Dongshan Bay (NH4: ammonia nitrogen, DIN: 
dissolved inorganic nitrogen, PO4: phosphate SiO3: silicate; NO3: nitrate; NO2: nitrite; DO: dissolved oxygen; the yellow circle represents June; dark red 
circle represents August; gray circle represents December).
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Chaetoceros belonging to nano-phytoplankton (2–20 μm) constitute 
the dominant phytoplankton group in Dongshan Bay, it seems logical 
to assume that any large Acartia population present will utilize these 
diatoms as its principal food source, leading to heavy grazing of 
Skeletonema, Chaetoceros, and Pseudo-nitzschia. Pseudo-nitzschia, 
which is often numerically dominant, should also be considered as a 
phytoplankter that benefits from copepod grazing (Olson et al., 2006). 
Similarly, during the period of extensive phytoplankton proliferation, 
a substantial increase in zooplankton such as medusae was observed 
(Bizani et al., 2023). In our study, Lensia subtiloides, which belongs to 
the medusae, was also positively correlated with some phytoplankton 
species, such as T. nitzschioides, S. trochoidea, and P. delicatissima. In 
conclusion, the intricate dynamics of phytoplankton grazing, as 
evidenced by the feeding preferences of zooplankton and the 
dominance of specific nano-phytoplankton groups, play a pivotal role 
in shaping benthic-pelagic coupling in coral habitat.

5 Conclusion

This study investigated the dynamics of phytoplankton community 
responses to environmental factors in Dongshan Bay. The research, 
conducted in June, August, and December, revealed that the influence of 
different water currents varies with the seasons. In June, the intrusion of 
dilute freshwater from the Zhangjiang River estuary resulted in a distinct 
semi-brackish water phytoplankton community at the bay’s entrance, and 
the community structure of phytoplankton was notably affected by coastal 

upwelling. Environmental variables, particularly water temperature and 
nutrient enrichment, play a considerably role in shaping phytoplankton 
diversity and community structure. Furthermore, seasonal variations in 
phytoplankton abundance and their intricate correlations with nutrient 
concentrations elucidate the interconnected relationship among 
phytoplankton, zooplankton, and coral community, uncovering how 
zooplankton density influences specific diatom species. The intricate 
dynamics of phytoplankton grazing, influenced by zooplankton 
preferences and the dominance of nano-phytoplankton, emerge as pivotal 
components in the benthic-pelagic coupling of coral habitat in 
Dongshan Bay.
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Proteomics analysis reveals 
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In many oceanic regions, anthropogenic warming will coincide with iron 
(Fe) limitation. Interactive effects between warming and Fe limitation on 
phytoplankton physiology and biochemical function are likely, as temperature 
and Fe availability affect many of the same essential cellular pathways. However, 
we lack a clear understanding of how globally significant phytoplankton such 
as the picocyanobacteria Synechococcus will respond to these co-occurring 
stressors, and what underlying molecular mechanisms will drive this response. 
Moreover, ecotype-specific adaptations can lead to nuanced differences in 
responses between strains. In this study, Synechococcus isolates YX04-1 
(oceanic) and XM-24 (coastal) from the South China Sea were acclimated to Fe 
limitation at two temperatures, and their physiological and proteomic responses 
were compared. Both strains exhibited reduced growth due to warming and Fe 
limitation. However, coastal XM-24 maintained relatively higher growth rates 
in response to warming under replete Fe, while its growth was notably more 
compromised under Fe limitation at both temperatures compared with YX04-1. 
In response to concurrent heat and Fe stress, oceanic YX04-1 was better able 
to adjust its photosynthetic proteins and minimize the generation of reactive 
oxygen species while reducing proteome Fe demand. Its intricate proteomic 
response likely enabled oceanic YX04-1 to mitigate some of the negative 
impact of warming on its growth during Fe limitation. Our study highlights how 
ecologically-shaped adaptations in Synechococcus strains even from proximate 
oceanic regions can lead to differing physiological and proteomic responses to 
these climate stressors.
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climate change, Synechococcus, iron limitation, ocean warming, proteomics, 
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1 Introduction

The ocean buffers fossil fuel-driven increases in temperature by 
absorbing excess atmospheric heat (Falkowski and Raven, 2007; 
Zanna et al., 2019). While this has overall helped to decelerate the 
rampant pace of anthropogenic climate change, it is also bringing 
about novel consequences for the ocean’s physiochemical and 
biological systems (Doney et al., 2012; Hutchins and Fu, 2017). Sea 
surface temperature and iron (Fe) limitation are two primary controls 
on phytoplankton growth and distribution that will likely be enhanced 
simultaneously by climate change in some regions of the ocean 
(Hutchins and Boyd, 2016; Hutchins and Fu, 2017). Consequently, the 
distribution and abundance of dominant phytoplankton groups may 
be considerably altered in the future.

Synechococcus, a genus of unicellular cyanobacteria, contributes 
significantly to primary productivity throughout most of the global 
surface ocean (Flombaum et al., 2013). Members of the Synechococcus 
genus are widespread in part due to their vast genetic and physiological 
diversity that allows them to inhabit a range of marine environments. 
A high number of diverse subgroups (Farrant et al., 2016), termed 
“ecotypes,” are adapted to the specific conditions of their ecological 
niche, including temperature and nutrient availability (Ahlgren and 
Rocap, 2012; Sohm et al., 2016). As climate change progresses, the 
ecological success of Synechococcus ecotypes will depend on their 
ability to respond to increasingly stressful conditions such as 
concurrent sea surface warming (Mackey et al., 2013; Six et al., 2021) 
and Fe limitation (Ahlgren et al., 2020; Gilbert et al., 2022).

On its own, temperature controls phytoplankton growth and 
metabolism in a relatively predictable way. Rates of photosynthesis 
and respiration typically increase until an optimum growth 
temperature is reached, and then rapidly decline as deleterious effects 
of heat stress take place, including protein denaturation and oxidative 
damage (Went, 1953; Falk et al., 1996; Hutchins and Fu, 2017). As 
temperature is a central driver of many cellular processes, 
phytoplankton have adapted to the thermal range of their 
environmental niche, and thermal physiology of Synechococcus 
ecotypes has been found to correlate with location (Zwirglmaier et al., 
2008; Thomas et al., 2012; Pittera et al., 2014). However, despite a 
developed understanding of the effect of temperature on 
phytoplankton growth, metabolism, and distribution, a central 
temperature regulatory response system in Synechococcus is not well-
constrained. Some models have predicted that ocean warming will 
increase the abundance and distribution of Synechococcus (Morán 
et al., 2010; Flombaum et al., 2013), but a limited understanding of 
how thermal acclimation is constrained by Fe availability clouds these 
projections (Tagliabue et al., 2020).

The essential micronutrient Fe is required by all phytoplankton for 
the electron transport chains of photosynthesis and respiration, and 
as a cofactor in enzymes involved in nutrient uptake, chlorophyll 
biosynthesis, and oxidative stress management (Raven et al., 1999; 
Scanlan et  al., 2009). Because of the high requirement for Fe in 
photoautotrophic growth, primary productivity is limited by low Fe 
concentrations across more than one third of the surface ocean 
(Martin, 1990; Moore et al., 2013). While much of the open ocean is 
chronically Fe limited, input from dust, upwelling, or riverine sources 
alleviates Fe limitation either seasonally or entirely in some regions. 
Overall, Fe availability typically declines along a gradient from coastal 
to offshore habitats, though coastal Fe concentrations can fluctuate 

throughout the year (Tagliabue et al., 2017; Twining et al., 2021; Zhang 
et al., 2022).

Increasing evidence suggests the importance of this complex Fe 
landscape in shaping Synechococcus ecotype diversity (Mackey et al., 
2015; Sohm et al., 2016; Ahlgren et al., 2020; Gilbert et al., 2022). 
Physiological effects of Fe limitation include reductions in growth 
rates, cell size, and photosynthetic efficiency (Behrenfeld and Kolber, 
1999; Jacq et al., 2014; Mackey et al., 2015). Key molecular responses, 
such as the ability to adjust photosynthetic machinery, the use of Fe 
uptake mechanisms, and an overall reduction in Fe-containing 
proteins, help support cyanobacterial growth under low Fe (Webb 
et al., 2001; Mackey et al., 2015; Ahlgren et al., 2020; Yong et al., 2022). 
Additionally, like heat stress, Fe limitation escalates the production of 
harmful reactive oxygen species (ROS) when the supply of electrons 
generated by the light-driven reactions of photosynthesis exceeds their 
demand (Michel and Pistorius, 2004; Latifi et al., 2005).

Despite the impact of temperature and Fe on Synechococcus fitness, 
genetic diversity, and distribution, an understanding of the responses of 
different ecotypes to these concurrent stressors remains insufficient 
(Hutchins and Boyd, 2016; Hutchins and Tagliabue, in review). Recent 
studies have focused on the proteomic response of Synechococcus to 
warming in relation to macronutrients such as nitrogen and phosphorus 
(Li et al., 2019; Dedman et al., 2023). However, as warming-driven 
stratification is predicted to restrict transport of dissolved Fe to the 
surface ocean in some regions, understanding how Synechococcus will 
cope with simultaneous warming and Fe limitation is increasingly 
pertinent, especially since these two stressors affect many of the same 
cellular processes (Polovina et al., 2008; Hutchins and Fu, 2017). A study 
on Antarctic diatoms (Jabre and Bertrand, 2020) and two studies on 
nitrogen-fixing cyanobacteria (Jiang et  al., 2018; Yang et  al., 2021) 
observed warming-enhanced growth or metabolic functioning of Fe 
limited cells. As temperature and Fe availability are shifting at the same 
time throughout the ocean, it is challenging to predict the subsequent 
interactive effects on growth and the underlying molecular mechanisms 
without experimental data.

To understand the impact of simultaneous warming and Fe 
limitation on diverse Synechococcus ecotypes, we  assessed the 
physiological and proteomic acclimation responses of oceanic and 
coastal Synechococcus from the South China Sea. Oceanic strain 
YX04-1 was isolated from the permanently stratified South China Sea 
basin and is a member of the abundant, oligotrophic Synechococcus 
clade II (Du et al., 2013). Coastal strain XM-24 was isolated from the 
high-nutrient Xiamen estuary region, which experiences a more 
dynamic Fe and temperature profile. This strain belongs to clade 
CB5 in subcluster 5.2, members of which are typically found in river-
influenced areas (Zheng et al., 2018; Doré et al., 2022). As climate 
change alters the defining wind and water circulation patterns of the 
South China Sea, diminished water exchange with the Pacific Ocean 
may drive accelerated heating and reductions in nutrient supply to this 
region (DeCarlo et al., 2017; Tang et al., 2020). Summer heat waves 
and Fe limitation have in fact been intensifying over the past decades 
in this region (Wu et al., 2003; Tan et al., 2022; Wen et al., 2022). 
Mackey et  al. (2015) detailed divergent responses of coastal and 
oceanic Atlantic strains of Synechococcus to Fe limitation, but how this 
may be constrained by warming or influenced by differing Fe regimes 
remains unclear. This study uses proteomics to explore the connection 
between temperature and Fe with new isolates from the South China 
Sea to further our understanding of these interrelated climate stressors.

119

https://doi.org/10.3389/fmicb.2024.1323499
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Schiksnis et al. 10.3389/fmicb.2024.1323499

Frontiers in Microbiology 03 frontiersin.org

2 Materials and methods

2.1 Strains and experimental conditions

Strains were isolated in April 2014 by Q. Zheng. Synechococcus sp. 
YX04-1 was isolated using PRO2 liquid medium from surface waters 
of the oligotrophic South China Sea (17°N, 112°E), and is a member 
of clade II within subcluster 5.1A. The present study is the first to 
report strain YX04-1. Synechococcus sp. XM-24 originated in the more 
dynamic and nutrient-rich surface waters of the coastal Xiamen 
estuary region of the South China Sea (24°N, 118°E), and is from 
clade CB5 in subcluster 5.2 (Zheng et al., 2018). Strain XM-24 was 
isolated in SN medium with reduced salinity (Waterbury et al., 1986; 
Zheng et al., 2018; Supplementary Figure S1). Genomic sequencing of 
strains was performed on the Illumina MiSeq (Illumina, San Diego, 
CA, United States) platform using the MiSeq reagent V2 Kit chemistry 
and a paired-end 2 × 250 bp cycle run.

Unialgal cultures of each strain were grown in triplicate 1L 
polycarbonate bottles in temperature-controlled incubators. Cool 
white fluorescent light was supplied following a 12:12 light:dark cycle 
under 30 μE m−2 s−1 irradiance. Cultures were grown in 0.2 μm-filtered, 
microwave-sterilized Aquil synthetic ocean seawater (Sunda et al., 
2005) enriched with 100 μM nitrate, 10 μM phosphate, 25 μM EDTA, 
a modified Aquil trace metal stock (for final metal concentrations of 
1.21 × 10−7 M Mn, 7.97 × 10−8 M Zn, 1.00 × 10−7 M Mo, and 
5.03 × 10−8 M Co), Aquil vitamins, and 250 nM Fe (for replete cultures 
only). Fe deplete media was used to dilute Fe limited cultures, and a 
final concentration of 2 nM Fe was added directly to Fe limited culture 
bottles on dilution days. Trace metal clean laboratory techniques were 
followed throughout the experiment to minimize Fe contamination 
and contaminating Fe was removed from macronutrients (N, P) by 
passing stocks through an activated Chelex 100 resin column (BioRad 
Laboratories, Hercules, CA, United States). All nutrients, vitamins, 
and trace metal stocks were made with microwave-sterilized MilliQ 
and filtered through a sterile 0.2 μm syringe filter. Nutrients and other 
stocks were added to the media with sterile pipette tips rinsed in 10% 
trace metal clean grade HCl followed by sterilized MilliQ. Prior to use, 
all culture and media bottles were soaked in a 1% Citranox bath 
overnight, rinsed with MilliQ, soaked in 10% HCl for one week, rinsed 
again with MilliQ, and microwave-sterilized.

Cultures were diluted semi-continuously every two days with the 
appropriate media (i.e., Fe replete or Fe deplete, as defined above) to 
replenish nutrients and sustain steady state exponential growth. Semi-
continuous dilutions ensure cells do not enter the early lag or late 
stationary phases, but instead remain in the mid-exponential growth 
phase where population growth rates are consistent, and overcrowding 
or competition for resources do not limit growth. Both strains were 
maintained under two Fe concentrations, 250 nM and 2 nM, which 
represented Fe replete and Fe limited treatments, respectively, at two 
temperatures, 27°C and 30°C, representing an optimum and a supra-
optimum growth temperature, respectively. This factorial experimental 
design allows for an analysis of warming and Fe limitation both 
individually and concurrently to mechanistically establish their effects 
on physiological and proteomic responses. For simplicity, the 
following treatment abbreviations are used throughout the paper: 27R 
(27°C Fe replete treatment), 30R (30°C Fe replete treatment), 27L 
(27°C Fe limited treatment), and 30L (30°C Fe limited treatment). 
After acclimating to the experimental conditions for at least 8 

generations, cells were sampled for physiology and protein analysis. 
Sampling was carried out mid-day, and procedures were consistent 
between strains.

2.2 Physiology sampling procedures

Particulate organic carbon (POC) was measured following 
previously established methods (Jiang et al., 2018; Yang et al., 2021). 
Briefly, 30–50 mL of culture was sub-sampled from each experimental 
triplicate and filtered onto pre-combusted glass microfiber filters 
(Whatman, Grade GF/F). Filters were dried in an oven at 60°C for 
2–3 days before being pelleted and analyzed on a 4,010 Costech 
Elemental Analyzer calibrated with an acetanilide-based standard 
curve. POC was used to calculate specific growth rates (μ) using 
the equation:

 
m =

t
ln lnN N1 0-( )

Where N1 and N0 refer to POC content (μM) of each triplicate 
during final and initial sampling, respectively, and t is time in days 
between initial and final sampling (2 days). Growth rates (d−1) were 
calculated for each replicate and averaged by treatment.

Intracellular Fe normalized to intracellular phosphorus (P) were 
used as a proxy for cellular Fe quotas (Fe:P ratios, mmol:mol). Samples 
for measuring intracellular Fe and P content were digested and 
assessed via inductively coupled plasma mass spectrometry (ICP-MS, 
Element 2, Thermo Fisher Scientific) calibrated with a 0.1–300 ppb 
metal reference standard curve (Hawco et al., 2021; Yang et al., 2021). 
Briefly, 100 mL of culture was sub-sampled from each experimental 
triplicate and then filtered on 0.2 μm Supor polyethersulfone filters 
(Pall Laboratory). Sample filters, along with 3 filter blanks per 
treatment, were rinsed with 5 mL of 0.2 μm-filtered oxalate reagent for 
5 min to remove extracellular Fe (Tovar-Sanchez et al., 2003), rinsed 
again with trace metal clean natural seawater, and stored at -20°C 
until analysis. Filters were acid-digested in 5 mL of 50% nitric acid for 
five days in perfluoroalkoxy vials (Savillex) with the addition of 10 ppb 
Indium (115In) as an internal standard. Dried samples were 
resolubilized in 200 μL nitric acid and HCl, sealed, heated for 2–3 h, 
allowed to cool and dry, and then resuspended in 5 mL of 0.1 M 
distilled nitric acid prior to ICP-MS. Final Fe and P concentrations for 
each sample, after acid and filter blank intensities were subtracted 
from sample intensities, were used to calculate Fe:P ratios. All 
filtration and sampling steps were conducted in a class 100 trace metal 
clean environment, and all supplies were soaked in 10% HCl for one 
week and rinsed with Milli-Q prior to use.

2.3 Protein extraction and identification

For both strains, 200 mL of each triplicate culture were filtered 
onto 0.2 μm Supor polyethersulfone filters, and filters were flash frozen 
in liquid nitrogen and stored until analysis. See Supplementary methods 
for detailed proteomics analysis steps. Briefly, proteins were extracted 
using protein extraction buffer (50 mM HEPES pH 8.5, Boston 
BioProducts) and digested via magnetic beads (SpeedBead Magnetic 
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Carboxylate Modified Particles, GE Healthcare). Tryptic peptides were 
analyzed via liquid chromatography tandem mass spectrometry (LC/
MS/MS) using a Michrom Advance HPLC system with reverse phase 
chromatography coupled to a Thermo Scientific Q-Exactive Orbitrap 
mass spectrometer with a Michrom Advance CaptiveSpray source. 
Scaffold 3 (version 5.1.2, Proteome Software, Inc.) was used to 
visualize and process the proteomics data, and spectra were converted 
to normalized total spectral counts (Spectral Counts) (see 
Supplementary methods).

2.4 Functional annotation and data 
preparation

A functional annotation pipeline entailing DIAMOND (Buchfink 
et  al., 2021), Blast2GO (Conesa et  al., 2005; Götz et  al., 2008), 
InterProScan (Jones et al., 2014), UniProt (The UniProt Consortium, 
2023), and KofamScan (Kanehisa and Goto, 2000; Aramaki et al., 
2020) was carried out to functionally annotate the genomes of each 
strain (Chille et  al., 2021; Yang et  al., 2022). Annotations of 
differentially abundant proteins (DAPs) were manually verified, and 
in rare cases of discrepancies between KEGG Orthology (KO) and 
BLAST (from DIAMOND) annotations, the closest BLAST match was 
used for functional annotation. In the case that multiple proteins 
corresponded to the same KO annotation, their abundances were 
summed together so that no duplicate KO annotations remained. 
Then, proteins which did not have an average abundance of at least 2 
(average abundance of the three replicates per treatment) for all 
treatments were removed to filter out proteins with consistently low 
abundance that could obscure proteome analyses. The normalized, 
KO-summed, and filtered protein dataset for each strain was used for 
all analyses described in the study.

2.5 Proteome differential abundance 
analysis

The Power Law Global Error Model (PLGEM) v1.62.0 R package 
was used to evaluate DAPs between selected treatments (Pavelka et al., 
2004). PLGEM uses the experimental protein data to model signal-to-
noise ratios and takes into consideration the typically high amount of 
random variation in small proteomics datasets (Pavelka et al., 2004, 
2008; Walworth et al., 2016; Cohen et al., 2018).

To qualify the proteins which responded to warming alone, 
we  compared each 30°C Fe treatment with its corresponding Fe 
treatment at 27°C (30R vs. 27R and 30L vs. 27L). To capture DAPs 
responding to Fe limitation alone, we  compared each Fe limited 
temperature treatment with the Fe replete treatment at the same 
temperature (27L vs. 27R and 30L vs. 30R). The response of each 
strain’s proteome to simultaneous warming and Fe limitation was 
determined through a comparison of the 30L treatment with the 27R 
treatment (30L vs. 27R).

PLGEM was run in step-by-step mode with default settings. To 
build the model, a best fit was calculated using one of the treatments 
within the pairwise comparison. Observed and resampled signal-to-
noise ratios were calculated using the selected model fit and used to 
obtain p values and generate a list of DAPs with a false positive rate 
(FPR) < 0.01. For this study, proteins that additionally had a log2 fold 

change greater than or equal to 1 (doubling of abundance) or less than 
or equal to-1 (halving of abundance) were considered significantly 
differentially abundant (Li et al., 2019). Log2 fold change for each 
protein was calculated by taking the log2(Spectral Count+1) so log 
values could be calculated for proteins with abundance scores of 0. 
This method minimally alters the log2 fold change values, but does so 
consistently across the entire dataset so that trends remain unchanged, 
and proteins can be compared directly to one another. DAPs were 
assigned functional categories based on their Kyoto Encyclopedia for 
Genes and Genomes (KEGG) Pathway and BRITE hierarchy, where 
similar pathways were merged into the broader functional categories 
used in the paper.

2.6 Statistical analyses and visualizations

All statistical analyses and visualizations were conducted in R 
v4.0.4. The statistical relationships between growth rates and Fe:P 
ratios were assessed using a two-way analysis of variance (ANOVA) 
followed by Tukey HSD post hoc analysis (p < 0.05). The same 
methods were used to detect statistical significance in the differences 
between mean protein abundances for all box plot visualizations.

Ordinations and multivariate tests were conducted using the 
vegan v2.6–4 package (Oksanen et al., 2022). Principal component 
analysis (PCA) was executed as an unconstrained redundancy analysis 
(RDA) using the ‘rda’ function with log-transformed protein 
abundance data and using Euclidean distance. The vectors showing 
direction and degree of the experimental variables, temperature and 
Fe limitation (-Fe), were calculated using the ‘envfit’ function and then 
extracting vector scores and scaling them by the ‘ordiArrowMul’ 
function. An ANOVA–like permutation test was performed by 
applying the ‘anova.cca’ function to the output from a constrained 
RDA generated using the ‘rda’ function with 1,000 permutations 
during one step.

Bar plots, box plots, and ordinations were generated using 
ggplot v3.4.1, and ggvenn v0.1.9 was used to make Venn diagrams. 
Heatmaps were generated using pheatmap v1.0.12, and Z-scores 
for each protein were calculated by dividing the difference between 
the row-wise mean abundance and the replicate protein abundance 
by the row-wise standard deviation. Mapping of the isolation sites 
of Synechococcus strains was done using ggplot2 v3.4.2 with all 
spatial features (ocean, land, and bathymetry layers) downloaded 
from Natural Earth.1

3 Results

3.1 Physiological responses of each strain 
to temperature and Fe treatments

Acclimating to low Fe predictably slowed growth of both strains 
at both temperatures, though coastal XM-24 experienced a greater 
decline in growth in response to Fe limitation at each temperature 
compared with oceanic YX04-1 (Figure  1A). Regardless of Fe 

1 https://www.naturalearthdata.com/
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condition, cells acclimated to 27°C grew faster than those grown at 
30°C for each strain. Growth rates between strains were comparable 
at 27°C under replete Fe (27R). However, coastal XM-24 grew faster 
than oceanic YX04-1 when warmed to 30°C under replete Fe (30R), 
while YX04-1 outgrew XM-24 at 30°C under limiting Fe (30L). Under 
the 30L treatment, which represents the combined effects of warming 
and Fe limitation when compared to the 27R treatment, growth of the 
oceanic strain showed a 57% reduction, compared with a larger 86% 
decline in the growth of the coastal strain.

Overall, Fe:P ratios (Fe quotas) were significantly lower for 
oceanic YX04-1 than for coastal XM-24 at each temperature 
(Figure 1B). As expected, Fe limitation significantly decreased each 
strain’s Fe quotas at both temperatures, except for XM-24 30°C 
treatments. Warming affected each strain’s Fe quotas differently; while 
warming to 30°C reduced coastal XM-24’s Fe quotas across both Fe 

conditions, it did not affect oceanic YX04-1’s Fe quotas under Fe 
replete conditions and caused them to increase under Fe limitation.

3.2 Overall trends in the global proteomes

Proteomics analyses identified 781 proteins for oceanic YX04-1, 
covering 31% of its 2,557 predicted coding regions, and 1,010 proteins 
for coastal XM-24, representing 41% of its 2,477 predicted coding 
regions, across 12 samples for each strain. After annotating and 
trimming steps, the oceanic and coastal proteomes consisted of 617 
and 677 unique proteins, respectively (Supplementary Table S1). 
Under Fe limitation, the oceanic strain demonstrated major reductions 
in the size of the proteome. Acclimation to the 27°C Fe limited 
treatment (27L) diminished its measured proteome to 64% of its size 

FIGURE 1

Physiology of oceanic Synechococcus strain YX04-1 and coastal Synechococcus strain XM-24 grown under two temperatures and two iron 
concentrations. (A) Specific growth rates and (B) intracellular iron: phosphorus (Fe:P) ratios. Letters above bars denote differences between treatment 
means across both strains, where non-overlapping letters signify statistically significantly different means (p  <  0.05) within each assay. Asterisks (*) 
represent differences between treatment means within each strain as opposed to across strains, with the significance thresholds: *  =  p  <  0.05, 
**  =  p  <  0.01, and n.s. = p  >  0.05. For simplicity, within-strain significance is only shown where it differs from between-strain significance. Statistical 
significance was calculated using two-way ANOVA and Tukey HSD post hoc testing. Error bars represent standard deviation of three replicates in each 
treatment, except Fe:P ratios for YX04-1’s 27°C Fe replete treatment, which is represented by two replicates.
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under the optimum growth conditions (27R), and warming intensified 
this response, leading to a further reduction in the 30L treatment to 
51% of its original proteome size (Supplementary Figure S2). The 
coastal strain retained a larger proportion of its proteome under Fe 
limitation compared with the oceanic strain, reducing its proteome to 
82 and 75% of its original size when grown in the 27L and 30L 
treatments, respectively (Supplementary Figure S2).

Principal components analysis (PCA) and an ANOVA-like 
permutation test suggest that Fe limitation has the strongest 
influence on protein abundances (proteome variation) for both 
strains (p = 0.001), while temperature alone is less likely to 
influence changes in proteome variation (p = 0.05) for both strains 
(Supplementary Figure S3). The PCA further indicates that Fe has 
a stronger effect on the whole proteome variation of oceanic 
YX04-1 than coastal XM-24 at each temperature, contrasting with 
the greater physiological response of XM-24 to Fe limitation.

3.3 General proteomic responses to 
warming, Fe limitation, and their 
concurrence

We used the Power Law Global Error Model (PLGEM) to compare 
the DAPs from pairwise comparisons representing warming alone 
(30R vs. 27R and 30L vs. 27L), Fe limitation alone (27L vs. 27R and 
30L vs. 30R), and simultaneous warming and Fe limitation (30L vs. 
27R) (Figure  2; Supplementary Table S2). In total, 207 distinct 
proteins, representing 33.5% of its detected proteome, made up 
oceanic YX04-1’s response to all five pairwise comparisons. 96 distinct 
proteins, or 14.2% of its detected proteome, composed coastal XM-24’s 
total response. In most pairwise comparisons, both strains significantly 
decreased a large proportion of their DAPs, especially under Fe 
limitation or its concurrence with warming (Figure 2A). Pairwise 
comparisons between 30°C and 27°C under each Fe condition 
indicated that warming alone had a minimal effect on protein 
abundances of both strains, as less than 1% of their proteomes 
responded (Figure 2A, left column). Fe limitation at each temperature 
induced a greater proteomic response than warming alone, 
underscoring the greater influence of Fe limitation on the proteomes 
of both strains (Figure 2A, middle column). A greater proportion of 
the oceanic strain’s proteome responded to Fe limitation with 18 and 
29% responding at the optimum and supra-optimum temperatures, 
respectively, compared with 6% of the coastal strain’s proteome that 
responded to both Fe limitation scenarios. The proportion of oceanic 
YX04-1’s proteome that responded to the interaction scenario was 
similar to its response under Fe limitation at the supra-optimum 
temperature, whereas the proportion of coastal XM-24’s DAPs in the 
interaction scenario increased to 11% of its proteome (Figure 2A, 
right column).

3.4 Prominent cellular functions in 
response to each scenario

Categorizing the DAPs in each pairwise comparison suggests that 
DAPs in the different warming and Fe limitation scenarios involve 
similar cellular functions (Figures 2B,C). When functional categories 
of proteins from all pairwise comparisons were summed together, 

translation and photosynthesis were the two most responsive overall 
categories in both strains. As warming alone prompted very few 
DAPs, it was impractical to include them for further consideration in 
our analysis.

In each of the three pairwise comparisons making up the Fe 
limitation and interaction scenarios, translation and photosynthesis 
were the two most relatively abundant functional categories for 
oceanic YX04-1 (Figure 2B). For coastal XM-24, translation was most 
relatively abundant in the 30L vs. 30R and 30L vs. 27R comparisons, 
while photosynthesis had the greatest relative abundance in this 
strain’s 27L vs. 27R comparison (Figure  2C). Translation and 
transporters were the second most relatively abundant categories in 
coastal XM-24’s Fe limitation responses at 27°C and 30°C, respectively, 
while photosynthesis had the second greatest relative abundance in its 
interaction scenario. In addition to these central cellular functions, 
less prominent categories including sulfur (S) and nitrogen (N) 
metabolism, and regulatory system and stress were also important in 
each strain’s Fe limitation and interaction scenarios (Figures 2B,C).

3.5 Proteins responding to Fe limitation 
and its concurrence with warming

To mechanistically assess the effect of thermal stress on 
acclimation to Fe limitation within each strain, we  compared the 
DAPs shared between all three of the Fe limitation and interaction 
scenarios, or the “shared Fe limitation response,” with the proteins that 
were shared only between the 30L vs. 30R and the 30L vs. 27R 
comparisons, or the “warm Fe limitation response.” We additionally 
considered the proteins which responded exclusively to the interaction 
scenario, or the “unique interaction response” of each strain (Figure 3; 
Supplementary Table S3).

Comparing proteins from the Fe limitation and interaction 
scenarios revealed high overlap between these scenarios for oceanic 
YX04-1 but not for coastal XM-24. 94 proteins, or 46% of the oceanic 
strain’s DAPs made up its shared Fe limitation response, and an 
additional 28%, or 58 proteins, were part of this strain’s warm Fe 
limitation response. Meanwhile, only 13 proteins, representing 6% of 
its total response, were unique to its interaction scenario (Figure 3A). 
On the other hand, a lower proportion of proteins composed the 
coastal strain’s shared Fe limitation response, with 17 proteins, (18%), 
and its warm Fe limitation response, consisting of 15 proteins, or 16% 
of its total protein response. A larger proportion was unique to this 
strain’s interaction response, represented by 28 proteins, or 30% of its 
DAPs (Figure 3B).

In its shared Fe limitation response, oceanic YX04-1 primarily 
increased Fe transport proteins, namely an IdiA/ FutA homologue and 
two putative Fe uptake porins, and a small number of photosynthesis 
proteins including subunit IV of the cytochrome b6f complex. Many 
more proteins declined in abundance, which were mainly related to 
translation and amino acid metabolism, photosynthesis and 
chlorophyll synthesis including a 2Fe-2S ferredoxin paralog, and S and 
N assimilation including ferredoxin-dependent nitrite and sulfite 
reductases (Figure  3C). The oceanic strain’s warm Fe limitation 
response was defined by increases in some proteins including 
ribosomal proteins, stress response proteins including the antioxidant 
peroxiredoxin and chaperonin GroES (Figure 4), a component of 
photosystem II (PSII; Psb28), and a different ferredoxin paralog. This 
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response also consisted of further decreases in fatty acid synthesis 
proteins, other photosynthesis proteins including a photosystem 
I (PSI) component (PsaE), and urea metabolism, namely a urease 
subunit alpha and urea transport system ATP-binding protein. In its 
comparatively small set of proteins in the unique interaction response, 
oceanic YX04-1 increased abundance of other PSII components, 
including CP43 and PSII assembly factor Ycf48, while also further 
decreasing the abundance of some other photosynthesis and 
translation related proteins (Figures  3C, 5A). All combined, Fe 
limitation occurring at 30°C resulted in significant changes to 
photosystem components, shifts in ferredoxin abundances, decreases 
in urea metabolism, and an enhanced antioxidant defense compared 
with Fe limitation at 27°C.

Coastal XM-24’s shared Fe limitation response was smaller than 
oceanic YX04-1’s and consisted of increases in Fe uptake proteins and 
decreases in proteins primarily involved in S and N metabolism 
including ferredoxin-dependent nitrate reductase, translation, cell 
wall synthesis, and respiration (Figure 3C). XM-24 did not increase 
abundance of any proteins in its warm Fe limitation response, instead 
further decreasing translation proteins, metabolites including heme 
oxygenase, and a urease subunit alpha. Unlike the oceanic strain, its 

unique interaction response was composed of the largest proportion 
of proteins out of all groups in this strain. Coastal XM-24’s unique 
interaction response revealed that the concurrence of warming and Fe 
limitation led to increases in photosynthesis related proteins including 
cytochrome b6, as well as a branched-chain amino acid 
aminotransferase, and decreases in cell wall and signaling, translation 
proteins, and S proteins including a sulfite-reductase and Fe-S cluster 
assembly protein (Figures 3C, 5B).

3.6 Recurring Fe response proteins and 
their relationship with temperature

Regardless of whether Fe limitation was induced at a single 
temperature (27L vs. 27R and 30L vs. 30R) or co-occurred with 
warming (30L vs. 27R), Fe limitation prompted both strains to 
increase abundances of Fe transport proteins. Iron deficiency-induced 
protein A (FutA/ IdiA) homologues (Figure  5C, top panel) and 
putative Fe uptake porins (Supplementary Table S2) were among the 
most highly increased and most abundant proteins in each strain’s 
proteomic response to these scenarios.

FIGURE 2

Summary of the proteomic responses from each pairwise comparison. (A) The proportion of differentially abundant proteins (DAPs) in each pairwise 
comparison representing the effect of warming, Fe limitation, and the concurrence of warming and Fe limitation for oceanic strain YX04-1 (top) and 
coastal strain XM-24 (bottom). Functional categories of DAPs in each pairwise comparison for (B) oceanic strain YX04-1 and (C) coastal strain XM-24. 
Red, blue, and purple represent the warming, Fe limitation, and warming x Fe limitation (interaction) scenarios in all plots, while functional categories 
are represented by colors defined in the figure key. The relative abundance of proteins for (A) was calculated by dividing the number of DAPs in each 
comparison by the total number of proteins in the dataset. Note difference in the y axis scales between strains. The relative abundance of functional 
categories for (B,C) was calculated by dividing the number of DAPs in each functional category within a given comparison by the total number of DAPs 
in that comparison.
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Other Fe-related proteins also played a role in each strain’s 
responses to Fe limitation, with some influenced interactively by 
the concurrence of warming with Fe limitation. Two ferredoxin 
paralogs showed significant changes in abundance under Fe 
limitation, though temperature and Fe limitation influenced their 
abundances in different ways. Both strains decreased abundance 
of one ferredoxin paralog, identified as a 2Fe-2S ferredoxin, under 
Fe limitation, though its decline was not significant in coastal 
XM-24’s 30L treatment (Figure  5C, middle panel). Another 
paralog of ferredoxin, annotated as Ferredoxin, responded 
oppositely to Fe limitation in oceanic YX04-1 compared with the 
2Fe-2S ferredoxin; low Fe drove significant increases in its 
abundance in the 30L treatment compared with both replete 

temperature treatments (Figure 5C, bottom panel). This paralog 
was also found in coastal XM-24 but did not respond significantly 
to Fe or temperature.

Aside from ferredoxin, components of another electron carrier, 
the cytochrome b6f complex, responded to changes in Fe and 
temperature in both strains (Supplementary Figure S4). Subunit IV of 
the cytochrome b6f complex increased in all three of the Fe limitation 
and interaction scenarios for oceanic YX04-1, and cytochrome b6 also 
increased in its 30L vs. 30R comparison. Similarly, cytochrome b6 
increased in response to these scenarios for coastal XM-24, but only 
significantly in its interaction scenario. Thus, in both strains, these 
components of their cytochrome b6f complex increased under Fe 
limitation or its concurrence with warming. The Fe-S and cytochrome 

FIGURE 3

Comparison of differentially abundant proteins in the Fe limitation and interaction scenarios. Venn diagrams of differentially abundant proteins (DAPs) 
in each of the Fe limitation (blue; 27  L vs. 27R and 30  L vs. 30R) and interaction (purple; 30  L vs. 27R) scenarios for (A) oceanic strain YX04-1 and 
(B) coastal strain XM-24. (C) Functional categories of proteins within the shared Fe limitation, warm Fe limitation, and unique interaction groups for 
oceanic YX04-1 (black bars) and coastal XM-24 (white bars). Note differences in x axis scales. DAPs in each functional category are represented by bars 
for each strain as their relative abundance within each of the three groups. Colors representing functional categories correspond with previous figure. 
DAPs shared between all three of the Fe limitation and interaction pairwise comparisons are considered in the shared Fe limitation (“lim”) group, DAPs 
shared only between the 30  L vs. 30R and the 30  L vs. 27R comparisons make up the warm Fe lim group, and DAPs only in the 30  L vs. 27R comparison 
are within the unique interaction group.
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f subunits of the cytochrome b6f complex were also differentially 
abundant in these treatments (see Discussion).

S and N assimilation proteins were also responsive in the Fe 
limitation and interaction scenarios (Supplementary Figure S5; 
Supplementary Table S2). In the oceanic strain, three ferredoxin-
dependent S and N assimilation proteins (ferredoxin-dependent 
glutamate synthase, nitrite reductase, and sulfite reductase) decreased 
in all three comparisons within the Fe limitation and interaction 
scenarios; Fe limitation reduced their abundance regardless of 
temperature. Ferredoxin-dependent nitrate reductase also declined 
significantly in these scenarios for coastal XM-24, but this protein was 
not detected in the proteome of oceanic YX04-1. Warming in addition 
to Fe limitation led to synergistic declines in abundance of a urease 
subunit alpha in both strains’ 30L treatment relative to both the 27R 
and 30R treatments.

4 Discussion

This study investigated how the diversity of marine Synechococcus 
isolated from the South China Sea controls their capacity to acclimate 
to shifts in two linked climate stressors, warming and Fe limitation. 
The strains selected in this study originated from contiguous coastal 
and oceanic regions defined by distinct temperature and Fe regimes. 
They also belong to different clades and subclusters of Synechococcus, 

highlighting their genetic divergence. We  observed significant 
physiological differences in response to warming and Fe limitation 
between strains that were likely driven by ecotype-level diversity, and 
our proteomic analysis further explored how shifts in metabolic 
strategies of each strain led to the observed physiological outcomes.

4.1 Opposite interactive effects of 
temperature and Fe limitation between 
strains

Warming decreased growth rates of the oceanic and coastal strains 
under both Fe conditions, although the magnitude of these trends was 
strain-specific and Fe-dependent. Under replete Fe, coastal XM-24 
growth rates declined less in response to warming than those of 
oceanic YX04-1, suggesting it may be well adapted to the warmer 
waters of its coastal environment in the South China Sea. As climate 
change continues to progress, stressful warm temperatures are 
expected to become even more frequent and severe in this region (Yao 
et  al., 2020). Despite the observed physiological changes, both 
environmentally realistic warming scenarios prompted only minor 
proteomic responses. These results align with the multivariate 
statistical analysis and demonstrate the limited impact of warming 
across this temperature range on the overall proteome variation in 
both strains.

These growth trends with warming were reversed under Fe 
limitation; oceanic YX04-1’s growth was less negatively affected than 
coastal XM-24’s by warming under Fe limitation, compared with 
under Fe replete conditions. The effect of Fe limitation on the oceanic 
strain’s response to warming supports findings from a previous study 
which found Fe limitation to mitigate the deleterious effect of warming 
on growth rates of the N-fixing cyanobacterium Trichodesmium. Their 
study additionally reported an upward shift in the strain’s thermal 
optimum under Fe limitation, which was not observed in our strains 
(Jiang et  al., 2018). Others have found similar interactive effects 
between temperature and Fe limitation on cyanobacteria and 
phytoplankton physiology (Jabre and Bertrand, 2020; Yang et  al., 
2021), while still others have observed antagonistic interactive effects 
between warming and Fe limitation (Sunda and Huntsman, 2011; 
Andrew et al., 2019).

The nearshore region where XM-24 was isolated experiences 
higher Fe and nutrient inputs than the offshore oligotrophic habitat of 
YX04-1, as is common in coastal regions (Sunda and Huntsman, 1995; 
Miao et al., 2006; Twining et al., 2021). Oceanic YX04-1’s superior 
growth under Fe limitation at both temperatures may be attributed to 
traits that have been shaped by adaptation to the lower Fe environment 
where it was originally isolated. Physiologically, this is demonstrated 
by their Fe:P ratios, where the oceanic strain has significantly lower Fe 
quotas across all treatments compared with the coastal strain.

Oceanic YX04-1’s previous adaptations to a low Fe habitat have 
likely resulted in a more flexible proteome, allowing it to quickly alter 
metabolic needs in response to low Fe. Its ability to reduce the overall 
size of its proteome, and many of its Fe-requiring proteins, may 
explain this strain’s superior growth under low Fe compared with 
coastal XM-24. A larger measured response, indicated by a greater 
number of differentially abundant proteins, indicates that cells are 
experiencing higher levels of stress in the given growth conditions. At 
the same time, it can demonstrate that they possess a robust and 

FIGURE 4

Abundances of oxidative stress and chaperonin proteins for oceanic 
YX04-1 (left) and coastal XM-24 (right). A peroxiredoxin and two 
chaperonins, GroES and GroEL, are listed on the righthand side of 
each row. Box plots represent treatment means of 3 replicates, and 
unique letters denote statistically significant means (within strain) for 
each protein, based on a two-way ANOVA and Tukey post hoc 
testing (p  <  0.05). (*) Note that in the study, only the peroxiredoxin 
and GroES of YX04-1 were considered significantly differentially 
abundant in the 30  L treatment based on the more stringent PLGEM 
and Log2 fold change thresholds.
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well-developed system to effectively respond to stressors (Mackey 
et al., 2015; Walworth et al., 2016). Supporting this, the proportion of 
oceanic YX04-1’s DAPs that responded to the Fe limitation and 
interaction scenarios was more than double that of coastal XM-24. 
The oceanic strain’s larger proteomic response may contribute to the 
overall growth success of this strain under Fe limitation at 
both temperatures.

The findings here differ from those of Mackey et al. (2015), who 
found a coastal strain of Synechococcus, WH8020 from the New 
England shelf, to outperform oceanic strain WH8102 from the 
southern Sargasso Sea under multiple levels of Fe limitation (Mackey 
et al., 2015). In contrast with the low offshore Fe levels in the South 
China Sea basin, the higher, stable levels of Fe in the southern Sargasso 
Sea resulting from consistent dust deposition likely caused oceanic 
WH8102 to lose Fe response genes compared with coastal WH8020 

(Mackey et al., 2015). Further, different clade designations between 
strains YX04-1 (clade II) and WH8102 (clade III) highlight their 
phylogenetic divergence. These differences between studies underscore 
the relevance of considering the influence of Fe ecotypes on 
Synechococcus responses to stressors.

The greater proteomic responses of both strains to Fe limitation 
compared with warming supports previous knowledge that marine 
cyanobacteria have evolved specific and tightly-regulated responses to 
nutrient limitation (Held et al., 2019; Walworth et al., 2022). Ferric 
uptake regulator (Fur) directs the expression of multiple Fe response 
genes, enabling cells to quickly respond to changing Fe conditions 
(Hantke, 1981; Kaushik et al., 2016). Both strains possess three Fur 
family genes, though they were not detected in the proteomes. On the 
other hand, Synechococcus may lack a specific sensor and response 
system for temperature, leading to a warming response that is based 

FIGURE 5

Abundance trends of selected photosynthesis and Fe response proteins. Heat maps showing abundances of differentially abundant photosynthesis 
proteins in all of the Fe limitation and interaction scenarios for (A) oceanic strain YX04-1 (B) coastal strain XM-24. (C) Abundances of IdiA/FutA and two 
paralogs of ferredoxin (Fd) for oceanic strain YX04-1 (left) and coastal strain XM-24 (right). Box plots in (C) represent protein abundances of 3 replicates 
for each treatment, and letters showing statistical significance were calculated using two-way ANOVA and Tukey HSD post hoc testing where unique 
letters represent significantly different treatment means (p  <  0.05) within each strain. Protein abundances for heat maps were scaled using row-wise 
Z-score normalization. Symbols in heat map cells represent in which pairwise comparison each protein is significant, as follows: 27  L vs. 27R (closed 
circle in the 27  L cell), 30  L vs. 27R (closed circle in the 30  L cell), 30  L vs. 30R (open circle in the 30  L cell), and both 30  L vs. 30R and 30  L vs. 27R (star in 
the 30  L cell). The photosynthetic function of each protein in heat maps is indicated by column annotations as defined in the figure key.
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more loosely on the direct effect of warming on specific proteins, 
enzyme activities, and degradation rates. Additionally, these two kinds 
of responses may work together under combined stressors; as oceanic 
YX04-1’s growth was less negatively impacted by warming when 
grown under Fe limitation, it is possible that its Fe response aided its 
acclimation to warming.

4.2 Oceanic YX04-1 synergistically 
modifies photosynthesis under warm, Fe 
limited conditions

Reductions in Fe-rich PSI, cytochromes, phycobilisomes (PBS), 
and chlorophyll biosynthesis proteins are characteristic strategies of 
cyanobacteria to regulate photosynthetic Fe demand in response to Fe 
deficiency (Fraser et al., 2013; Snow et al., 2015; Sunda and Huntsman, 
2015; Blanco-Ameijeiras et al., 2017). In our study, photosynthesis 
emerged as the second most differentially abundant functional 
category in each strain, which included proteins involved in 
chlorophyll biosynthesis, PBS, photosystems, and the photosynthetic 
electron transport chain (PETC). However, differences in the way they 
responded to Fe limitation across temperatures suggest varying 
strategies for photosynthetic acclimation of each strain. For oceanic 
YX04-1, a greater fraction of its photosynthetic proteins responded to 
Fe/ temperature co-stress, as evidenced by its 30L comparisons (30L 
vs. 30R and 30L vs. 27R). Conversely, coastal XM-24’s photosynthetic 
proteins were most responsive to Fe limitation at the thermal optimum 
(27L vs. 27R).

Deleterious warming further damages photosynthetic efficiency 
by weakening thylakoid membrane stability and increasing rates of 
protein denaturation (Falk et  al., 1996; Hutchins and Fu, 2017). 
Changes to photosynthetic protein arrangement due to Fe or heat 
stress can result in reduced photosynthetic efficiency and proliferation 
of harmful ROS, necessitating acclimation strategies to not only 
reduce Fe demand but also protect protein components from oxidative 
damage (Bailey et al., 2008; van Creveld et al., 2016). The heightened 
response of the oceanic strain’s photosynthetic proteins to warm, Fe 
limited conditions was primarily driven by reorganization of its 
photosystems, suggesting a synergistic effect of temperature and Fe 
limitation on the photosynthetic apparatus.

Under ideal conditions, cyanobacteria maintain low PSII:PSI 
ratios, which helps prevent overreduction of the PETC by ensuring 
there are sufficient PSI complexes to accept electrons from PSII during 
linear electron flow (Bailey et al., 2008). However, maintenance of a 
low ratio is costly, with PSI requiring 12 Fe atoms compared with the 
2–3 involved in PSII. Therefore, some cyanobacteria have been shown 
to preferentially decrease Fe-rich PSI in response to Fe limitation, thus 
increasing their PSII:PSI ratios (Raven et al., 1999; Snow et al., 2015). 
Oceanic YX04-1 reorganized its core photosystem proteins via an 
increase in its PSII:PSI ratio in the Fe limited treatments 
(Supplementary Figure S6). However, significant differences in 
photosystem protein abundances primarily occurred only in the 
oceanic strain’s warm Fe limitation comparisons. Fe limitation at 30°C 
drove significant reductions in PsaE (PSI subunit IV) abundance in 
both warm Fe comparisons, and PsaL (PSI subunit XI) additionally 
decreased in abundance in the 30L vs. 30R comparison. Fe limitation 
at 30°C also prompted increases in abundances of PSII proteins; PSII 
reaction center protein Psb28 increased in the warm Fe limitation 

response, and PsbC (CP43) and PSII assembly protein Ycf48 increased 
in the interaction scenario. In contrast, Fe limitation did not lead to 
an increase in the core PSII:PSI ratio of coastal XM-24 
(Supplementary Figure S6). XM-24 significantly decreased abundance 
of one PSI protein, PsaF (PSI subunit III), only in the 27L treatment, 
while no photosystem components significantly responded to either 
of its 30L treatment comparisons.

Varying levels of photosystem subunits in response to Fe 
limitation have also been observed in other phytoplankton. 
Abundances of PSI proteins decreased while PSII protein abundances 
either increased or remained the same in Fe limited cultures of 
Trichodesmium (Walworth et al., 2016). Moreno et al. (2020) also 
observed increased abundances of specific photosystem subunits 
despite an overall downregulation of photosynthesis in response to Fe 
and light limitation in a polar diatom species. Different photosynthetic 
components may play unique roles in the oceanic strain’s 
photosynthetic acclimation to Fe limitation, especially under 
warming. The shifts in oceanic YX04-1’s photosynthetic proteins 
under concurrent stressors indicate a synergistic effect that drove an 
increased need to reorganize photosynthetic components to cope with 
enhanced photodamage that can result due to both Fe and heat stress.

Ycf48, which assembles and repairs PSII (Komenda et al., 2008), 
significantly increased in oceanic YX04-1’s interaction scenario, which 
could be an indication of increased rates of photodamage brought on 
by the combination of Fe and heat stress. Thus, while warming alone 
minimally affected photosynthesis, it interacted with the deleterious 
effects of Fe limitation to increase rates of photodamage. On the other 
hand, coastal XM-24’s general lack of significant reorganization of its 
photosystems implies a relatively higher photosynthetic Fe demand 
for this strain. Previous studies provide support for the reduced ability 
of coastal phytoplankton to effectively moderate their photosynthetic 
Fe requirements (Strzepek and Harrison, 2004; Sunda and 
Huntsman, 2015).

The cytochrome b6f complex is an essential component of linear 
photosynthetic electron transport, but has a high Fe demand, and its 
abundance is often reduced when Fe is limiting (Fraser et al., 2013; 
Blanco-Ameijeiras et al., 2017). While coastal XM-24 significantly 
decreased abundance of the Fe-S subunit of the cytochrome b6f 
complex and oceanic YX04-1 decreased abundance of cytochrome f 
in each of their 30L vs. 30R scenarios, other components of the 
cytochrome b6f complex were measured in higher abundances in both 
strains. Namely, subunit IV increased significantly in oceanic YX04-1’s 
shared Fe response, and abundance of cytochrome b6 also increased 
significantly in its 30L vs. 30R comparison. Cytochrome b6 also 
increased in abundance in coastal XM-24’s interaction scenario. 
Similarly, increased expression of the cytochrome b6f complex subunit 
IV gene (petD) has been observed in Fe limited Synechococcus (Singh 
et al., 2003). It is possible Synechococcus utilize specific components of 
the cytochrome b6f complex to oversee the redox state of their PETC 
in order to mitigate oxidative damage caused by the combined effects 
of heat stress and Fe limitation on electron flow, as has been shown in 
plants and green algae (Wollman and Lemaire, 1988; Dumas et al., 
2017) and hypothesized for cyanobacteria (Mao et al., 2002; Huang 
et al., 2003). IsiA, a chlorophyll binding protein that associates with 
PSI to reduce photodamage under Fe limitation (Bibby et al., 2001), 
was not found in either strain’s genome (see Supplementary Note).

Overall, the comparatively limited response of the coastal strain’s 
photosynthetic proteins demonstrates a reduced capacity to acclimate 
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to Fe limitation relative to oceanic YX04-1. This deficiency was 
particularly evident when Fe limitation and warming were combined. 
In contrast, the oceanic strain’s warming-driven adjustment of 
photosynthetic proteins under Fe limitation to conserve Fe, repair 
photodamaged proteins, and reduce generation of ROS likely led to 
the observed mitigation of warming effects on oceanic YX04-1’s Fe 
limited growth.

4.3 Oceanic YX04-1 enacts a more robust 
stress response

We observed increases in abundance of antioxidant and stress 
proteins under the two climate stressors, especially in response to their 
co-occurrence. In oceanic YX04-1, a peroxiredoxin increased 
significantly in the 30L treatment. Peroxiredoxin has been reported to 
defend PSII against oxidative stress under low Fe conditions (Moreno 
et al., 2020), and here its abundance was even more impacted by the 
combination of warming and Fe limitation. The abundance of protein 
chaperone GroES also increased significantly in the oceanic strain’s 
30L treatment compared with both Fe replete treatments. GroES 
works in concert with GroEL to manage misfolded proteins under 
stressful conditions (Potnis et al., 2016); we did observe increases, 
though not significant, in YX04-1’s GroEL in the 30L treatment.

The rise in abundance of GroES in oceanic YX04-1 suggests 
increased protein denaturation under the combination of heat and Fe 
stress. This is likely connected to an amplification of oxidative stress 
in the 30L treatment, which is also indicated by increases in 
peroxiredoxin and shifts in photosynthetic proteins in oceanic 
YX04-1. The highest abundance of peroxiredoxin and GroES occurred 
under simultaneous warming and Fe limitation, signaling that 
warming interacted with Fe limitation to drive the highest levels of 
oxidative stress in this strain. Heat stress can hinder electron transport 
and increase oxidative damage (Falk et  al., 1996). As a result, 
cyanobacteria utilize their PBS in state transitions to minimize 
overreduction of the PETC and reduce the generation of ROS in 
response to warming (Mackey et al., 2013), but Fe limited conditions 
such as in our study likely inhibit this acclimation mechanism due to 
Fe-driven reductions in PBS synthesis.

On the other hand, peroxiredoxin increased slightly but not 
significantly in coastal XM-24’s 30L treatment. In fact, while multiple 
stress response proteins were a part of the oceanic strain’s response to 
Fe limitation, none of these proteins played a role in the coastal strain’s 
response to any of the experimental scenarios. Ferritin, an Fe storage 
protein, may normally offer an advantage to coastal XM-24  in its 
ability to reduce oxidative stress by safely harboring Fe under replete 
conditions, and directing it to specific processes in the cell under 
short-term fluctuations in Fe supply (Ahlgren et al., 2020; Gilbert 
et al., 2022). Synechocystis mutants devoid of ferritin grown under Fe 
limitation exhibited a greater antioxidant response compared with 
wild type cells (Shcolnick et al., 2009), and ferritin has also been found 
to be involved in the reduction of oxidative stress in higher plants 
(Ravet et al., 2009). In XM-24’s dynamic coastal environment, it may 
be advantageous to rely on ferritin to buffer short-term reductions in 
Fe supply instead of maintaining the ability to enact a strong oxidative 
stress response such as in the oceanic strain. However, over the longer 
period of exposure in this study, the coastal strain’s less robust Fe stress 
response may have contributed to its reductions in growth rates 

compared with oceanic YX04-1. Accordingly, coastal XM-24 possesses 
genes for both a bacterial non-heme ferritin and a bacterioferritin, 
while no forms of ferritin were found in the genome of YX04-1, 
consistent with other studies of open ocean Synechococcus (Mackey 
et  al., 2015). However, only coastal XM-24’s bacterial non-heme 
ferritin was detected in our proteome, and its abundance was low 
across all treatments. It is possible that the application of targeted 
proteomics could better detect lower copy numbers (Saito et al., 2015).

4.4 Key warming and Fe response proteins

In both strains, heightened abundances of the Fe binding protein 
of an Fe(III) transport system (FutA/IdiA homologue) as well as Fe 
uptake porin proteins signify an enhancement in both active and 
passive transport into the cell in response to Fe limitation across both 
temperatures. Cyanobacteria are thought to utilize the FutABC iron 
uptake system to actively transport Fe from the periplasm into the 
cytoplasm, and FutA/IdiA homologues have been observed to 
be  widely utilized in marine cyanobacteria and have been 
documented as biomarkers of Fe stress (Webb et al., 2001; Saito et al., 
2014). The other two components of this Fe transport system, an 
inner membrane channel and an ATP-binding protein, were not 
detected in the proteome of either strain, except for coastal XM-24’s 
ATP-binding protein, which was measured at low and variable 
abundance, so was removed in filtering steps (see Methods). A 
recently growing body of work has pointed to the role of porins in 
passive uptake of free Fe ions (Jiang et al., 2015; Qiu et al., 2018). 
These small outer membrane protein channels allow for passive 
diffusion of small ions into the cell, but this flux is slow and unlikely 
on its own to supply enough Fe to the cell under Fe limitation. The 
potential importance of porins in Fe transport in Fe limited cells is 
supported by other studies (Qiu et al., 2021; Gilbert et al., 2022), but 
a comprehensive understanding of their place in cyanobacterial Fe 
transport systems remains unclear.

We observed interactive effects of warming and Fe limitation on 
abundances of different paralogs of ferredoxin that suggest their 
importance in the acclimation of each strain to these climate stressors. 
The Fe-S protein centers of ferredoxins allow them to carry electrons 
within multiple metabolic pathways, including photosynthesis, 
chlorophyll biosynthesis, and N assimilation (Cassier-Chauvat and 
Chauvat, 2014). The abundance of one paralog of ferredoxin, 
Ferredoxin 2Fe-2S, declined in response to Fe limitation for both 
strains and appears to be a sign of low Fe stress, except in coastal 
XM-24’s 30L treatment. Flavodoxin, which replaces ferredoxin under 
low Fe conditions in some phytoplankton (La Roche et al., 1996) was 
not present in the genomes of either strain in our study.

Both strains reduced abundances of ferredoxin-dependent 
components of the nitrate assimilation pathway in response to Fe 
limitation across all temperatures. Additionally, both strains 
demonstrated a synergistic reduction in urea metabolism proteins in 
response to simultaneous Fe limitation and warming. This shows that 
cells may respond to low Fe by decreasing their ability to use nitrate, 
since the assimilation of nitrate requires more Fe than reduced forms 
of N such as urea (Schoffman et al., 2016), while warming may interact 
with Fe limitation to additionally lower their capacity to utilize urea. 
Similarly, temperature has also been shown to interact with N source 
(i.e., nitrate and urea) on the growth success of a diatom species (Kelly 
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et al., 2021). Alternatively, the decline in abundance of N assimilatory 
proteins could suggest a lower N quota under Fe limitation or an 
increased efficiency of urea assimilation at the higher temperature 
under Fe limitation (Li et al., 2019). In either case, the prevalence of 
urea as the main N source in coastal areas has been increasing due to 
rising input from anthropogenic runoff (Wang et al., 2020), so it is 
likely coastal and oceanic ecotypes will experience increasingly 
divergent N profiles in the future ocean.

Further, enzymes related to the amino acid glutamate, an essential 
molecule for N assimilation and metabolism, were significantly reduced 
under Fe limitation and its combination with warming 
(Supplementary Table S2). For example, glutamate synthase, a critical 
enzyme in the GS-GOGAT pathway, is the key regulatory point that 
assimilates N to synthesize glutamate (Muro-Pastor et al., 2005; Díez 
et al., 2023). The Fe-S center of this enzyme as well as its reliance on 
reducing power from ferredoxin and ATP from photosynthesis indicate 
various reasons for the observed decline in the concentration of 
glutamate synthase under Fe limitation in the oceanic strain. As 
glutamate serves as the main integrated N source, changes to 
concentrations of glutamate synthase would have cascading effects 
throughout the cell. Similarly, abundance of glutamate-cysteine ligase 
which catalyzes the formation of the stress response molecule glutathione 
significantly decreased in the coastal strain, possibly indicating an 
impaired ability to detect and respond to oxidative stress (Föller et al., 
2013). Additionally, glutamyl-tRNA synthetase, which catalyzes the 
attachment of glutamate to its corresponding tRNA, significantly 
declined in abundance under Fe limitation and its interaction with 
warming in the oceanic strain. Reductions in abundance of multiple 
tRNA synthetases were observed in both strains, in agreement with a 
major slowdown of translation in response to the climate stressors.

Some paralogs of ferredoxin have also been studied for their role 
in detoxification of ROS under heat stress (Lin et al., 2013) or Cu 
limitation (Hippmann et al., 2017), as well as in overseeing Fe levels 
in the cell to control Fe homeostasis (Schorsch et  al., 2018). One 
paralog of ferredoxin in our study synergistically increased in 
abundance in oceanic YX04-1 acclimated to the 30L treatment. 
We propose that this paralog of ferredoxin may aid in oxidative stress 
mitigation and contribute to oceanic YX04-1’s enhanced response to 
oxidative stress compared with coastal XM-24.

5 Conclusion

This study reveals the proteomic mechanisms behind 
Synechococcus acclimation to concurrent warming and Fe limitation. 
By comparing these responses between oceanic strain YX04-1 and 
coastal strain XM-24, we underscore how ecotypic diversity directs 
acclimation strategies and physiological outcomes.

We observed interactive effects between warming and Fe 
limitation on the physiology and proteomes of strains, whereby Fe 
limited YX04-1 was able to employ molecular strategies to partially 
mitigate the deleterious effects of warming on growth. These were 
driven by synergistic reductions in proteome size, modifications to 
photosynthetic organization, and enhanced oxidative stress responses. 
On the other hand, XM-24 did comparatively little to respond to these 
stressors. We speculate that in XM-24’s coastal environment, more 
abundant Fe has conditioned this strain to rely on ferritin for 
controlling its cellular Fe supply, rendering it less responsive to chronic 

Fe stress. Though coastal XM-24 was able to maintain higher growth 
rates in response to warming under replete Fe, it did not display a 
robust strategy to respond to the same thermal stress when combined 
with Fe limitation. We also delineated interesting responses of the 
cytochrome b6f complex, putative Fe uptake porins, chlorophyll 
binding proteins, and ferredoxins and suggest their potentially 
important role in the acclimation of Synechococcus to these 
climate stressors.

The South China Sea may experience reduced transport of 
nutrients such as Fe from the Pacific Ocean into the basin due to heat-
induced changes in wind patterns (DeCarlo et al., 2017), supporting 
the relevance of this study. Comparable shifts in these stressors are 
projected to occur in other oceanic regions (Cheng et  al., 2019; 
Tagliabue et al., 2020), and we suggest that our findings may also 
extend to other Synechococcus ecotypes under similar Fe regimes. 
However, effects of climate change on Fe-rich dust and terrestrial 
sources which also contribute Fe to varying regions of the South 
China Sea remain uncertain and require more studies (Hutchins and 
Boyd, 2016; Zhang et al., 2022).

The proteome analysis yielded key insights, but certain physiological 
trends remained unexplained, indicating that more sensitive analyses 
may be necessary to capture subtle changes in the metabolism of each 
strain. Additional differences in acclimation strategies between strains 
may be owed to post-translational or epigenetic modifications which 
were not accounted for by our methods. A complete understanding of 
the effects of interactions between multiple climate stressors on 
phytoplankton is crucial, and will require further efforts utilizing 
molecular analyses that additionally capture transcriptional and post-
translational regulation to gain a more comprehensive picture of diverse 
Synechococcus metabolic strategies in the future ocean.
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Transcriptomic analysis of 
nitrogen metabolism pathways in 
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Yiting Fu  and Yan Zhou *

Life Science and Technology School, Lingnan Normal University, Zhanjiang, China

The acceleration of the nitrogen cycle and the nitrogen excess observed in 
some coastal waters has increased interest into understanding the biochemical 
and molecular basis of nitrogen metabolism in various microorganisms. To 
investigate nitrogen metabolism of a novel heterotrophic nitrification and aerobic 
denitrification bacterium Klebsiella aerogenes strain (B23) under nitrogen-rich 
conditions, we  conducted physiological and transcriptomic high-throughput 
sequencing analyses on strain B23 cultured on potassium nitrate–free or 
potassium nitrate–rich media. Overall, K. aerogenes B23 assimilated 82.47% of 
the nitrate present into cellular nitrogen. Further, 1,195 differentially expressed 
genes were observed between K. aerogenes B23 cultured on potassium nitrate–
free media and those cultured on potassium nitrate-rich media. Gene annotation 
and metabolic pathway analysis of the transcriptome were performed using a 
series of bioinformatics tools, including Gene Ontology, Kyoto Encyclopedia 
of Genes and Genomes, and Non-Redundant Protein Database annotation. 
Accordingly, the nitrogen metabolism pathway of K. aerogenes B23 was 
analyzed; overall, 39 genes were determined to be  involved in this pathway. 
Differential expression analysis of the genes involved in the nitrogen metabolism 
pathway demonstrated that, compared to the control, FNR, NarK/14945, fdx, 
gshA, proB, proA, gapA, argH, artQ, artJ, artM, ArgR, GAT1, prmB, pyrG, glnS, and 
Ca1 were significantly upregulated in the nitrogen-treated K. aerogenes B23; 
these genes have been established to be involved in the regulation of nitrate, 
arginine, glutamate, and ammonia assimilation. Further, norV, norR, and narI 
were also upregulated in nitrogen-treated K. aerogenes B23; these genes are 
involved in the regulation of NO metabolism. These differential expression 
results are important for understanding the regulation process of key nitrogen 
metabolism enzyme genes in K. aerogenes B23. Therefore, this study establishes 
a solid foundation for further research into the expression regulation patterns 
of nitrogen metabolism–associated genes in K. aerogenes B23 under nitrogen-
rich conditions; moreover, this research provides essential insight into how K. 
aerogenes B23 utilizes nutritional elements.
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1 Introduction

Marine microorganisms are diverse, abundant, and widely 
distributed throughout marine ecosystems. These microorganisms 
act as both producers and consumers, making significant 
contributions to primary productivity and biomass within the 
ocean (Fuhrman and Hagström, 2008). However, the marine 
environment presents a complex and varied set of environmental 
characteristics across different regions, which have been attributed 
to both natural factors and human activities; these characteristics 
include high salinity (Xu et al., 2023), high and low temperatures 
(Cheung et al., 2021; Kang et al., 2021), and oligotrophic conditions 
(Duarte et al., 2013). Microorganisms can adapt and survive within 
complex marine environments; ultimately, this can lead to the 
formation of unique community structures and distribution 
characteristics. Microorganisms contribute to almost all 
biochemical reactions and biogeochemical cycles within the ocean. 
Therefore, understanding their community composition, structure, 
and distribution across different habitats, as well as elucidating 
their specific metabolic characteristics, becomes necessary for 
developing an in-depth understanding of the ecological functions 
of marine microorganisms.

Nitrogen is an essential element for life and a crucial 
component of biogeochemical cycles in aquatic ecosystems 
(Stüeken et al., 2016). However, the acceleration of the nitrogen 
cycle, owing to increased industrial activity and the extensive use 
of nitrogen fertilizers, has led to significant and challenging 
environmental issues that have a direct impact on human 
populations worldwide. Microbial nitrogen assimilation primarily 
occurs via the conversion of nitrate into ammonia by a series of 
enzymes such as nitrate reductase and nitrite reductase (Matassa 
et  al., 2016). These microorganisms then use this ammonia for 
amino acid synthesis and transformation (Mena-Rivera et  al., 
2023). Amino acids are primarily used to synthesize proteins that 
can then be modified, sorted, transported, and stored in microbial 
organisms (Xu et  al., 2015). This process is coordinated with 
microbial carbon metabolism and is a fundamental pathway for 
microbial life. Prior research has indicated that most oceans are 
currently experiencing nitrogen limitation (Buchanan et al., 2021). 
In recent years, with increasing marine biogeochemical research, 
the biochemical and molecular basis of nutrient metabolism in 
various microorganisms has become a key subject of interest 
(Kuypers et  al., 2018). Studying nitrogen metabolism can, 
ultimately, improve our understanding regarding the utilization of 
nitrogen nutrients by marine microorganisms; in turn, this can 
contribute to the protection of the marine environment and 
promote the healthy development of the aquaculture industry. 
Studies on microbial-mediated marine nitrogen cycling have 
employed techniques such as isotope tracing (Glaze et al., 2022), 
quantitative PCR (Mosley et al., 2022), and metagenomics (Sun and 
Ward, 2021); these approaches have been instrumental in 
investigating how microorganisms absorb and utilize different 
nitrogen sources in different marine habitats at the physiological, 
genetic, and protein levels. In recent years, Archaea (Kirchman, 
2012), γ-proteobacteria (Ravcheev et al., 2005) and Bacillus (Yang 
et al., 2021) have been isolated from seawater and have, ultimately, 
been determined to participate in various biological processes such 
as the metabolism of urea, reduction of nitrate and nitrite, and 

denitrification. Fungi, Sphingomonadales, and Pseudomonadales 
play important roles in ammonia oxidation, nitrate assimilation, 
and nitrification processes in the deep sea (Hawley et al., 2014; Li 
et al., 2018).

Overall, this study focused on Klebsiella aerogenes B23, which was 
newly isolated from a marine aquaculture area and has outstanding 
nitrogen-removing ability (Chen et al., 2023); ultimately, we aimed to 
determine the transcriptome of this marine microorganism in the 
presence or absence of nitrogen (potassium nitrate). Then a nitrogen 
metabolism pathway was constructed based on transcriptome data, 
and the differential expression of genes encoding nitrogen 
metabolism–related enzymes was analyzed. The primary objective of 
this study was to elucidate the nitrogen utilization mechanism of this 
K. aerogenes strain at the molecular level and lay the foundation for 
studying its adaptation mechanisms in nitrogen-rich seawater.

2 Materials and methods

2.1 Bacterium and media

Klebsiella aerogenes B23 was isolated by Zhanjiang Yuehai Aquatic 
Seeding Company Limited on Donghai Island, Zhanjiang, China 
(Chen et al., 2023). The denitrification medium (DM1&2) used in this 
study was composed of 5.0 g of sucrose, 1.0 g of K2HPO4, 1.0 g of 
KH2PO4, 5.0 g of NaCl, and 2 mL of trace elements (containing 
MnSO4 1.1 g, MgSO4 1.0 g, CuSO4 1.6 g, FeSO4 1.8 g per liter of 
distilled water) per liter of distilled water; these medium was produced 
either without KNO3 (DM1) or with 0.36 g of KNO3 (DM2) as the sole 
nitrogen source. The Luria–Bertani (LB) medium contained 10 g of 
peptone, 5 g of yeast extract, and 5 g of NaCl per 1 L of distilled water. 
Additionally, 1 × phosphate buffered saline (PBS) was purchased from 
BioSharp Biotech (Beijing, China). All culture media were autoclaved 
at 121°C for 20 min before use.

2.2 Experimental design and sample 
collection

Strain B23 was activated, inoculated into LB broth, and cultured 
until it reached logarithmic growth phase (OD600 = 1.0). After washing 
with PBS three times, strain B23 samples were resuspended; this 
bacterial suspension was then inoculated into DM1 or DM2 with 5% 
(v/v) inoculum, before being sealed with breathable sealing films. The 
flasks were incubated in a shaking incubator at 30°C for 48 h. Finally, 
bacterial samples were collected by centrifugation at 24,200 × g for 
10 min at 48 h before being stored at −80°C and sent to Majorbio 
Company (China) for transcriptome sequencing.

After the bacterial suspension was inoculated into DM1 and 
DM2, growth (OD600 value) was measured using an ultraviolet 
spectrophotometer (UV-3600PLUS, SHIMADZU, China); 
additionally, nitrogen utilization (total nitrogen, nitrate, ammonium, 
and nitrite) was tested at 0 and 48 h. The concentrations of total 
nitrogen, nitrate, ammonium, and nitrite were determined using 
alkaline potassium persulfate photometry, phenol disulfonic acid 
photometry, Nessler’s reagent spectrophotometry, and N-(1-naphthyl) 
ethylenediamine photometry (Gilcreas, 1966). All assays were 
performed in triplicate.
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2.3 RNA extraction, library construction, 
and sequencing

Total RNA was extracted from the bacterial culture using 
TRIzol reagent, following the manufacturer’s instructions 
(Invitrogen, Carlsbad, CA, USA); genomic DNA was extracted 
using bacterial DNA extraction kit (Takara Bio, Shiga, Japan). 
Then, RNA quality was assessed using an Agilent 2,100 Bioanalyzer 
(USA) and quantified using an ND-2000 spectrophotometer 
(NanoDrop Technologies, USA). High-quality RNA samples, with 
an OD260/280 ≥ 1.8, OD260/230 ≥ 1.0, RNA integrity 
number ≥ 6.5, 23S:16S ≥ 1.0, concentration ≥ 50 ng/μl, and total 
amount ≥ 1 μg, were selected for subsequent library construction.

RNA libraries for each sample (DM1_1, DM1_2, DM1_3, 
DM2_1, DM2_2, and DM2_3) were constructed using the TruSeq 
RNA Sample Preparation Kit (Illumina, San Diego, CA, USA). 
The Ribo-Zero Magnetic Kit (Epicenter, USA) was used to remove 
rRNA; then, the mRNA was randomly fragmented into small 
pieces of approximately 200 bp. Finally, double-stranded cDNA 
was synthesized using mRNA as the template and random primers 
(Illumina); this was conducted using a SuperScript double-
stranded cDNA synthesis kit (Invitrogen). During synthesis of the 
second strand of cDNA, dUTP was used instead of dTTP. The 
resulting double-stranded cDNA was then repaired to obtain 
blunt ends, phosphorylation at the 5′ end, and an A base addition 
to the 3′ end. Finally, the cDNA was ligated to a Y-shaped 
sequencing adapter. The second strand of the cDNA, containing 
dUTP, was removed using uracil-DNA glycosylase, thereby 
producing a library containing only the first strand of cDNA.

This cDNA library was enriched and amplified using the 
Phusion DNA polymerase (New England Biolabs) over 15 PCR 
cycles. After quantification using TBS380 (Turner Biosystems, 
USA), RNA-seq paired-end sequencing was performed using 
Illumina NovaSeq (2× 150 bp). The raw reads generated in this 
study have been deposited in the NCBI database (accession 
number: PRJNA984342).

2.4 Sequencing data quality control and 
sequence alignment analysis

Using the Illumina platform, sequencing image signals were 
converted into text signals via CASAVA base calling and stored in the 
FASTQ format as raw data. Adapter sequences were removed from 
reads. Additionally, 5′ ends that contained non-A, G, C, or T bases 
were trimmed. Reads of low sequencing quality (sequencing quality 
value < Q20) were also trimmed. Further, reads with an N content 
ratio of ≥10% were removed. Finally, fragments with lengths <25 bp 
were discarded after adapter removal and quality trimming, thereby 
resulting in clean data. Bowtie2 was then used to align the high-
quality reads in each sample to the reference genome of K. aerogenes.

2.5 Function annotation

To obtain comprehensive annotation information for genes 
and transcripts, genomic sequences were compared using several 

databases, including Gene Ontology (GO), Kyoto Encyclopedia 
of Genes and Genomes (KEGG), Clusters of Orthologous Groups 
of Proteins (COG), Non-Redundant Protein Database (NR), 
Swiss-Prot, and Pfam.

2.6 Differentially expressed gene 
identification and functional enrichment

The transcripts Per Million reads (TPM) method was used to 
calculate the expression levels of transcripts in the DM1 and 
DM2 groups. After obtaining the read counts of these transcripts, 
differential gene expression analysis between the samples was 
performed using DEseq2 software (Love et  al., 2014). 
Differentially expressed genes (DEGs) were identified between 
DM1 and DM2 samples with |log2FC| > 1 and q-value ≤0.05. 
Then the functions of these DEGs were investigated using cluster 
analysis, functional annotation (COG, GO, and KEGG), and 
functional enrichment analysis (GO and KEGG).

2.7 Verification of real-time quantitative 
PCR

qRT-PCR analysis was performed according to the procedure 
described by Zhou et  al. (2022). Primers were constructed using 
Primer Premier (version 5.0; Supplementary Table S1). The amplified 
PCR products ranged from 113 bp to 232 bp in length. To estimate the 
relative expression levels of the DEGs in DM1 and DM2 samples, 
we used the 2–ΔΔCt method (Livak and Schmittgen, 2001), with actin 
as a reference marker.

2.8 Statistical analysis

SPSS version 21.0 (SPSS Inc., Chicago, IL, USA) was used to 
perform one-way analysis of variance (ANOVA). Duncan’s new 
multiple-range test was used to analyze the means, with a significance 
level of p < 0.05. The data presented in the tables and figures represent 
the mean ± standard error (N = 3).

3 Results

3.1 Nitrogen balance analysis

In this study, nitrogen balance was analyzed by testing and 
calculating the changes in different nitrogen forms (Table 1). It 
became clear that K. aerogenes B23 growth was significantly 
hindered when cultured in DM1, which was attributed to the 
absence of a nitrogen source. Trace ammonium and a slight 
decrease in intracellular N were observed after 48 h, which may 
be due to the presence of N in the cytoplasm of some cells. In 
DM2, the majority of nitrate supplied was utilized by this 
K. aerogenes strain. Specifically, 82.47% of the initial nitrate was 
transformed into intracellular nitrogen by assimilation, while 
16.16% of the initial nitrate was lost through conversion into gas.
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3.2 RNA sequencing and transcriptome 
annotation

For the DM1_1, DM1_2, DM1_3, DM2_1, DM2_2, and 
DM2_3 samples, 24.77  Gb of data were analyzed. Overall, 
we obtained 161,397,874 clean reads with a Q30 score > 94.39% 
after filtering out low-quality reads and adapters 
(Supplementary Table S2). Parallelism among the groups was 
good and sequence alignment was high. All 5,028 genes were 
determined to match known genes in the listed databases at least 
once. These Genes were found to have the most hits in the NR 
(4,994 genes; 99.32%) and Pfam databases (4,477 genes; 89.04%); 
this was followed by 4,308 (85.68%) in the Swiss-Prot database, 
4,258 (84.69%) in the COG database, 3,350 (66.63%) in the 
KEGG database, and 3,044 (60.54%) in the GO database (Table 2).

The 3,044 genes in the GO database were enriched in 
biological processes, cellular components, and molecular 
functions (Supplementary Figure S1). The top three terms in the 
biological process category were determined to be regulation of 
DNA-templated transcription (98), transmembrane transport 
(72), and translation (58). For cellular components, the top  3 
terms were integral component of membranes (753), plasma 
membrane (465), and cytoplasm (417). Finally, for molecular 
functions, the top three terms were ATP binding (296), DNA 
binding (271), and metal ion binding (254).

Next, we used the COG database to annotate 4,258 genes, 
which were then classified into 24 distinct categories 
(Supplementary Figure S2). Three of these categories, each 
containing over 400 genes, were identified as follows: (G) 

carbohydrate transport and metabolism (505, 10.56%), (E) amino 
acid transport and metabolism (461, 9.64%), and (K) 
transcription (418, 8.74%). In total, 3,350 K. aerogenes genes were 
assigned to 40 KEGG categories (Supplementary Figure S3). 
Notably, the most frequently occurring pathways were 
carbohydrate metabolism (366), membrane transport (327), 
prokaryotic cellular community (152), translation (83), and 
antimicrobial drug resistance (70), which were categorized as 
metabolism, environmental information processing, cellular 
processes, genetic information processing, and human diseases, 
respectively.

3.3 DEG and gene co-expression cluster 
analysis

Overall, RNA-seq reads from the DM1 and DM2 groups were 
aligned at an average mapping rate of 96.00% for K. aerogenes 
(Supplementary Table S2). The Pearson’s correlation coefficient 
between the three biological replicates of the DM1 and DM2 groups 
showed a strong correlation, ranging from approximately 0.982–1.0 
(Supplementary Figure S5). Principal component analysis revealed 
distinct transcriptomic characteristics between the DM1 and DM2 
groups (Supplementary Figure S6); these results suggested that DM2 
KNO3 treatment significantly affected the transcriptome-wide gene 
expression of K. aerogenes. A total of 1,195 DEGs between the DM1 
and DM2 groups were separated into 10 clusters of gene 
co-expression patterns (Supplementary Figure S4 and 
Supplementary Dataset S1, S2). Cluster 1 exhibited significantly 
higher gene expression in the DM2 group than in the DM1 group 
(control), with 616 upregulated genes in DM2 K. aerogenes (Figure 1 
and Supplementary Dataset S1). GO analysis revealed that these 
upregulated genes were associated with the regulation of nitrogen 
compound metabolism, organonitrogen compound metabolism, 
cellular nitrogen compound metabolic process, nitrogen utilization, 
isoleucine metabolism, leucine metabolism, valine metabolism, 
glycine catabolism, and serine family amino acid catabolism 
(Figure  1A). Nonetheless, compared to the DM1 group, the 400 
genes in cluster 2 showed significantly lower gene expression in the 
DM2 group (Supplementary Dataset S2). These downregulated 
genes were determined to be  involved in nitrogen compound 
metabolism, organonitrogen compound metabolism, cellular 
nitrogen compound metabolism, cellular amino acid metabolism, 
glycine decarboxylation via glycine cleavage, and serine family 
amino acid catabolism (Figure 1B).

Finally, GO enrichment analysis revealed that 4,587 genes 
were significantly upregulated in the DM2 group compared to the 

TABLE 1 The growth and nitrogen balance of strain B23 during denitrification process (unit:mg/L).

Medium Time OD600 Nitrate Ammonium Nitrite Intracellular N N lost by gas

DM1 0 h 0.094 ± 0.007 _ _ _ 0.58 ± 0.32 _

48 h 0.090 ± 0.005 _ 0.21 ± 0.08 _ 0.37 ± 0.15 _

DM2 0 h 0.087 ± 0.005 50.61 ± 1.13 _ _ _ _

48 h 1.468 ± 0.006 0.64 ± 0.38 0.05 ± 0.04 _ 41.74 ± 1.59 8.18 ± 0.82

–: Undetectable. N lost by gas = Total nitrogen (0 h) – Total nitrogen (48 h).

TABLE 2 Statistics of annotation results.

Organism
Klebsiella aerogenes 

(enterobacteria)

Genome ID GCF_007632255.1

Genome Size (bp) 5,249,267

GC Content (%) 54.91

CDS No. 5,028

Genes of NR [Percent(%)] 4,994 (99.32)

Genes of Swiss-Prot [Percent(%)] 4,308 (85.68)

Genes of Pfam [Percent(%)] 4,477 (89.04)

Genes of COG [Percent(%)] 4,258 (84.69)

Genes of GO [Percent(%)] 3,044 (60.54)

Genes of KEGG [Percent(%)] 3,350 (66.63)
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DM1 group. These genes were determined to be associated with 
ribosomal subunits (GO:0044391), the ribonucleoprotein 
complex (GO:1990904), rRNA binding (GO:0019843), structural 
constituent of ribosome (GO:0003735), and structural molecule 
activity (GO:0005198) (Figure  2A). Alternatively, 1857 genes 
were determined to be  downregulated in the DM2 group 
compared to The DM1 group; these genes were associated with 
phenylacetate catabolism (GO:0010124), branched-chain amino 
acid metabolism (GO:0009081), branched-chain amino acid 
biosynthesis (GO:0009082), isoleucine biosynthesis 
(GO:0009097), and isoleucine metabolism (GO:0006549) 
(Figure 2B).

3.4 Nitrate assimilation, arginine 
metabolism, glutamate metabolism, and 
ammonia assimilation under nitrogen-rich 
conditions

Nine candidate DEGs (eight upregulated and one downregulated) 
were randomly selected; the expression levels of these DEGs were 
measured using qRT-PCR with specific primers to validate the 
reliability of the RNA-seq data for K. aerogenes under nitrogen-rich 
conditions (Supplementary Table S1). The expression patterns of the 
nitrogen treatment–associated DEGs, as observed by qRT-PCR, 
closely aligned with those from previously established RNA-seq data 

FIGURE 1

Gene co-expression clusters and heatmap analysis of DEGs in K. aerogenes. (A) Gene number of co-expression clusters and these gene expression 
patterns, (B) Heatmap and GO terms related to clusters of enriched gene co-expression. DM1_1, DM1_2, and DM1_3 indicate 3 replicates of the 
control group, while DM2_1, DM2_2, and DM2_3 indicate 3 replicates of the treated group.
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of K. aerogenes (Figure  3); this highlighted the reliability of the 
RNA-seq data obtained in this study. Additionally, this indicated that 
the identified DEGs are suitable candidates for further investigation 
of K. aerogenes under nitrogen-rich conditions.

Overall, eight genes were determined to be involved in nitrate 
assimilation under nitrogen-dependent conditions in K. aerogenes 
(Table 3). Specifically, five of these genes (norV/05380, norR/05390, 
narI/14925, FNR/RS13560 and NarK/14945) were upregulated, and 

A

B

FIGURE 2

GO enrichment analysis of the DEGs in K. aerogenes between the DM1 and DM2 groups. (A) Upregulated genes, (B) downregulated genes. The label 
“**” indicates p  <  0.01, and “***” indicates p  <  0.001.
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three (narG/11865, NarK/11870 and ntrB/14980) were downregulated 
under nitrogen-rich conditions compared to the control. Additionally, 
in the nitrogen-treated group, five genes involved in arginine 
metabolism (artQ/16875, artJ/16870, artM/16880, argR/02445 and 
argH/23940) were upregulated, while two (tatE/18075 and 
argT/07020) were downregulated. Further, under nitrogen-rich 
conditions, five glutamate metabolism–associated genes (gshA/05525, 
proB/19730, proA/19735, gapA/09905 and fdx/06275) were 
upregulated, while seven (glnA/24240, putA/15685, gltB/02550, 
astD/10040, trpD/10200, gltS/00465 and ndoA/03960) were 
downregulated. Finally, in the nitrogen-treated group, five ammonia 
assimilation–associated genes (GAT1/06645, prmB/06915, 
pyrG/05015, glnS/17865 and Ca1/novel0138) were upregulated, while 
seven (glnH/17190, glnP/17195, glnQ/17200, GAT1/02860, FmdA_
AmdA/21860, arcC/14025 and CA/22225) were downregulated.

4 Discussion

Microorganism play a vital role in driving the nitrogen cycle, a 
crucial component of the biogeochemical cycle. Nitrogen fixation is 
the process by which nitrogen-fixing microorganisms convert 

atmospheric N2 directly into biologically available ammonia; 
ultimately, this ammonia acts as the primary source of newly supplied 
nitrogen to the ocean (Fripiat et  al., 2021). In the present study, 
K. aerogenes B23 exhibited effective growth in nitrogen-containing 
medium; additionally, this K. aerogenes strain utilized the nitrate 
provided, with 82.47% of this nitrate being assimilated into 
intracellular nitrogen. Previous studies have demonstrated that the 
formation of various enzymes in K. aerogenes is dependent on the 
quality and quantity of the nitrogen source provided in the growth 
substrate. It is understood that this nitrogen-dependent regulation of 
enzymes requires the action of the nitrogen regulatory system 
(Schwacha and Bender, 1993). The Klebsiella K312 has been 
established to convert nitrate to ammonia under nitrate-limited 
conditions; additionally, this process has been linked to the synthesis 
of nitrate reductase and nitrite reductase (Dunn et al., 1979). Based on 
the RNA-seq data of this study, we  established how nitrate, from 
nitrate-containing medium, is utilized and assimilated by K. aerogenes 
B23. Specifically, this K. aerogenes strain grown in nitrate-containing 
medium exhibited unique and distinct expression patterns.

In the present study, 1,195 DEGs were found in K. aerogenes B23 
grown in nitrate-containing medium. Cluster 1 contained 616 highly 
overexpressed genes in nitrate-treated K. aerogenes B23. Then, GO 

FIGURE 3

Expression pattern validation of 9 selected DEGs in K. aerogenes determined by RNA-seq and qRT-PCR.
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analysis indicated that these overexpressed genes were closely related 
to nitrogen compound metabolism, organonitrogen compound 
metabolism, cellular nitrogen compound metabolism, nitrogen 

utilization, isoleucine metabolism, leucine metabolism, valine 
metabolism, glycine catabolism, and serine family amino acid 
catabolism (Figure 1). To better explain the molecular mechanism 

TABLE 3 Genes involved in nitrogen metabolism pathways in K. aerogenes between the DM1 and DM2 groups.

Involved metabolic 
pathways

Gene ID
Gene 
name

Function description
log2 (Fold 
change)

Nitrate assimilation FPV33_RS05380 norV Anaerobic nitric oxide reductase flavorubredoxin 9.73

FPV33_RS05390 norR Nitric oxide reductase transcriptional regulator NorR 2.12

FPV33_RS14925 narI Respiratory nitrate reductase subunit gamma 2.95

FPV33_RS13560 FNR Fumarate/nitrate reduction transcriptional regulator Fnr 1.32

FPV33_RS11865 narG Nitrate reductase subunit alpha −1.27

FPV33_RS11870 NarK NarK family nitrate/nitrite MFS transporter −1.44

FPV33_RS14945 NarK NarK family nitrate/nitrite MFS transporter 1.50

FPV33_RS14980 ntrB Nitrate ABC transporter permease −1.11

Arginine metabolism FPV33_RS18075 tatE Twin-arginine translocase subunit TatE −1.52

FPV33_RS07020 argT Lysine/arginine/ornithine ABC transporter substrate-binding protein ArgT −1.87

FPV33_RS16875 artQ Arginine ABC transporter permease ArtQ 1.50

FPV33_RS16870 artJ Arginine ABC transporter substrate-binding protein 1.01

FPV33_RS16880 artM Arginine ABC transporter permease ArtM 1.24

FPV33_RS02445 argR Transcriptional regulator ArgR 2.14

FPV33_RS23940 argH Argininosuccinate lyase 1.08

Glutamate metabolism FPV33_RS24240 glnA Glutamate--ammonia ligase −5.30

FPV33_RS15685 putA
Trifunctional transcriptional regulator/proline dehydrogenase/L-glutamate 

gamma-semialdehyde dehydrogenase
−1.45

FPV33_RS02550 gltB Glutamate synthase large subunit −1.43

FPV33_RS05525 gshA Glutamate--cysteine ligase 1.74

FPV33_RS10040 astD Succinylglutamate-semialdehyde dehydrogenase −1.37

FPV33_RS19730 proB Glutamate 5-kinase 1.22

FPV33_RS10200 trpD
Bifunctional anthranilate synthase glutamate amidotransferase component 

TrpG/anthranilate phosphoribosyltransferase TrpD
−1.08

FPV33_RS19735 proA Glutamate-5-semialdehyde dehydrogenase 1.01

FPV33_RS00465 gltS Sodium/glutamate symporter −1.14

FPV33_RS09905 gapA Glyceraldehyde-3-phosphate dehydrogenase 2.84

FPV33_RS06275 fdx ISC system 2Fe-2S type ferredoxin 1.75

FPV33_RS03960 ndoA Non-heme iron oxygenase ferredoxin subunit −2.69

Ammonia assimilation FPV33_RS06645 GAT1 Type 1 glutamine amidotransferase 2.31

FPV33_RS17190 glnH Glutamine ABC transporter substrate-binding protein GlnH −3.20

FPV33_RS06915 prmB 50S ribosomal protein L3 N(5)-glutamine methyltransferase 2.31

FPV33_RS05015 pyrG CTP synthase (glutamine hydrolyzing) 1.48

FPV33_RS17865 glnS Glutamine--tRNA ligase 1.48

FPV33_RS17195 glnP Glutamine ABC transporter permease GlnP −1.83

FPV33_RS17200 glnQ Glutamine ABC transporter ATP-binding protein GlnQ −1.72

FPV33_RS02860 GATase1 Type 1 glutamine amidotransferase −1.42

FPV33_RS21860 FmdA_AmdA Acetamidase/formamidase family protein −1.63

FPV33_RS14025 arcC Carbamate kinase −1.36

novel0138 Ca1 Carbonic anhydrase 2.99

FPV33_RS22225 CA Carbonic anhydrase −1.29
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behind the transport and assimilation of potassium nitrate in B23, 
we analyzed the associated KEGG metabolic pathways. We constructed 
the nitrogen metabolism pathway of K. aerogenes B23, which included 
nitrate assimilation, urea cycle (arginine and glutamate metabolism), 
and ammonia assimilation (Table  3 and Figure  4). Nitrogen 
metabolism is initiated by the absorption of inorganic nutrients from 
the environment. Nitrate/nitrite transporter proteins are the 
components responsible for this transport of nitrate/nitrite into cells 
for further assimilation (Senior, 1975). Nitrate assimilation is the 
process by which bacteria convert externally absorbed nitrate into 
ammonia, which is then used to form organic matter and store energy 
(Bothe et  al., 2007). Nitrate reductase, the initiating enzyme for 
nitrogen utilization, is widely present in bacterial cells and is a key 
limiting and regulating enzyme in nitrate assimilation. Specifically, it 
converts the oxidized forms of nitrogen compounds absorbed by 
bacteria into their reduced forms, thereby completing the nitrogen 
metabolism cycle (Jiang and Jiao, 2016). In the K. aerogenes B23 
transcriptome, we identified the transcriptional isoforms of genes that 
encode enzymes involved in the nitrate assimilation pathway (Table 3). 
Additionally, the expression levels of FNR, NarK/14945, and fdx were 
significantly upregulated under nitrogen-rich conditions. During the 
transition from aerobic to anaerobic growth in Escherichia coli, the 
transcription factor FNR plays a crucial role in regulating the 
reduction of succinate and nitrate (Constantinidou et al., 2006). In 
denitrifying bacteria, the transport of nitrate and nitrite is typically 
mediated by transmembrane transport proteins that are part of the 
major facilitator superfamily, which belongs to the NarK subfamily 
(Alvarez et  al., 2019). In this study, NarK genes were found to 
be upregulated and involved in nitrate transport within K. aerogenes 
B23. The first step in the nitrate assimilation pathway is catalyzed by 
nitrate reductase, which converts nitrate to nitrite. However, owing to 
the toxicity of nitrite to cells, a second step involving nitrite reduction 
is necessary; this process utilizes ferredoxin and NADH as coenzymes 
to convert nitrite into ammonia (Ding et al., 2022). In this study, the 
gene encoding ferredoxin (fdx) of K. aerogenes B23 exhibited high 
expression in the presence of nitrate.

Transcripts encoding enzymes involved in ammonia metabolism 
were found in the K. aerogenes B23 transcriptome. Among these, 
gshA, proB, proA, and gapA were significantly upregulated. Glutamine 
synthetase and glutamate synthase use ammonia to catalyze the 
production of L-glutamate and L-glutamine, respectively. These 
amino acids can then participate in glutamate metabolism (Zhou 
et  al., 2020). In the present study, the large subunit of glutamate 
synthase, gltB, was significantly downregulated in nitrogen-treated 
K. aerogenes B23. These enzymes participate in the conversion of 
ammonia into organic peptides, contribute to the urea cycle, convert 
ammonia to ornithine to generate arginine, and subsequently catalyze 
the condensation of the guanidine group on ornithine with the amino 
group of aspartic acid, thereby forming argininosuccinate (Cunin 
et al., 1986; Charlier and Bervoets, 2019). Argininosuccinate synthase 
catalyzes the cleavage of argininosuccinate to produce arginine. 
Arginase then hydrolyzes arginine to produce urea and regenerate 
ornithine, thereby completing the urea cycle. Additionally, nitric 
oxide synthase catalyzes the interconversion of arginine and citrulline 
to supplement the needs of different amino acids during specific 
periods of the urea cycle (Mori, 2007; Lorin et  al., 2014). In the 
present study, the gene encoding arginine succinyltransferase, argH, 
was significantly upregulated in nitrogen-treated K. aerogenes, 

resulting in the accelerated breakdown of arginine succinate. 
Additionally, genes encoding the arginine ABC transporters, artQ, 
artJ, and artM, were upregulated, which accelerated arginine 
transportation. The transcriptional regulator ArgR, was also 
upregulated in the nitrogen-treated group; specifically, this protein 
plays a key role in positive regulation of these arginine ABC 
transporters. The urea cycle is highly important for bacterial 
metabolism, with its intermediate products playing important roles 
in various biological processes. Ornithine and arginine are involved 
in biosynthesis and metabolism of arginine and citrulline, 
respectively. Urea in the internal and external environments of 
bacteria has important physiological significance, especially in 
facilitating the absorption of external nitrogen sources by plants for 
growth and development. Further, urea also helps maintain the 
balance of nitrogen metabolism and recycling within bacterial cells.

In addition to nitrate assimilation and urea decomposition, the 
glutamate–glutamine cycle can also supply the required ammonia for 
nitrogen metabolism (Esteves-Ferreira et  al., 2018). Specifically, 
glutamine synthetase converts ammonia into glutamine. Additionally, 
glutamine synthetase receives the carbon skeleton from alpha-
ketoglutarate via glutamate synthase (GLT1/GLTD), thereby allowing 
the production of glutamate. Finally, glutamate dehydrogenase 
(GDH1/GDH2) converts glutamate back to ammonia, thereby 
completing the glutamine synthetase–glutamate synthase cycle. 
Glutamate synthase is the rate-limiting enzyme in this cycle (Herrero 
et al., 2001). Nonetheless, GAT1_2.1 may function as a glutaminase, 
working in conjunction with glutamate dehydrogenase 2 to break 
down glutamine and direct 2-oxoglutarate towards the TCA cycle in 
the presence of excess nitrogen (Kambhampati et al., 2021). In the 
present study, GAT1 in K. aerogenes B23 was determined to 
be  upregulated under nitrogen-rich conditions and was found to 
participate in glutamine hydrolysis. Similarly, the upregulation of 
prmB and pyrG in nitrate-treated K. aerogenes B23 was found to 
be involved in the hydrolysis of glutamine, whereas glnS upregulation 
was necessary for maintaining glutamine synthesis. Carbonic 
anhydrase (CA) can also catalyze the generation of ammonia from 
carbamoyl phosphate, thereby supplementing the consumption of 
ammonia and generating ATP. In this study, Ca1 was significantly 
upregulated in K. aerogenes B23 grown in nitrate-supplemented 
medium. CA catalyzes the decomposition of cyanates into ammonia; 
moreover, this enzyme can catalyze the reversible hydration reaction 
of carbon dioxide, ultimately providing CO2/HCO3

− for further 
enzymatic reactions. Additionally, CA can facilitate energy production 
by removing CO2/HCO3

−.
Denitrification is the process in which microorganisms 

decompose nitrate or nitrite into N2, N2O, or NO under anaerobic 
conditions. It is the main biological process by which reactive 
nitrogen can return to the atmosphere in gaseous form. NO is a 
toxic metabolite in bacteria that readily reacts with [Fe-S], 
ferroheme cofactors, and other transition metal centers (Galloway 
et  al., 2008; Canfield et  al., 2010). Bacteria that produce NO 
typically possess nitric oxide reductase (NOR), which converts 
NO to N2O (Cole, 2018). NOR consists of a small subunit (NorC) 
and large subunit (NorB) (Harland et  al., 2023). Additionally, 
NorV acts as the primary defense mechanism that aids bacteria 
in resisting oxidation and nitrite-based sterilization. Further, the 
norV gene has been determined to provide a protective advantage 
to Aeromonas hydrophila against Tetrahymena predation, improve 
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bacterial survival within macrophages, and contribute 
significantly to bacterial virulence in zebrafish (Liu et al., 2019). 
The NorR regulatory protein detects the presence of NO in E. coli 
and triggers the activation of the genes necessary for NO 
detoxification under anaerobic and microaerobic conditions 

(Tucker et al., 2008). In the present study, norV, norR, and narI 
were determined to be significantly upregulated in nitrate-treated 
K. aerogenes B23; these genes were specifically associated with 
NO metabolism and, thereby, preventing the toxic effects of NO 
in this K. aerogenes strain.

FIGURE 4

The molecular mechanism for nitrogen metabolism of K. aerogenes under nitrogen conditions. The text in blue block indicates K. aerogenes was 
cultured with KNO3, while the text in green block indicates nitrogen compound, the text in yellow-green block indicates organic compounds that 
involve in ammonia metabolism, and the text in yellow blocks indicates metabolism pathways. Up-regulated genes are indicated in pink blocks with up 
arrow, while down-regulated genes are indicated in pink blocks with down arrow, and non-significant regulated genes are indicated in pink blocks 
without arrow. Solid arrows indicate direct pathways for transcriptional regulation, while dashed arrows indicate indirect or unclear mechanisms.
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5 Conclusion

Overall, K. aerogenes B23 can effectively grow in nitrate-rich 
culture media and can perform nitrogen fixation, ammonification, 
nitrification, denitrification, and deamination by upregulating 
the expression of FNR, NarK/14945, fdx, gshA, proB, proA, gapA, 
argH, artQ, artJ, artM, ArgR, GAT1, prmB, pyrG, glnS, and Ca1. 
Additionally, it can mitigate the toxic effects of NO by 
upregulating norV, norR, and narI. Ultimately, this study reveals 
a new microorganism that is involved in the marine nitrogen 
cycle and provides a scientific basis for studying its corresponding 
nitrogen metabolism mechanisms.
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Ocean acidification and food
availability impacts on the
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The heterotrophic dinoflagellateOxyrrhis marina is an essential microzooplankton

in coastal waters, linking the energy transfer from phytoplankton to higher

trophic levels. It is of general significance to investigate how it responds and

acclimates to ocean acidification (OA), especially under varied availabilities of

food. Here,O. marinawas exposed and acclimated to three pCO2 levels (LC: 415,

MC:1000, HC:1500 matm) for 60 days, and then was further grown under the CO2

levels with different levels of food (the microalgae Dunaliella salina) availability for

about 8 generations. The OA treatments did not significantly hamper its growth

and ingestion rates even under the reduced food availability and starvation

(deprived of the microalgae), which significantly reduced its growth rate. While

the impacts of OA on the growth and ingestion rates of O. marina were

insignificant, the OA treatments appeared to have resulted in a faster decline of

the heterotrophic dinoflagellate cells during the starvation period. Nevertheless,

the acidic stress under the elevated pCO2 of 1000 or 1500 matm decreased its

respiration by about 53% or 59% with the high and by about 26% or 23% with the

low food availability, respectively. Such OA-repressed respiration was also

significant during the starvation period. On the other hand, the OA treatments

and deprivation of the microalgae synergistically reduced the cellular quota of

particulate organic C, N and P, resulting in a reduction of food value of the

heterotrophic dinoflagellate as prey. In conclusion, our results show that O.

marina is highly resilient to future ocean acidification by reducing its respiration

and sustaining its ingestion of microalgae.
KEYWORDS

CO2, food availability, growth, heterotrophic dinoflagellate, ingestion, ocean
acidification, Oxyrrhis marina, respiration
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Introduction

Ocean acidification (OA) caused by increasingly dissolved

anthropogenic CO2 in seawater is known to affect many marine

organisms along with other global change drivers (Häder and Gao,

2023). Atmospheric CO2 concentration is increasing by over 2 ppmv

annually and is predicted to reach 1000 matm by the end of this

century and 1900 matm by the year 2300 (Caldeira andWickett, 2003;

Gattuso et al., 2015). Seawater chemical changes associated with

ocean acidification include increased concentrations of H+ and

HCO3
- and decreased CO3

2- concentration and CaCO3 saturation

state, which have been documented to influence both marine

primary, secondary producers and even higher tropic levels (see the

review by (Jin et al., 2020) and literatures therein). OA has been

shown to disturb the sperm flagella motility of reef invertebrates

(Morita et al., 2010) and intracellular acid-base stability (Whiteley,

2011), reducing metabolism and disrupting acid-base homeostasis in

many heterotrophs (Michaelidis et al., 2005; Miles et al., 2007).

Compared to the large organisms, smaller ones may be more

sensitive to the acidic stress due to large surface to volume ratios

(Flynn et al., 2012). However, the effects of OA onmicrozooplankton,

a heterotroph group in the size of 20-200 µm, have been scarcely

documented (Caron and Hutchins, 2012; López-Abbate, 2021).

Microzooplankton consumes about 60-75% of daily

phytoplankton production (Calbet and Landry, 2004; Schmoker

et al., 2013), serving as food for mesozooplankton and most marine

fish larvae (Fukami et al., 1999; Calbet, 2008). Therefore, responses of

microzooplankton species to environmental changes are of general

significance, considering their cascade effects on marine ecosystems.

Progressive ocean acidification is suggested to affect zooplankton

directly due to acidic stress and indirectly because of altered

phytoplankton food quality (Jin et al., 2015). Results from

mesocosm experiments using field plankton communities showed

that OA negatively affected microzooplankton in coastal waters (Park

et al., 2014; Horn et al., 2020; Spisla et al., 2021), though opposite

results were reported in another study conducted in the coastal North

Sea (Moreno et al., 2022). While decreased pH had no detectable

effect on the growth and grazing of microzooplankton communities

(Suffrian et al., 2008; Aberle et al., 2013; Horn et al., 2016; Wang et al.,

2019), it has little been documented on how heterotrophic

dinoflagellates respond to OA. It has been shown that 4-day

exposure to high seawater pCO2 did not alter the growth of the

heterotrophic dinoflagellate Oxyrrhis marina (Meunier et al., 2017).

Conversely, O. marina was negatively impacted by acidic stress under

lowered pH by about 0.3 unit (Pedersen and Hansen, 2003). Such

controversial findings need to be verified under different

environmental conditions and food availabilities. Here, we

hypothesize that OA affects heterotrophic dinoflagellates to

different extents under different levels of food availability because a

sufficient energy supply derived from the digestion of food may help

them to cope with the acidic stress. We investigated how O. marina

responds to elevated CO2 concentrations under different levels of

food availability, including starvation, and found that it could reduce

its respiratory cost and its growth rate was insensitive to the

carbonate chemistry changes projected for future acidification even

under the conditions without supplying microalgae as food.
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Materials and methods

Species and pre-acclimation

The heterotrophic dinoflagellate Oxyrrhis marina (CCMA174;

ca 16mm in ESD) initially isolated from Dongshan Bay (117°29’-

117°36’ E, 23°34’-23°54’N), southeast China, was obtained from the

Center for Collections of Marine Algae (CCMA, Xiamen

University). The cells were inoculated into sterilized artificial

seawater at temperature 24°C and salinity 30‰ under 20 µmol

photons m-2 s-1, with a light: dark cycle set to 12h:12h. The dim light

level was chosen to limit the growth of possible residual alga food,

so that carbonate chemistry stability was maintained. The

temperature and salinity were close to the strain’s original

environment (Chen et al., 2014). The green microalgae,

Dunaliella salina (CCMA352; ESD, ca 6.88 mm), was separately

grown as food stock. Before initiating the experiments, O. marina

cells in 500 mL polycarbonate flasks were exposed and acclimated to

ambient (low, 415 µatm), medium (1000 µatm), and high (1500

µatm) CO2 levels, representing the ambient, that by the end of this

century (Gattuso et al., 2015) and that predicted for 2160 (Vargas

et al., 2017) for about two months with the pH variations in cultures

under each pCO2 level being less than 0.05 unit (Supplementary

Figure 1). The different CO2 concentrations were achieved using

ambient outdoor air or a mixture of pure CO2 with ambient air

using a CO2 enricher (HP1000G-D, Ruihua, China). All cultures

were gently aerated (about 300 mL min-1, 0.22mm filtered) to ensure

the carbonate chemistry stability. Such pre-acclimation under the

different pCO2 levels was carried out in semi-continuous cultures

(diluted every 3 days) with an initial cell density of about 1500 cells/

mL and fed with the microalgae food (15,000 cells mL-1). O. marina

cultures were diluted about once a week and the cell densities were

generally not more than 10,000cells mL-1 before the diluting. To

minimize the photosynthetic effects of the microalgae on pH, the

food supply to O. marina was carried out at the early night period.

In order not to dilute the O. marina cultures by adding the food, the

microalgae cells (about 15,000 cells mL-1) were harvested by

centrifugation at 2,000 g for 10 min then resuspended in 1.5-3

mL sterilized seawater prior to each feeding. No residual microalgae

cells were microscopical found before the feeding.
Experimental design

The experiment was designed to investigate the effects of future-

projected OA under different levels of food availability on O.

marina. The whole experiment was divided into two phases, the

feeding phase (from Day 1 to Day 19) and the subsequent starvation

phase (from Day 19 to Day 43). In the feeding period, the

dinoflagellate cells were fed with the microalgae daily under the

targeted pCO2 levels. During the starvation phase, the microalgae

was not supplied. The CO2 levels were maintained the same as

mentioned above. Two food concentrations in the feeding period

were set: about 8,000 cells mL-1day-1(LF), and 24,000cells mL-1day-1

(HF), respectively. Both of the food biomass densities (< 72 mg C

L−1d-1), reflecting the mean values reported in coastal waters
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(Majewska et al., 2017; Ok et al., 2021), are however below the mean

satiation values (100 mg C L-1d-1) for O. marina (Jeong et al., 2001).

The culture conditions were the same as in the pre-acclimation

mentioned above. The cell concentration of O. marina was semi-

continuously controlled with an initial density of approximately

1,500 cells mL-1 by dilutions every 3 days to ensure cell

concentrations maintained in the exponential growth phase

(Figure 1) and under stable carbonate chemistry condition

(Supplementary Table 1). The cell ranges for exponential growth

phase under the targeted pCO2 and food levels were determined by

a primary test (Supplementary Figure 2). The dinoflagellate cells

were grown under the different food availabilities for about 8

generations before being used for physiological and biochemical

measurements. Due to the different growth rates, the acclimation

time for each treatment was different (Figure 1): 10 days for HF, and

19 days for LF treatments. Subsequently, the starvation period

lasted for 24 days under the same conditions without any algal

food being supplied.
Determination of physiological and
biochemical parameters

The ingestion rates were measured during the feeding period.

The respiration rates, and cellular particulate C/N/P (POC, PON,

and POP) of O. marina were determined on the first day and the

ninth day after stripping of algal food, representing the fed and

starved status of the cells, respectively. Because no residual alga food

remained in the cultures after 12 hours of feeding (verified

microscopically), the dinoflagellate samples were taken without

any algal cells involved. Abundance of bacteria that naturally

existed in the cultures was measured since they can be the food

for O. marina (Jeong et al., 2008; Roberts et al., 2011). Dissolved

organic carbon was also monitored for it could support the growth

of bacteria.
Frontiers in Marine Science 03148
Cell counting and specific growth rate

The specific growth rate was calculated using the following

equation:

m(day−1) = ( lnN3 − lnN0)=(t3 − t0)

where N3 and N0 are respectively the cell concentrations at t3
and t0. The (t3-t0) was 3 days. A 1 mL sample was fixed with

acidifying Lugol’s iodine (2%) and then counted using an inverted

microscope (Olympus CK30) to measure predator and alga

food densities.
Ingestion rate

Ingestion rate (cellsO. marina-1 h-1) was calculated according to

the equation (Frost, 1972) as follows:

I = F � ½C�

F = ln Ct
C0

�� �� V
−nt=

� �

½C� = C0 � (1−e(−g0t))
(t�g 0)

�

g 0 =
ln Ct

C0

� �� �
−t=

where Ct′ and Ct (cells mL−1) represent the food concentrations

at the end of the incubation in control and experimental cultures,

respectively; C0 is the food concentration at the start of the

incubation; V is the culture volume (mL), t (hour) is the

incubation time and n is the number of O. marina; F represents

the volume of ambient medium from which cells are completely

removed by predators to achieve the measured ingestion rate; [C] is

the food concentrations in the experimental cultures averaged over
FIGURE 1

Changes of cell density of O. marina and microalgae food D. salina under three pCO2 levels (LC of 415, MC of 1000, and HC of 1500 matm) in the
semi-continuously diluted cultures. The experiment included the feeding period (about 8 generations growth of O. marina, from Day 1 to Day 19 for
LF and from Day 10 to Day 19 for HF) and the starvation period (from Day 19 to Day 43). The physiological main parameters were measured on Day
19 and Day 27 (arrows), for the fed and starved cells, respectively. Values are represented as the means ± SD of triplicate cultures.
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the incubation period. In parallel, the cultures with the microalgae

cells alone were served as controls. This parameter was measured at

night to avoid the photosynthetic CO2 removal that may affect pH.
Bacterial abundance

The filtrate samples were fixed with glutaraldehyde (0.5%, v/v)

for 15 minutes in the dark before being freezed in liquid nitrogen,

and then stored at -80°C till analysis. Before bacteria counting,

samples were thawed at room temperature and diluted 1:10 with

0.2mm-filtered Tris-EDTA buffer, and finally, samples were stained

with SYBR Green I nucleic acid gel stain (final concentration

1:10,000; Invitrogen, America) for 15 minutes. These SYBR-

stained samples were enumerated using a Flow Cytometer (Epics

Altra II, Beckman Coulter, America). Millipore water and 0.2mm
filtered seawater were used as controls.
Respiration rate

The respiration rate (pmol O2 O. marina-1 h-1) was estimated

based on the oxygen consumption. Dissolved O2 concentration was

measured using an optical oxygen sensor (Microx, PreSence,

Germany), and a mini-magnetic stirrer was placed at the bottom

of a sealed flat-bottomed glass vessel (2.5cm in diameter and 50mL

in volume) to homogenize the oxygen concentration. The

measurements of respiration rate were carried out with the same

density ofO. marina cells collected fromHF and LF treatments. The

samples were incubated in the 50 mL centrifuge tube for 24 h

(during which a decrease in O2 concentration was confirmed). All

measurements were done under conditions similar to that of the

cultures. There was no food residual (confirmed microscopically) in

the measured samples. Additional samples filtered off O. marina

cells were used as controls to correct the background disturbance

from bacterial respiration, which was measured in parallel. pH in

each tube was stable before and after the determination.
POC, PON, and POP

To measure the cellular particulate carbon (POC), nitrogen

(PON) and phosphorus (POP), the dinoflagellate cells alone

(without the microalgae) were filtered onto pre-combusted (450°

C,4h) Whatman GF/F membranes (25mm, Whatman, America),

and then stored at -20°C until analysis. For cellular carbon and

nitrogen analysis, the membranes were fumed with HCl in a closed

container for at least 12 h and dried at 60°C overnight to remove the

inorganic elements as gas. A CHN element analyzer (Vario EL cube,

Langenselbold, Germany) was used to analyze the dried samples. To

measure cellular phosphorus, the Solórzano method (Solórzano and

Sharp, 1980) was followed. Filters were soaked with 17 mMMgSO4,

dried at 95°C, and then baked for 2 h at 450°C to convert the

organic phosphorus to inorganic one. Then, the samples were

acidified in 0.2 M HCl at 80°C for 30 minutes and subsequently
Frontiers in Marine Science 04149
centrifuged (10,000g, 10 minutes, room temperature).

Concentration of phosphate ion in the supernatant was measured

with an auto-analyzer (AA3, Seal, Germany), and was used to

estimate the cellular POP quota.
Dissolved organic carbon

40 mL cultures were filtered onto pre-combusted (450°C,4h)

GF/F membranes (25mm, Whatman, America), the filtrate was

collected using the acid cleaned brown glass bottle and stored at

-20°C until analysis. Before analyzing, aqueous samples were

thawed at room temperature and blended with phosphoric acid

(0.1%, v/v). Finally, DOC was measured using a TOC-analyzer

(TOC-VCPH, Shimadzu, Japan).
Seawater carbonate chemistry

To assure the stability of seawater carbonate systems in cultures,

pHNBS was measured before the dark period by a pH meter

(OAKTON, USA), which was frequently calibrated with standard

National Bureau of Standards (NBS) buffers. Total alkalinity (TA)

was measured with the titration method (Lewis et al., 1998). Then,

the CO2SYS software was used to convert pHNBS values to pHT and

other carbonate chemistry parameters were calculated based on TA

and pHT with the known temperature and salinity values (Roy et al.,

1993). The seawater carbonate chemistry was stable, all the

parameters are shown in Supplementary Table 1.
Statistical analysis

Data were analyzed by SPSS statistics 26 and plotted by

GraphPad Prism 9.0. Two-way ANOVA was employed to test the

differences among pCO2 (three levels), food availability (two levels),

and their interactions. One-way ANOVA and Tukey test were

applied to analyze the significance among different treatments. The

normality, independence and homogeneity of variance were checked

before analysis. The significance level was set to p< 0.05. All values

represented the means ± SD of triplicate independent cultures.
Results

Specific growth rate

After the dinoflagellate cells had pre-acclimated for about 23

generations under the different pCO2 levels, further treatments

under the different pCO2 levels for another 8 generations did not

bring out any difference in its specific growth rate, either under low

(LF) or high (HF) food concentration (Figure 2A). During the

starvation phase, the dinoflagellate cell density stayed stable in the

first 4 days after stopping feeding, dramatically declined in the next

4 days, and further decreased to the minimal values till day 43
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(Figure 1). In the feeding period, the growth rates of HF treatments

increased dramatically by 212%, 209% and 258% under LC, MC,

and HC levels compared with that of LF (all p< 0.001, Figure 2A),

respectively. While the elevated pCO2 did not alter the growth rates

under HF, but slightly decreased it (about 18%) under LF, though

the difference was not significant (p = 0.087, Figure 2A). There were

no interactive effects between food concentration and pCO2 level on

the growth rate (two-way ANOVA, p = 0.152). During the

starvation period, the cell concentrations decreased with time (-

0.045 day-1). However, the pCO2 treatments neither resulted in

significant changes in the specific growth rates (p = 0.6661 for HF

and p = 0.8146 for LF, Figure 2B).
Respiration rate

The respiration rates were significantly reduced by the

elevated pCO2 levels (p<0.001, both for fed and starved cells)

and the increased food availability (p< 0.001), but not by their

interaction (Figures 2C, D, two-way ANOVA, p = 0.590 for fed

cells and p = 0.107 for starved cells). In the feeding period, LF-

grown cells increased respiration rate by 48% under LC (p<
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0.001), 67% under MC (p< 0.001), and 72% under HC

(p<0.001), compared with that of HF-grown ones, respectively

(Figure 2C). In the starvation period, LF-starved cells increased

respiration rates by 40% under LC (p = 0.005), 66% under MC

(p< 0.001), and 73% under HC (p< 0.001), compared with that of

the HF-starved cells, respectively (Figure 2D). Obviously, the OA

treatment decreased the dinoflagellate’s respiration either with HF

or LF or during starvation. The respiration rates of LC-grown cells

were significantly higher than those of MC (by 53% with HF and

26% with LF; by 55% and 21% in HF-starved and LF-starved cells,

respectively) and HC (by 59% and 23% with HF and LF; by 66%

and 24% in HF-starved and LF-starved cells, respectively)

(Figures 2C, D, with p values for the above difference ranged

from 0.0001 to 0.0222). However, there were no statistical

differences between MC and HC either for fed or starved

periods. Furthermore, in all the cultures, the respiration rates

during the starved phase were lower compared that of the feeding

period (Figures 2C, D, with p values ranged 0.001-0.0358)

regardless of the pCO2 levels. The highest pCO2 resulted in the

most reduction in the respiration ratio of the fed to the starved

cells (Supplementary Table 2), by up to 30-36% for the fed cells

transferred to the starved condition.
A

B D

C

FIGURE 2

Effect of CO2 concentrations and food supplies on the specific growth rate (m, d-1) of O. marina during the feeding period (A) and the subsequent
starvation [24 days, (B)]. In the feeding period, O. marina was fed with two concentrations of microalgae (HF: 24000 cells mL-1day-1 and LF: 8000
cells mL-1day-1). In the starvation period, all treatments were deprived of the microalgae. Starved-HF and Starved-LF, respectively, indicate the
starved cells from HF or LF cultures. (C) The respiration rate (pmol O2 O. marina cell-1 h-1) with two alga food concentrations (HF and LF) under the
different pCO2 levels. (D) The respiration rates of O. marina cells (Starved-HF and Starved-LF) after 8 d of starvation under different pCO2 levels.
Values are the means ± SD of triplicate cultures. Different letters above the data indicate significant differences (p< 0.05) among the treatments.
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Ingestion rate

Ingestion rates of O. marina during the feeding period were

185%, 199%, and 185% higher in the HF cultures compared with LF

at LC (p = 0.001), MC (p = 0.001), and HC (p = 0.003) (Figure 3). It

appears that elevated pCO2 gradually decreased the ingestion rate

under either HF or LF, but the difference was insignificant (Figure 3,

p = 0.0979 for HF and p = 0.2743 for LF). No interactive effects were

detected between food concentration and pCO2 level on the

ingestion rate (two-way ANOVA, p = 0.529).
Quotas of POC, PON, and POP

The cellular quotas of POC, PON, and POP were significantly

affected by food availability (p = 0.007, p = 0.035, p = 0.001 for the fed

cells; p = 0.001, p<0.001, p<0.001 for the starved cells,

correspondingly), however, they were not influenced by the

pCO2 levels (p = 0.985, p = 0.943, p = 0.542 for the fed cells,

p = 0.341, p = 0.599, p = 0.107 for the starved cells, Figure 4).

There was no interaction of pCO2 and food availability (Figure 4,

p values ranged 0.061- 0.982). HF-fed cells appeared to possess higher

quotas of POC, PON, and POP than those of LF-fed cells

(Figures 4A–C), and such pattern continued to the starvation

period, though the differences were not always significant

(Figures 4D–F).

After the 8-days starvation, the survived O. marina cells

displayed significant decreases in the quotas compared to that in

the feeding period (Figure 4), reflecting that the starvation reduced

the cells’ nutritional value. The decreased percentage of the quotas
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from the fed to the corresponding starved cells were as follows: POC

by 32-42%, PON by 22-36%, and POP by 7-19%. Such decrease of

the quotas was pronounced with the increased pCO2 levels

(Supplementary Table 2). The elevated pCO2 reduced the quota

in the Starved-LF cells (Figures 4D–F). Compared to the LC, POC

quotas of starved-LF cells decreased by 10% under MC (p = 0.23)

and 13% (p = 0.059) under HC, quotas of PON decreased by 11%

under MC (p = 0.203) and 12% (p = 0.162) under HC, quotas of

POP decreased by 16% under MC (p = 0.066) and 15% (p = 0.017)

under HC, respectively. However, the elevated pCO2 levels did not

influence the molar ratios of C: N, C: P and N: P in both the fed and

starved cells (Figure 5, p values ranged from 0.277 to 0.942).

Compared to the fed O. marina cells, all the starved ones showed

significant decreases in the C: N (Figures 5A, D), C:P ratios

(Figures 5B, E) and insignificant decrease in the N: P ratios

(Figures 5C, F). The larger decline was observed in the C: P,

especially in the cells transferred from fed to starvation under the

highest pCO2 level (Supplementary Table 2).
Discussion

Our results showed that the heterotrophic dinoflagellate O.

marina could reduce its respiration to cope with the acidic stress

associated with future ocean acidification (OA) even under reduced

levels of food availability or during starvation, disapproving our

hypothesis that OA can decrease the growth of the heterotrophic

dinoflagellate under food scarcity. Nevertheless, we found that OA

did reduce the quotas of POC, PON, and POP in O. marina after

depriving of microalgae, implying nutritional deterioration.

The growth and ingestion rates of microzooplankton can be

food availability-dependent (Jeong et al., 2001; Adolf et al., 2007).

However, to date, the combined effects of ocean acidification and

food availability has been little examined. It has been suggested that

the OA effects could be species-specific in heterotrophic

dinoflagellates (Meunier et al., 2017; Moreno et al., 2022) and

other zooplankton grazers (Crook et al., 2013; Hurst et al., 2017;

Li et al., 2017; Brown et al., 2018). In the present study, no

interactive effects between food availability and OA were

observed. Such resilience to OA could be attributed to the

dinoflagellate’s niche where naturally strong pCO2 fluctuations

enable them to possess the tolerating capacity (Majewska et al.,

2017; Meunier et al., 2017). Food scarcity has been shown to

exacerbate the impacts of OA on several predators (Thomsen

et al., 2013; Pedersen et al., 2014; Li et al., 2017). In this work, the

high and low food concentrations that reflected different levels of

food availability below the satiate feeding (Roberts et al., 2011) and

were close to that in the environment where O. marina is common

(Jung et al., 2021; Ok et al., 2021), did not alter the impacts of OA,

which reduced its respiration (Figures 2C, D) but did not alter its

growth and ingestion (Figures 2A, B, 3).

The resistance for the O. marina cells to expel respiratory CO2

could be stronger under the elevated pCO2 since CO2 diffuses very

slow in water (about 8,000 times slower compared to that in air).

This could be partially responsible for the reduction of the

dinoflagellate’s respiration. Alternatively, repressing respiration
FIGURE 3

The ingestion rate (cells O. marina-1 h-1) of the dinoflagellate grown
with two different alga food concentrations (HF and LF as in Figure 2)
under three pCO2 levels. One D.salina cell had 0.003 ± 0.0004 ng C.
Values are the means ± SD of triplicate cultures. Different letters
above the data indicate significant differences (p< 0.05) among
the treatments.
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under OA could be a strategy for O. marina to cope with acidic

stress. Metabolic responses to the acidic stress associated with

elevated pCO2 are thought to be related to energetic trade-offs

(Gao, 2017). Acidification-driven energy cost coupled with acid-

base regulation has been reported in heterotrophic species (Pan

et al., 2015; Li et al., 2017; Frieder et al., 2018). The respiration

depression observed at lowered pH (Figures 2C, D) was reported in

other organisms, such as in a starfish (Collard et al., 2013). On the

contrary, other studies showed that OA either stimulated

respiration (Li and Gao, 2012; Meunier et al., 2017) or did not

affect it (Runge et al., 2016) in copepods. For the heterotrophic
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dinoflagellate O. marina, reduced metabolic cost due to repressed

respiration could save energy for it to sustain its growth (Osma

et al., 2016). In the present work, the saved energy from the down-

regulated respiration under elevated pCO2 could be utilized to

sustain cellular acid-base homeostasis. Thus, no obvious

differences in growth rates were found between the LC, MC and

HC treatments. Most aquatic organisms can use diverse ionic

pumps and enzymes including H+-ATPases and Na+/K+-ATPases

to maintain the intracellular acid-base stability to counteract

external acidic stress under lowered pH (Pörtner et al., 2000). O.

marina might also employ similar mechanism. On the other hand,
A

B

D

E

FC

FIGURE 4

(A–C) The cellular particular organic carbon (POC), particular organic nitrogen (PON), and particular organic phosphorus (POP) in O. marina cells fed
with two alga food concentrations (HF and LF as in Figure 2) under the different pCO2 levels. (D–F) The cellular POC, PON, and POP in O. marina
after 8 d of starvation (Starved-HF and Starved-LF as in Figure 2) under the different pCO2 levels. Values are the means ± SD of triplicate cultures.
Different letters above the data indicate significant differences (p< 0.05) among treatments.
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decreased pH may inhibit the motility of O. marina and thus save

the energy for its growth, since OA treatment was shown to impede

the motility of flagellated microalgae (Wang et al., 2020). In natural

environments, microalgae food is not always enough, O. marina

often lives near the bottom where bacteria are abundant (Jeong

et al., 2008). Provided that the motility of O. marina be inhibited

under lowered pH, it might graze relatively more bacteria since they

are easier to be caught than the moving microalgae, though higher

ingestion rate on microalgae than on bacteria has been suggested

under normal conditions (Roberts et al., 2011). On the other hand,

enhanced motility could give rise to increased respiration. In the
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present work, regardless of the pCO2 levels, O. marina exhibited

higher respiration when fed with the low food concentration

(Figure 2C), which could be due to more movements searching

for food (it can swim as fast as 700 mm s-1) (Cosson et al., 1988) and

its swimming activities negatively correlate with food availability

(Bartumeus et al., 2003). Contrastingly, the OA-induced repression

of respiration reflects less swimming activity, though future studies

are expected to provide experimental evidence.

Starvation by depriving of microalgae did resulted negative

growth rates under all the pCO2 levels (Figure 2B), but the

dinoflagellate could survive by ingesting bacteria for 24 days
A

B

D

E
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FIGURE 5

(A–C) The molar ratios of C: N, C: P, and N: P in O. marina cells fed with two alga food concentrations (HF and LF as in Figure 2) under the different
pCO2 levels. (D–F) The molar ratios of O. marina (Starved-HF and Starved-LF as in Figure 2) after 8 d of starvation. Values are the means ± SD of
triplicate cultures. Different letters above the data indicate significant differences (p< 0.05) among treatments.
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(Figures 1, 6A, B), even longer than a month (Jeong et al., 2008). The

relatively higher abundance of bacteria under the elevated pCO2

during the starvation (after 8-days depriving of microalgae) could be

attributed to enhanced decomposition of dissolved organic matter

under OA (Lønborg et al., 2020). In the present study, compared with

the LC cultures, DOC in the HC cultures was significantly higher

(Figure 6C), which indeed coincided with a lower decreased ratio of

bacterial abundance (Figures 6A, B). While the O. marina cell

abundance declined faster under the elevated pCO2 levels during

starvation (Figure 1), the dead cells could have led to increased levels

of DOC (Strom et al., 1997) due to enhance decomposition by

bacteria (Figure 6). Although we did not directly measure the

ingestion rate of bacteria by O. marina, OA-repressed respiration

of the dinoflagellate might have led to a reduced ingestion of bacteria

during the starvation period, therefore, resulting apparently higher

levels of bacterial abundance (Figure 6B).

It has been suggested that O. marina is a weak homeostasis species

for its prompt alteration in stoichiometric composition (C:N:P) (Golz

et al., 2015). Our results demonstrated that the stoichiometric

composition remained relatively stable irrespective of the pCO2 levels

and food availabilities (Figure 5). The cellular quotas of organic C/N/P

and their ratios (Figures 4, 5) fell within the range measured for O.

marina in view of the fed cells (Hantzsche and Boersma, 2010; Golz

et al., 2015). During the starvation, however, all the cellular quotas

declined significantly, which was especially exacerbated under the

elevated pCO2 levels during the starvation (Figure 4). The decline of

PON and POP was significantly stronger compared to POC. This

implies that starvation and OA act synergistically to reduce the

nutritional quality of the heterotrophic dinoflagellate. Comparing the

data between the fed and starved cells, the OA treatment led to

enhanced repression of respiration along with pronounced reduction

of POC, PON, and POP quotas (Figures 2C, D, 4; Supplementary

Table 2). Consequently, the combination of food scarcity and OA can

deteriorate the dinoflagellate’s nutritional value. The greater loss in

PON and POP (Figure 4) hints a more serious inhibition of flagella

motility because flagella is composed of plentiful protein components

(Gagnon et al., 1996), which in turn is responsible for the repressed

respiration (Figures 2C, D).

The heterotrophic dinoflagellate O. marina is a cosmopolitan

microzooplankton species often found in coastal waters (Watts et al.,

2011). It usually experiences fluctuating pCO2 and pH (Dai et al., 2009;

Waldbusser and Salisbury, 2014) as well as phytoplankton food

variation (Sherr and Sherr, 2009; Ok et al., 2021). To cope with

those stresses, it can adjust cellular components and processes, such

as structural proteins (Osma et al., 2016), ion pumps (Bailey et al.,

2017), respiration rate and nutritional compositions (this work).

Consequently, its robust resilience to acidic stress under future ocean

acidification scenarios reflects that the heterotrophic dinoflagellate will

be most likely one of the “winners” in future ocean, though the

degradation of its nutritional values would influence organisms of

high trophic levels, which needs to be explored under impacts of

multiple climate change drivers in future studies.
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FIGURE 6

(A) Bacteria abundances (105 ind mL-1) in fed O. marina cultures
(cells supplied with microalgae) at Day 19 under the different pCO2

levels. (B) Bacteria abundances (105 ind mL-1) in the subsequent
starved cultures (deprived of microalgae) on Day 27 under the
different pCO2 levels. (C) The dissolved organic carbon (DOC, mmol
L-1) in the cultures during the starvation, measured at Day 27. The
values represent the means ± SD of triplicate cultures. Different
letters above the data indicate significant differences (p< 0.05)
among treatments.
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Gattuso, J. P., Magnan, A., Billé, R., Cheung, W. W. L., Howes, E. L., Joos, F., et al.
(2015). Contrasting futures for ocean and society from different anthropogenic CO2

emissions scenarios. Science 349, aac4722. doi: 10.1126/science.aac4722

Golz, A. L., Burian, A., and Winder, M. (2015). Stoichiometric regulation in micro-
and mesozooplankton. J. Plankton Res. 37, 293–305. doi: 10.1093/plankt/fbu109

Häder, D. P., and Gao, K. S. (2023). Aquatic productivity under multiple stressors.
Water 15, 817. doi: 10.3390/w15040817

Hantzsche, F. M., and Boersma, M. (2010). Dietary-induced responses in the
phagotrophic flagellate Oxyrrhis marina. Mar. Biol. 157, 1641–1651. doi: 10.1007/
s00227-010-1437-1

Horn, H. G., Boersma, M., Garzke, J., Löder, M. G. J., Sommer, U., and Aberle, N.
(2016). Effects of high CO2 and warming on a Baltic Sea microzooplankton community.
ICES J. Mar. Sci. 73, 772–782. doi: 10.1093/icesjms/fsv198

Horn, H. G., Boersma, M., Garzke, J., Sommer, U., and Aberle, N. (2020). High CO2

and warming affect microzooplankton food web dynamics in a Baltic Sea summer
plankton community. Mar. Biol. 167, 1–17. doi: 10.1007/s00227-020-03683-0

Hurst, T. P., Laurel, B. J., Hanneman, E., Haines, S. A., and Ottmar, M. L. (2017).
Elevated CO2 does not exacerbate nutritional stress in larvae of a Pacific flatfish.
Fish.Oceanogr. 26, 336–349. doi: 10.1111/fog.12195

Jeong, H. J., Kang, H. J., Shim, J. H., Park, J. K., Kim, J. S., Song, J. Y., et al. (2001).
Interactions among the toxic dinoflagellate Amphidinium carterae, the heterotrophic
dinoflagellateOxyrrhis marina, and the calanoid copepods Acartia spp.Mar. Ecol. Prog.
Ser. 218, 77–86. doi: 10.3354/meps218077

Jeong, H. J., Seong, K. A., Yoo, Y. D., Kim, T. H., Kang, N. S., Kim, S., et al. (2008).
Feeding and grazing impact by small marine heterotrophic dinoflagellates on
heterotrophic bacteria. J. Eukaryot. Microbiol. 55, 271–288. doi: 10.1111/j.1550-
7408.2008.00336.x

Jin, P., Hutchins, D. A., and Gao, K. (2020). The Impacts of ocean acidification on
marine food quality and its potential food chain consequences. Front. Mar. Sci. 7.
doi: 10.3389/fmars.2020.543979

Jin, P., Wang, T. F., Liu, N. N., Dupont, S., Beardall, J., Boyd, P. W., et al. (2015).
Ocean acidification increases the accumulation of toxic phenolic compounds across
trophic levels. Nat. Commun. 6, 8714. doi: 10.1038/ncomms9714

Jung, M. K., Yin, T. Y., Moon, S. J., Park, J., and Yoon, E. Y. (2021). Taxonomy and
physiology of Oxyrrhis marina and Oxyrrhis maritima in Korean waters. Water 13,
2057. doi: 10.3390/w13152057

Lewis, E., Wallace, D., and Allison, L. J. (1998). Program developed for CO2 system
calculations (ORNL/CDIAC-105(Oak Ridge Natl.Lab), 33pp. doi: 10.2172/639712

Li, W., and Gao, K. S. (2012). A marine secondary producer respires and feeds more
in a high CO2 ocean. Mar. Pol lut. Bull . 64, 699–703. doi : 10.1016/
j.marpolbul.2012.01.033

Li, F., Shi, J., Cheung, S. G., Shin, P. K. S., Liu, X., Sun, Y., et al. (2017). The combined
effects of elevated pCO2 and food availability on Tigriopus japonicus Mori larval
development, reproduction, and superoxide dismutase activity. Mar. Pollut. Bull. 126,
623–628. doi: 10.1016/j.marpolbul.2017.02.054

Lønborg, C., Carreira, C., Jickells, T., and Álvarez-Salgado, X. A. (2020). Impacts of
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Solórzano, L., and Sharp, J. H. (1980). Determination of total dissolved phosphorus
and particulate phosphorus in natural waters. Limnol. Oceanogr. 25, 754–757.
doi: 10.4319/lo.1980.25.4.0754

Spisla, C., Taucher, J., Bach, L. T., Haunost, M., Boxhammer, T., King, A. L., et al.
(2021). Extreme levels of ocean acidification restructure the plankton community and
biogeochemistry of a temperate coastal ecosystem: a Mesocosm Study. Front. Mar. Sci.
7. doi: 10.3389/fmars.2020.611157

Strom, S. L., Benner, R., Ziegler, S., and Dagg, M. J. (1997). Planktonic grazers are a
potentially important source of marine dissolved organic carbon. Limnol. Oceanogr. 42,
1364–1374. doi: 10.4319/lo.1997.42.6.1364

Suffrian, K., Simonelli, P., Nejstgaard, J. C., Putzeys, S., Carotenuto, Y., and Antia, A.
N. (2008). Microzooplankton grazing and phytoplankton growth in marine mesocosms
with increased CO2 levels. Biogeosciences 5, 1145–1156. doi: 10.5194/bg-5-1145-2008

Thomsen, J., Casties, I., Pansch, C., Körtzinger, A., and Melzner, F. (2013). Food
availability outweighs ocean acidification effects in juvenile Mytilus edulis: laboratory
and field experiments. Glob. Change Biol. 19, 1017–1027. doi: 10.1111/gcb.12109

Vargas, C. A., Lagos, N. A., Lardies, M. A., Duarte, C., Manriquez, P. H., Aguilera, V.
M., et al. (2017). Species-specific responses to ocean acidification should account for local
adaptation and adaptive plasticity. Nat. Ecol. Evol. 1, 1–7. doi: 10.1038/s41559-017-0084

Waldbusser, G. G., and Salisbury, J. E. (2014). Ocean acidification in the coastal zone
from an organism’s perspective: multiple system parameters, frequency domains, and
habitats. Annu. Rev. Mar. Sci. 6, 221–247. doi: 10.1146/annurev-marine-121211-172238

Wang, Y., Fan, X., Gao, G., Beardall, J., Inaba, K., Hall-Spencer, J. M., et al. (2020).
Decreased motility of flagellated microalgae long-term acclimated to CO2-induced
acidified waters. Nat. Clim. Change 10, 561–567. doi: 10.1038/s41558-020-0776-2

Wang, T. F., Jin, P., Wells, M. L., Trick, C. G., and Gao, K. S. (2019). Insensitivities of
a subtropical productive coastal plankton community and trophic transfer to ocean
acidification: Results from a microcosm study. Mar. Pollut. Bull. 141, 462–471.
doi: 10.1016/j.marpolbul.2019.03.002

Watts, P. C., Martin, L. E., Kimmance, S. A., Montagnes, D. J. S., and Lowe, C. D.
(2011). The distribution of Oxyrrhis marina: a global disperser or poorly characterized
endemic? J. Plankton Res. 33, 579–589. doi: 10.1093/plankt/fbq148

Whiteley, N. M. (2011). Physiological and ecological responses of crustaceans to
ocean acidification. Mar. Ecol. Prog. Ser. 430, 257–271. doi: 10.3354/meps09185
frontiersin.org

https://doi.org/10.4172/2167-7662.1000147
https://doi.org/10.1126/science.aac4722
https://doi.org/10.1093/plankt/fbu109
https://doi.org/10.3390/w15040817
https://doi.org/10.1007/s00227-010-1437-1
https://doi.org/10.1007/s00227-010-1437-1
https://doi.org/10.1093/icesjms/fsv198
https://doi.org/10.1007/s00227-020-03683-0
https://doi.org/10.1111/fog.12195
https://doi.org/10.3354/meps218077
https://doi.org/10.1111/j.1550-7408.2008.00336.x
https://doi.org/10.1111/j.1550-7408.2008.00336.x
https://doi.org/10.3389/fmars.2020.543979
https://doi.org/10.1038/ncomms9714
https://doi.org/10.3390/w13152057
https://doi.org/10.2172/639712
https://doi.org/10.1016/j.marpolbul.2012.01.033
https://doi.org/10.1016/j.marpolbul.2012.01.033
https://doi.org/10.1016/j.marpolbul.2017.02.054
https://doi.org/10.3389/fmars.2020.00466
https://doi.org/10.3390/d13020082
https://doi.org/10.1071/MF15296
https://doi.org/10.3354/meps293109
https://doi.org/10.1016/j.marpolbul.2006.09.021
https://doi.org/10.1016/j.marpolbul.2006.09.021
https://doi.org/10.1038/s42003-022-03105-5
https://doi.org/10.1038/s42003-022-03105-5
https://doi.org/10.1017/S0967199409990177
https://doi.org/10.3389/fmars.2021.681252
https://doi.org/10.1016/j.protis.2016.01.002
https://doi.org/10.1073/pnas.1416967112
https://doi.org/10.1021/es403351h
https://doi.org/10.1021/es501581j
https://doi.org/10.3354/meps260033
https://doi.org/10.1242/JEB.203.16.2417
https://doi.org/10.1093/plankt/fbq118
https://doi.org/10.1016/0304-4203(93)90207-5
https://doi.org/10.1093/icesjms/fsv258
https://doi.org/10.1093/plankt/fbt023
https://doi.org/10.3354/ame01358
https://doi.org/10.4319/lo.1980.25.4.0754
https://doi.org/10.3389/fmars.2020.611157
https://doi.org/10.4319/lo.1997.42.6.1364
https://doi.org/10.5194/bg-5-1145-2008
https://doi.org/10.1111/gcb.12109
https://doi.org/10.1038/s41559-017-0084
https://doi.org/10.1146/annurev-marine-121211-172238
https://doi.org/10.1038/s41558-020-0776-2
https://doi.org/10.1016/j.marpolbul.2019.03.002
https://doi.org/10.1093/plankt/fbq148
https://doi.org/10.3354/meps09185
https://doi.org/10.3389/fmars.2024.1371296
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Frontiers in Microbiology 01 frontiersin.org

Salinity tolerance and 
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of Aquatic Ecology, Debrecen, Hungary

Nowadays the increasing amount of saline wastewaters has given rise to various 
biological desalination processes, among which the application possibilities 
of microalgae represents a priority research area. Next to “real” aquatic species 
(members of phytoplankton or phytobenthon), species from ephemeral aquatic 
habitats or aeroterrestrial algae also could be  good candidates of research 
studying salt tolerance or desalination ability, since salinity stress is often referred as 
“physiological drought” and species from ephemeral habitats can be characterized 
by high drought tolerance. In this study, the salinity tolerance, salt and nutrient 
removal ability of a Haematococcus lacustris strain from eastern Hungary were 
investigated. Vegetative cells showed low salt tolerance, survival was ensured by 
the formation of cysts up to a sodium-chloride concentration of 2,000  mg  l−1. 
Although relatively moderate (a max. 30%) conductivity reduction and chloride 
removal were observed, notable (nearly 100%) nitrate and phosphate removal 
occurred even in the presence of 2,000  mg  l−1 NaCl. Carotenoid accumulation was 
observed earlier and in higher extent in salt treated cultures than in drying out ones, 
although the amount of astaxanthin-esters was significantly higher in the cultures 
of drying out experiment than in the corresponding cultures of salt treatment 
characterized with similar chloride content. Our results suggest that algae isolates 
from ephemeral aquatic habitats endangered by regular drying out (exposed to 
special salt stress), could have notable salt tolerance and consequently successful 
applicability in nutrient removal processes from slightly saline wastewaters. The 
accumulation of valuable metabolites (such as astaxanthin) as a response to 
salinity stress, could enhance the economic value of the biomass.

KEYWORDS

salt-treatment, drying out, Haematococcus, ion removal, cyst formation, cyst maturation

1 Introduction

Salinization is one of the most important threat affecting freshwater ecosystems and 
endangering water resources (Reid et  al., 2019; Ahmed et  al., 2023). High number of 
agricultural and industrial activities, and even households contribute to the increasing 
amounts of saline wastewaters (Liang et al., 2017). The reduction of salt content of saline 
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wastewaters is necessary before they could be introduced to general 
wastewater treatment systems or to surface waters. Relatively cheap 
methods, like dilution (e.g., addition of rainwater), or precipitation, 
coagulation/flocculation, sedimentation are used mainly as 
pretreatment technologies (Abushawish et al., 2023). These methods 
are rarely efficient enough alone as final purification methods, but 
usually are required before further physical, chemical or biological 
treatments. Physical and chemical treatments (distillation, vacuum 
evaporation, ion exchange, electrodialysis, reverse osmosis, etc.) 
generally have significant investment and operational costs (Ahmed 
et  al., 2023) and their use may cause additional environmental 
problems (Shokri and Fard, 2023). Biological desalination processes 
increasingly appear to be the most favorable solutions: micro and 
macroorganisms both are studied and/or used for reducing water or 
soil salinity (Taheri et al., 2016).

Among microorganisms, beside bacteria and fungi, microalgae 
are known to be able to remove a wide range of pollutants from many 
types of wastewaters (Delrue et al., 2016) and some of them tolerate 
well, even able to reduce the salt content of saline wastewaters (Patel 
et al., 2021). There could be several different physiological mechanisms 
in the background of salinity tolerance in algae. These physiological 
mechanisms could be the operation of efficient Na+/K+ pump system 
(Asadian et al., 2018); ion accumulation (especially Na+ and Cl−) in 
newly formed or already existing vacuoles (Singh et al., 2018; Sahle-
Demessie et  al., 2019); and/or enhanced osmolyte production 
(Holzinger and Karsten, 2013). Salinity tolerance is not necessarily 
connected to salt (ion) accumulation: e.g., a salt tolerant Dunaliella 
strain was able to maintain intracellular Na+ concentrations lower 
than that of the environment (Pick et al., 1986). So, in addition to salt-
tolerant or halophilic species, it is also worth taking into account the 
potential of freshwater green algae. It was proved that salt adapted 
strains could be generated from freshwater (salt sensitive) progenitors 
by selecting survivors of a progressively increasing salt stress 
(Perrineau et al., 2014; Li et al., 2018; Shetty et al., 2019). It was also 
proved that freshwater algae species can also provide isolates 
characterized by noteworthy salt tolerance and salt and nutrient 
removal ability (Figler et al., 2019, 2021). Next to “real” aquatic species 
(members of phytoplankton or phytobenthon), species from 
ephemeral aquatic habitats or aeroterrestrial algae also could be good 
candidates of research studying salt tolerance or desalination ability, 
since salinity stress is often referred as “physiological drought” (Kirst, 
1990). Although, salinity stress and drought are different types of 
water unavailability, the acclimation responses to them could 
be  comparable, since both affect the internal osmotic potential 
(Karsten, 2012). The main fundamental difference between the two 
phenomena is the changes of ion ratios (Holzinger and Karsten, 2013). 
During salt stress the ion ratio changes because of selective ion uptake 
(or release). In contrast, during drying out the ion ratios more or less 
remain the same beside the increasing ionic concentration (Holzinger 
and Karsten, 2013). The question arises, whether isolates form 
ephemeral aquatic habitats endangered by regular drying out 
(considered as special salt stress), could have higher salt tolerance and 
consequently better applicability in desalination processes than 
freshwater ones.

Haematococcus lacustris (Girod-Chantrans) Rostafinski is a 
flagellated green alga widely known and studied for its capacity to 
accumulate astaxanthin, a red keto-carotenoid pigment. The 
pigment has many applications in healthcare, cosmetic and food 

industries (Generalić Mekinić et al., 2023) and the natural-based 
astaxanthin is commercially produced by several companies 
(Mussagy et  al., 2023). The green alga species was previously 
referred as H. pluvialis, but H. lacustris was regarded as the correct 
name of the type species (Nakada and Ota, 2016). The green alga is 
cosmopolitan, referred as a freshwater species (Guiry and Guiry, 
2023), but actually the main habitats of the species are small, 
shallow ephemeral water bodies (bird baths, ornamental wells, 
other small natural or artificial pools; Genitsaris et  al., 2016). 
However, the ionic composition and concentration of these habitats 
generally really fall into the range of freshwaters. These habitats can 
be characterized by many abiotic stress conditions, mainly by high 
extent of irradiation and regular, usually fast drying out. Survival of 
H. lacustris in such rapidly changing environment is ensured by its 
complex life cycle. Under unfavorable environmental conditions, 
the flagellated vegetative cells lose their flagella, and enter the so 
called palmella state (immobile vegetative cells). These cells can 
transform into asexual aplanospores over time under constant 
environmental stress (Shah et al., 2016). Aplanospores have a thick 
and rigid envelope and a resistant cell wall, making the cells able to 
withstand extreme environmental conditions (Shah et al., 2016) and 
enable the species to spread by zoochory or wind (Figuerola and 
Green, 2002; Genitsaris et al., 2011).

As it was mentioned above, algae isolates form ephemeral aquatic 
habitats endangered by regular drying out (exposed to special salt 
stress), could have notable salt tolerance and consequently successful 
applicability in desalination processes. The accumulation of valuable 
metabolites (such as astaxanthin) as a response to salinity stress, could 
enhance the economic value of the biomass. Therefore, in this study 
we aimed to investigate the salt and drying out tolerance, and the 
desalination and nutrient removal ability of the isolated H. lacustris 
strain. We hypothesized that increase in salt concentration by added 
salt (sodium chloride) would have a stronger effect on growth, cyst 
formation and carotenoid accumulation than volume decrease due to 
evaporation (drying out), since the model organism is not adapted to 
high chloride concentrations, but common in intermittent habitats 
from the freshwater range.

2 Materials and methods

2.1 Strain, culturing conditions, and 
experimental design

The strain used in the present work (ACCDH-UD1205) was 
isolated from an irrigation water storage barrel in the settlement of 
Ebes, eastern Hungary. Based on ITS rDNA (ITS1-2.8S-ITS2) 
sequences, it was found to be  identical with NIES 144 and 
CCAP 34/1D strains and was identified as H. pluvialis (Allewaert 
et al., 2015). The isolate is maintained in the Algal Culture Collection 
of the Department of Hydrobiology, University of Debrecen in 
Optimized Haematococcus Medium (OHM; Fábregas et al., 2000) at 
24°C under a photoperiod of 14 h of light (80 μmol photons m−2 s−1) 
and 10 h of darkness.

Sodium chloride treatments were carried out in sterile air bubbled 
cultures (with an approximate air flux 2.3 L min−1), in 250 mL 
Erlenmeyer flasks, with a final volume of 200 mL, among the above 
detailed circumstances. Salt concentrations: 100; 250; 500; 1,000; 
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2,000; 3,000, and 4,000 mg l−1 were used, which were adjusted by 
adding appropriate amounts of NaCl (VWR, Debrecen, Hungary) 
stock solution (300 g l−1). Control cultures did not contain added 
NaCl. Aeration was provided through glass tubes plugged into the 
mouth of the Erlenmeyer flasks by paper wool plugs. Paper wool allow 
liquid evaporation, so to avoid volume decrease and concomitant 
concentration increase and possible crystallization of the added salt, 
the volume of the cultures was maintained by the addition of sterile 
distilled water before every sampling events. The duration of the 
experiment was 11 days, because of the growth characteristics of the 
control culture among the applied circumstances (exponential phase 
till days 9–10).

Drying out treatments were also carried out in sterile air bubbled 
cultures, but in 100 mL Erlenmeyer flasks, with a final volume of 
50 mL, among the above detailed circumstances. Lower culture 
volumes were used to reach significant volume decrease within 
reasonable time (modeling rapid drying out of a habitat). So called 
absolute control, control and drying out cultures were applied. In the 
case of the absolute control cultures, the amount of liquid lost as a 
result of sampling and evaporation was refilled with OHM to 50 mL 
at every sampling event (continuous nutrient replenishment for 
masking the physiological processes related to water shortage and 
nutrient deprivation). The volume replacement of the control culture 
was done by refilling with distilled water (no nutrient replenishment—
only for masking the physiological processes related to water 
shortage). In the case of drying out cultures, the lost liquid was not 
replenished, as the purpose was to investigate the effects of drying out 
and the resulting increase in medium concentration. The duration of 
the experiment was 16 days to reach as much volume decrease as it 
was possible without the overaging and collapse of the control and 
absolute control cultures.

2.2 Culture growth measurements

The growth of the cultures was monitored by counting the 
number of cells. For counting, 200 μL samples were taken from the 
cultures on every second days and preserved with formaldehyde (5% 
final concentration; VWR, Debrecen, Hungary). Cell numbers were 
counted from 10 μL preserved samples in hemocytometer (Bürker 
chamber) using an Olympus BX50F-3 microscope (Olympus 
Optical Co., Ltd., Tokyo, Japan) at 400× magnification. Flagellated 
cells were referred as “vegetative cells,” cell types without flagella 
were referred as cyst during presentation of cell number changes. To 
give cell type proportions, the total cell number on the given 
sampling day was considered as 100%, and the proportions of 
certain cell types were given as percentages. Flagellated “green 
vegetative cells” (GV), carotenoid-accumulating flagellated cells as 
“green-red vegetative cells” (GRV), non-motile green cells as “green 
cysts” (GC), non-motile carotenoid-accumulating cells as “green-red 
cysts” (GRC) and matured aplanospores as “red cysts” (RC) 
were distinguished.

In order to calculate the NaCl concentrations that cause 50% 
growth inhibition (EC50 values), the degree of growth inhibition (in 
percentage, compared to the control) was plotted as a function of NaCl 
concentrations. Trend lines were fitted to the obtained curves, then the 
concentrations causing 50% inhibition were calculated using the 
equations of the trend lines (quadratic equations).

2.3 Conductivity, chloride, and nutrient 
content (nitrate and phosphate) 
measurements

Cultures were centrifuged at day 11 (salt treatment) and at day 16 
(drying out) (10,000 rpm, 10 min, 24°C; Multifuge X4R Pro, Thermo 
Electron LED GmbH, Osterode am Harz, Germany). The pellets were 
freeze-dried (Christ Alpha 1–2 LD plus, Osterode, Germany) and 
stored at −20°C until further processing (pigment analysis). The 
conductivity, chloride, nitrate, and phosphate contents were measured 
from the cell-free supernatants.

Conductivity was measured with a Hach Lange HQ30d portable 
multimeter (Hach Lange GmbH, Düsseldorf, Germany) using an 
IntellicalTM CDC401 conductivity measuring electrode (Hach Lange 
GmbH, Düsseldorf, Germany). The extent of the decrease in 
conductivity to the given day (day 11 or 16) was given as percentage, 
the initial values were considered 100%.

To evaluate the desalination ability of the cells, the chloride 
content of the culturing medium was measured by precipitation 
titration (Németh, 1998). The amount of chloride was calculated using 
the formula provided by the method. The extent of chloride removal 
by the given day (day 11 or 16) was given as percentage, the initial 
values were considered as 100%.

Nitrate and phosphate contents were measured using 
spectrophotometric methods. In the case of nitrate, the salicylic acid - 
colorimetric method was used (Hungarian Standard MSZ 1484-
13:2009, 2009). The acidic phosphorus-molybdenate method 
(Hungarian Standard MSZ EN ISO 6878:2004, 2004) was used to 
measure the phosphate content. The volume of both methods was 
reduced to minimize sample requirements, so the measurements were 
performed in Eppendorf tubes. The extent of nitrate and phosphate 
removal to certain days (day 11 or 16) was given as percentage, the 
initial values were considered 100%.

2.4 Analysis of pigment composition

Pigment contents of the collected biomasses were extracted with 
dimethyl sulfoxide (DMSO; Technical Report TR.1002.001, 1999). 
Briefly: 0.025 g aliquots of freeze-dried biomasses were extracted with 
1 mL DMSO for 30 min with stirring (Velp Scientifica ESP, Usmate 
Velate, Italy) at 24°C in darkness. Each sample was then transferred into 
1.5 mL Eppendorf tubes and centrifuged (16.2 × g, 5 min, Heraeus Fresco 
17, Hanau, Germany), the supernatants were removed. The pellets were 
resuspended in 1 mL fresh DMSO, and the extraction was repeated, 
altogether 4 extraction cycles were implemented. The extraction was 
done in dim light circumstances to avoid degradation of the pigments 
(Ahmed et al., 2015). The removed supernatants of the 4 cycles were 
collected and stored in Packard cuvettes at −20°C in darkness.

Chlorophyll-a, -b and total carotenoid contents were measured 
spectrophotometrically from the DMSO extracts (Sumanta et al., 2014). 
The main carotenoid components (lutein/zeaxanthin, astaxanthin-esters 
and β-carotene) were separated and their amounts per dry weight were 
estimated by thin layer chromatography (TLC). For the TLC analysis, 
pigments were transferred from DMSO to ethyl-acetate according to Du 
et al. (2016) with modifications (Bácsi et al., 2018). Aliquots of 20 μL of 
the DMSO-free ethyl-acetate phases were subjected to TLC plates (Silica 
gel 60 GF254 10 × 20 cm; Merck, Darmstadt, Germany). For standard 
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stock solution preparation, 1.0 mg from standard pigments (lutein, 
astaxanthin-esters mixture and β-carotene, Merck, Darmstadt, 
Germany) were dissolved in 2.0 mL DMSO. From all three stock 
solutions, 50 μL were measured to a 1.5 mL Eppendorf tube and the 
mixture was complemented to 400 μL with DMSO. The standards then 
were transferred from the DMSO solvent to ethyl-acetate similarly as the 
samples, and aliquots of 2.5; 5.0; 7.5, and 10.0 μL of the DMSO-free 
ethyl-acetate phases were subjected to the TLC plates. The standard 
solution and the samples were subjected to the TLC plates as bands 
according to the recommendations of Hynstova et al. (2018) with minor 
modifications: number of tracks was 12, band length was 5.0 mm, first 
horizontal application position was 15.0 mm (distance from each side), 
vertical application position was 20.0 mm (distance from lower edge). 
The running phase was petroleum ether:isopropanol:water 
100:10:0.25 v/v (Hynstova et al., 2018), solvent front was 60.0 mm. After 
the run, the plates were dried at room temperature (5 min) and 
illuminated on the stage glass of a 3 M 9700 overhead projector (3 M 
Visual System Division, Austin, Texas, United States), photographed 
using a Nikon D3200 digital camera with AF-S DX NIKKOR 18–105 mm 
VR objective (Nikon Corporation, Tokio, Japan), and the images were 
analyzed with the GelAnalyzer 23.1 software (Lázár and Lázár, n.d.1).

2.5 Statistical analysis

All experiments were done in triplicates. Levene’s test was used to 
test the homogeneity of variances and Shapiro–Wilk test was used to 
check for normality.

The differences in the growth of the cultures over time, as well as 
the cell number and cell type ratio between the different treatments 
on each sampling day were evaluated by one-way analysis of variance 
(ANOVA).

To present the relationships between cell types and experimental 
treatments, the cell type proportion data (% of the total cell number 
on the given sampling day) of salt treatments as well as drying out 
experiments were subjected to principal component analysis (PCA).

The extent of conductivity reduction (%), chloride and nutrient 
removal (%), as well as the pigment composition changes were 
compared by one-way analysis of variance (ANOVA).

To show whether the conductivity, chloride content and nutrient 
content have changed significantly from the beginning to the end of 
the experiments, the results of the zero and the last day were compared 
with paired t-test. Also paired t-test were used to compare certain 
treatments of salt addition experiment and certain days of drying out 
experiment characterized by similar salinity. For statistical analyses, 
the PAST 4.13 software was used (Hammer et al., 2001).

3 Results

3.1 Growth and salt tolerance

The number of vegetative cells in the control and 100 mg l−1 NaCl-
treated cultures increased significantly over the entire exposure period 

1 http://www.gelanalyzer.com

(p < 0.05; Figure  1A; Supplementary Table S1A). There was also a 
significant increase in the 250 and 500 mg l−1 treatments until day 7 
(p < 0.05), and then the number of vegetative cells decreased 
significantly until the end of the experiment (day 11; p < 0.05). The 
number of vegetative cells decreased after day 4  in the 1,000–
2,000 mg l−1 NaCl treatments, and from day 2 in the 3,000–4,000 mg l−1 
treatments (Figure 1A). Significant growth inhibition was observed in 
the cultures treated with 2,000–4,000 mg l−1 NaCl compared to the 
control and to the treatments 100–1,000 mg l−1 for the entire exposition 
time (p < 0.05). The 3,000 and 4,000 mg l−1 treatments did not differ 
significantly in the number of vegetative cells, which almost 
completely disappeared from these cultures by day 11 (Figure 1A; 
Supplementary Table S1A).

The number of cysts increased significantly from day 9 in control 
and in 100 mg l−1 treatment, or from day 7  in 250–1,000 mg l−1 
treatments (p < 0.05; Figure  1B; Supplementary Table S1B). The 
number of cysts increased also in 2,000–4,000 mg l−1 treatments, but 
to a lesser extent with the increasing salt concentration (Figure 1B). 
Comparing the different treatments, the results show that the number 
of cysts increased in the concentration range of 100–1,000 mg l−1 NaCl 
in parallel with the increase of the salt concentration. Although, the 
number of cysts was higher in the treatments above 1,000 mg l−1 than 
in the control, significant differences could be detected only in a few 
cases (Supplementary Table S1B).

Regarding vegetative cell number, our results show that lower salt 
concentration was required over time to achieve 50% growth 
inhibition (Table 1). The concentration of NaCl causing 50% growth 
inhibition decreased substantially from day 4 to day 11. EC50 values 
calculated on the basis of total cell number, were higher than 
calculated for vegetative cells, but the trend (decrease from day 4 to 
day 11) was similar.

3.2 Growth and tolerance of drying out

The volume of the absolute control and control cultures were 
successfully maintained during the drying out experiment 
(Supplementary Table S4). The volume of the drying out culture 
continuously decreased, it was significantly lower than the volume of 
controls from the 4th day of the experiment. The initial volume 
decreased by 75% to day 16 (Supplementary Table S4). Vegetative cells 
reached their highest number on day 7  in all cultures during the 
drying out experiment. In the absolute control culture, the vegetative 
cell number remained significantly higher on days 4–11 than on the 
first 2 days of the experiment. There were significantly less vegetative 
cells on days 14–16 than on previous days in all cultures (p < 0.05; 
Figure 2A; Supplementary Table S2A).

The number of cysts increased continuously in absolute control 
and control cultures throughout the whole experiment, there were 
significantly higher cyst number counts from day 7 (Figure  2B; 
Supplementary Table S2B). Cyst number also increased in drying 
out cultures to day 11, after that it decreased to the end of the 
experiment (Figure 2B). There were significantly higher cyst number 
counts in these cultures from day 9 than on the previous days, but 
cyst numbers did not change significantly from day 9 to day 16 
(Supplementary Table S2B).

Comparing the different treatments, growth trends were similar 
in absolute control and control cultures, but there were significantly 
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higher vegetative cell numbers in absolute control culture from day 4 
(Figure 2; Supplementary Table S2). There were significantly lower 
vegetative cell numbers on day 9 and 11 in drying out cultures than 
in control (p < 0.05; Supplementary Table S2). There were no 
significant differences in the cyst numbers of the cultures 
(Supplementary Table S2).

Despite the similar growth trends of the control cultures of the 
two sets of experiments (salt treatment and drying out) from the start 
to day 11, there were notable differences. Vegetative cell numbers from 
the start to day 4 were significantly higher in control of drying out 
experiment than in control of salt treatment (p < 0.05). In the contrary, 
significantly higher vegetative cell numbers were detectable in control 
of salt treatment on days 9–11 (p < 0.05). Cyst numbers were 
significantly higher from day 7 in control of drying out experiment 
than in control of salt treatment (p < 0.05).

3.3 Cell type proportions

Cell type proportion data (% of the total cell number on the given 
sampling day) of salt treatments as well as drying out experiments 
were subjected to principal component analysis (PCA, Figure 3). The 
two axes explained 91.23% of the variances (Figure 3).

Proportions of green vegetative cells (GV) showed positive 
correlation with controls, lower salt concentration treatments 

(100–500 mg l−1) and drying out culture, especially in the first 4 
days (GV0-4; Figure  3). The correlation of GV7-11 was weak, 
because of the decreasing proportion of GV on days 7–11 in all 
treatments (data not shown). It is worth to mention that 
proportions of GV started to decrease already from day 4 in the 
case of the highest salt concentrations (3,000 and 4,000 mg l−1; data 
not shown). Proportions of green-red vegetative cells (GRV) also 
correlated positively rather with controls, lower salt concentration 
treatments and drying out culture (Figure 3). Positive correlation 
of GRV0 and GRV2 with the highest salt concentrations was 
because of the high GRV proportions on days 0 and 2  in these 
cultures (data not shown). Proportions of green cysts (GC; actually 
the palmella stage) correlated positively with higher salt 
concentrations (1,000–4,000 mg l−1; Figure  3). Proportions of 
green-red cysts (GRC) showed positive correlation with the highest 
salt concentrations (3,000 and 4,000 mg l−1), especially GRC7-11 
(Figure  3), since their proportions were the highest in these 
treatments on days 7–11 (data not shown). There was no correlation 
of red cysts (fully matured aplanospores) with the treatments, 
because they appeared only in cultures treated with 3,000 and 
4,000 mg l−1 NaCl on day 11; or in drying out experiment after day 
9 in low proportions (<5%; data not shown). Although, it should 
be mentioned that proportion of red cysts exceeded 20% in the 
drying out culture on days 14 and 16 (which were not included in 
the PCA analysis).

3.4 Conductivity reduction and chloride 
removal

Conductivity was significantly reduced from day 0 to day 11 in all 
treatments (including controls) except 1,000 and 2,000 mg l−1 NaCl 
treatments and absolute control (p < 0.05; Supplementary Table S3). 
The decrease in conductivity ranged from 6% (4,000 mg l−1 treatment) 

FIGURE 1

Changes in the numbers of vegetative cells (A) and cysts (B) in control and NaCl-treated Haematococcus lacustris cultures. The numbers (100–4,000) 
are the NaCl concentrations used in the treatments in mg l−1. The mean values and standard deviations are plotted (n  =  3). The results of the statistical 
evaluation are summarized in Supplementary Table S1 (p  <  0.05; ANOVA).

TABLE 1 NaCl concentrations causing 50% growth inhibition in NaCl 
treated Haematococcus lacustris cultures.

Cell types EC50 (mg  l−1 NaCl)

Day 4 Day 7 Day 11

Vegetative cells 1404.3 ± 46.9 937 ± 22 221.3 ± 3.1

Total number of cells 2852.5 ± 109.6 2048.3 ± 65.8 1389.5 ± 168.6
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to 27% (control) in salt treatment experiment, and from 10% (absolute 
control) to 33% (control) in the drying out experiment. It has to 
be emphasized that conductivity decreased also in drying out culture 
despite its significantly decreasing volume throughout the experiment 
(p < 0.05; Supplementary Table S4). Significantly less decrease in 
conductivity was observed in the cultures treated with 2,000–
4,000 mg l−1 NaCl and in absolute control compared to the controls, 

treatments with lower NaCl concentrations, and drying out culture 
(p < 0.05; Figure 4A).

Chloride concentration decreased significantly in cultures 
treated with 100, 250, and 500 mg l−1 NaCl from day 0 to day 11 
(p < 0.05; Supplementary Table S3). Chloride removal ranged from 
4% (3,000 mg l−1 treatment) to 24% (1,000 mg l−1 treatment) in 
NaCl treated cultures (Figure 4B). It was observed that the degree 
of chloride removal decreased at higher salt concentrations 
(2,000–4,000 mg l−1), but there was no significant difference 
between the treatments (Figure 4B). It has to be noted that there 
was no chloride removal in absolute control and drying out 
cultures, their chloride concentrations increased significantly to 
day 11, and in the drying out culture further to day 16 (p < 0.05; 
Supplementary Table S3).

Comparing the chloride concentrations of the different settings, 
it should be noted that the chloride concentration of the drying out 
cultures was significantly higher on days 11 and 16 compared to the 
control and absolute control cultures (p < 0.01). Chloride concentration 
of the drying out culture on day 11 was comparable with the chloride 
concentration of 100 mg l−1 NaCl treatment on day 11. Chloride 
concentration of the drying out culture at the end of the experiment 
(on day 16) was comparable with the chloride concentration of 
250 mg l−1 NaCl treatment on day 11 (Supplementary Table S3).

3.5 Nitrate and phosphate removal

Nitrate concentration decreased significantly from day 0 to day 
11, with the exception of 4,000 mg l−1 NaCl treatment. Nitrate 
concentration did not show further significant decreases from day 11 
to day 16  in the cultures of the drying out experiment (p < 0.05; 
Supplementary Table S5). Nitrate removal ranged from 31% 
(4,000 mg l−1 NaCl treatment) to 97% (100 mg l−1 NaCl treatment). It 
has to be noted that nitrate removal was over 80% even in absolute 
control culture, in which nutrient contents were continuously 

FIGURE 2

Changes in the numbers of vegetative cells (A) and cysts (B) in absolute control, control, and drying out Haematococcus lacustris cultures. The mean 
values and standard deviations are plotted (n  =  3). The results of the statistical evaluation are summarized in Supplementary Table S2 (p  <  0.05; ANOVA).

FIGURE 3

Score plot of the first two principal components from PCA of cell 
type proportion data from salt (NaCl) treatment dataset and from 
drying out experiment dataset. The numbers (100–4,000) are the 
NaCl concentrations used in the treatments in mg l−1. AC, absolute 
control; C, control; D, drying out; GV, green vegetative cells; GRV, 
green-red vegetative cells; GC, green cysts (palmella stage); GRC, 
green-red cysts; RC, red-cysts (matured aplanospores). The numbers 
0–11 are the sampling days.
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refreshed by volume maintenance with the addition of culturing 
medium. Cultures treated with 3,000 and 4,000 mg l−1 NaCl removed 
significantly less nitrate compared to control cultures and other 
treatments (Figure 5A).

Phosphate concentration decreased significantly from day 0 to day 
11  in all cultures (p < 0.05; Supplementary Table S5). Phosphate 
concentration did not show further significant decreases from day 11 
to day 16  in the cultures of the drying out experiment (p < 0.05; 
Supplementary Table S5). Phosphate removal ranged from 78% 
(4,000 mg l−1 NaCl treatment) to 100% (500 mg l−1 NaCl treatment and 
absolute control) in the cultures. The ~100% phosphate removal of 
absolute control culture is remarkable taking into account the 
continuous reload with the addition of culturing medium for volume 
maintenance. Phosphate removal was significantly lower in culture 
treated with 4,000 mg L−1 NaCl compared to control and other treated 
cultures (p < 0.05; Figure 5B).

3.6 Pigment content and composition

The analysis of the pigment content supports the observations of 
the morphological changes. The carotenoid content indeed increased 
as a result of the salt treatment. However, it should be noted that the 
carotenoid content was significantly higher compared to control only 
from 2,000 mg l−1 and higher NaCl concentrations. In the cases of 
3,000 and 4,000 mg l−1 NaCl treatments, significantly higher carotenoid 
content was also detectable compared to cultures treated with lower 
salt concentrations (p < 0.05; Figure 6A; Supplementary Table S6A). 
Chlorophyll-a and -b contents decreased with increasing salt 
concentration, significantly lower concentrations were measured from 
1,000 mg l−1 NaCl than in the control culture (p < 0.05; Figure 6A; 
Supplementary Table S6A). Thin-layer chromatography analysis 
showed that the treatment with NaCl did not cause a change in the 
qualitative composition of the main identifiable carotenoids: neither 

FIGURE 4

Conductivity reduction (A) and chloride removal (B) within 11  days of exposure given in percentages in the differently treated Haematococcus lacustris 
cultures. The numbers (100–4,000) are the NaCl concentrations used in the treatments in mg l−1. The mean values and standard deviations are plotted 
(n  =  3). Different lowercase letters indicate significant differences (p  <  0.05; ANOVA).
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new pigments were detected compared to control, nor did any 
metabolites disappear from those detectable in control 
(Supplementary Figure S1). However, clear quantitative changes 
occurred for the pigments identified as astaxanthin esters: their 
amounts increased with increasing salt concentration. Asta-ester 1 
and 2 were present in significantly larger quantities from 1,000 mg l−1 
NaCl concentration than in the control (p  < 0.05; Figure  6B; 
Supplementary Table S6B). It is worth highlighting that at 
concentrations of 1,000–4,000 mg l−1 NaCl, the total amount of 
astaxanthin esters reached 1.3–2.3% of the dry weight. In the case of 
lutein/zeaxanthin, no clear trend was observed; the β-carotene content 
increased slightly with increasing salt concentration, but this change 
was not significant (Figure 6B; Supplementary Table S6B).

As a result of the volume decrease (during drying out), the 
amount of carotenoids increased significantly only to day 16 in the 
drying out culture compared to control culture. The chlorophyll-a and 
-b contents in the absolute control culture were significantly higher on 

days 11 and 16 than in control and drying out cultures. The amount 
of chlorophylls in all cultures decreased significantly from day 11 to 
day 16 (p < 0.05; Figure 7A; Supplementary Table S6A). The thin-layer 
chromatography analysis showed that drying out did not cause any 
change in the qualitative composition of the main identifiable 
carotenoids: neither new pigments were detected compared to control, 
nor did any metabolites disappear from those detectable in control 
(Supplementary Figure S2). There was no significant change in the 
amount of identified carotenoids on day 11, the amount of Asta-ester 
2 and 3 increased significantly in the drying out culture to day 16 
(p < 0.05; Figure 7B; Supplementary Table S7B).

Comparing the two sets of experiments (salt treatment and 
drying out), the amount of carotenoids was significantly higher in 
control for drying out experiment than in control for salt treatment. 
In the case of cultures comparable on the basis of chloride content 
(see Supplementary Table S3), the carotenoid content was also higher 
on day 11 of drying out culture than on the day 11 of the 100 mg l−1 

FIGURE 5

Nitrate (A) and phosphate (B) removal within 11  days of exposure given in percentages in differently treated Haematococcus lacustris cultures. The 
numbers (100–4,000) are the NaCl concentrations used in the treatments in mg l−1. The mean values and standard deviations are plotted (n  =  3). 
Different lowercase letters indicate significant differences (p  <  0.05; ANOVA).
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NaCl treatment. The 16-day-old drying out culture had significantly 
higher carotenoid and lower chlorophyll content than in the 11-day-
old 250 mg l−1 NaCl treatment. Regarding the main identified 
carotenoids, the amount of Asta-ester 1 and 2 were significantly 
higher in the cultures of drying out experiment than in the 
corresponding cultures of salt treatment. The amount of β-carotene 
was also significantly higher in the drying out culture on day 16 than 
in the 250 mg l−1 NaCl treatment on day 11.

4 Discussion

4.1 Growth of the cultures

Based on cell number changes, the studied H. lacustris strain can 
be characterized by lower salt tolerance than other freshwater green 

algae investigated by our workgroup (Figler et al., 2019, 2021) or as 
green algae studied in other laboratories (Alvensleben et al., 2016). The 
vegetative cells showed low salt tolerance, survival could be ensured by 
the formation of cysts up to 2,000 mg l−1 NaCl concentration. For other 
Haematococcus isolates, there are relatively few data in the literature 
detailing the relationship between growth and salt concentration. 
Studies agree that salt concentrations of 0.8% (8,000 mg l−1) or higher 
cause complete inhibition of growth (Boussiba and Vonshak, 1991; 
Zharova et  al., 2022). Chekanov et  al. (2014) isolated a strain on 
Kost’yan island from a habitat characterized with extreme light, 
temperature and salinity changes. The strain can be considered as salt 
tolerant, able to grow under 25‰ (25,000 mg l−1) NaCl concentration. 
Three strains isolated in Australia by Gao et al. (2015) were also found 
to be salt tolerant [there was a detectable growth even at a concentration 
of 0.17 M (~10,000 mg l−1) NaCl]. The salt tolerance of H. lacustris used 
in this study can be considered as “average”: It showed growth even at 

FIGURE 6

Pigment composition in control and NaCl-treated Haematococcus lacustris cultures at the end of the experiment (day 11) based on 
(A) spectrophotometric and (B) thin layer chromatographic analyses. The numbers (100–4,000) are the NaCl concentrations used in the treatments in 
mg l−1. Chl-a and -b: chlorophyll-a and -b; Asta-ester 1–3: the identified astaxanthin-esters. The mean values and standard deviations are plotted 
(n  =  3). The results of the statistical evaluation are summarized in Supplementary Table S6 (p  <  0.05; ANOVA).
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2,000 mg l−1 NaCl concentration (similar to other strains; Li et al., 2022; 
Zharova et  al., 2022), but 4,000 mg l−1 NaCl has already inhibited 
growth, similarly to other observations (Li et al., 2022).

Surprisingly, the growth of the absolute control culture maintained 
at a constant volume with the OHM medium showed a similar trend 
to that observed in the control and drying out cultures. The essential 
difference was that the number of vegetative cells in this culture was 
significantly higher than in the other cultures, and almost the same 
amount of this large number of vegetative cells turned to cysts as in 
the other two cultures. This means that some of the vegetative cells 
died instead of turning into a cyst. One reason for the lower cyst 
formation observed in the absolute control culture could be  the 
continuous nutrient replenishment, the another reason could be the 
shading effect due to the high cell density. A common phenomenon 
in H. lacustris strains is that cyst formation is most affected by the 

amount and quality of light (Borowitzka, 1992; Kobayashi et al., 1997; 
Oslan et al., 2021). Shading caused by high cell density may have 
prevented the conversion of vegetative cells to a higher proportion of 
cysts. Cyst formation observed in the control culture maintained at 
constant volume with sterile distilled water was most likely due to 
depletion of nutrients (nitrogen and phosphorus).

Although tolerance of dessication is already studied in the case of 
aeroterrestrial or aquatic green algae (Holzinger and Karsten, 2013; 
Pichrtová et  al., 2014), even in the case of Haematococcus strains 
(Roach et al., 2022a,b), according to our knowledge there is much less 
information in the literature about the growth of algae in habitats with 
decreasing volume (i.e., during the process of drying out). It seems that 
growth characteristics of the studied strain were not remarkably 
affected by drying out under the applied circumstances, only from day 
9 (Figure  2A; Supplementary Table S2A), when volume loss was 

FIGURE 7

Pigment composition in absolute control (AC), control (C) and drying out (D) Haematococcus lacustris cultures on day 11 and 16 based on 
(A) spectrophotometric and (B) thin layer chromatographic analyses. Chl-a and -b: chlorophyll-a and -b; Asta-ester 1–3: the identified astaxanthin-
esters. The mean values and standard deviations are plotted (n  =  3). The results of the statistical evaluation are summarized in Supplementary Table S7 
(p  <  0.05; ANOVA).
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around 40% (Supplementary Table S4). The reason for the lower 
number of cysts in the drying out culture from day 11 could be the 
significantly lower vegetative cell number from day 7; fewer cysts could 
be formed from the fewer vegetative cells by the end of the experiment.

In conclusion, it can be said, that the hypotheses about stronger 
effect of NaCl addition on growth than drying out, was proved. The 
background of this could be that the species adapted more to even fast 
drying out than to drastic increase of Na+ and Cl− ion concentrations 
(ephemeral habitats generally with low salinity; Genitsaris et al., 2016; 
Guiry and Guiry, 2023). This assumption is also supported by chloride 
removal ability (see below in chapter 4.3).

Growth differences between the control cultures of the two sets of 
experiments (salt treatment and drying out) can certainly be explained 
by the different volumes (habitat size). The size (volume) of the habitat 
and the volume-to-surface ratio could be important features from the 
point of view of algal growth (Marino et al., 2011; Nayana et al., 2022). 
In the salt treatment and drying out experiments the volume-to-
surface ratio was significantly different (1:0.16 and 1:0.6, respectively). 
The salt treatments took place in a larger volume (to avoid 
crystallization in the case of higher concentrations), while lower 
volume was applied for the drying out experiment to reach significant 
volume reduction within a reasonable time. The light conditions of the 
culture in the larger volumes of NaCl treatments were certainly 
significantly different from those in the smaller volumes of drying out 
experiments. During drying out, the layer thickness of the culturing 
medium continuously decreased, and the surface area increased (due 
to the shape of the Erlenmeyer flask). As a result of the decrease in 
volume, due to the smaller light path, a much higher light intensity 
could reach the cells, contributing to the observed differences not just 
in growth, but in cell types and pigment contents as well (see below).

4.2 Cell type proportions

Most of the literature demonstrated that motile cells lose their 
flagella with increasing salinity, pigment accumulation occurs in the 
emerging non-motile cells (Boussiba and Vonshak, 1991; Cordero et al., 
1996; Gao et al., 2015; Liu et al., 2021; Zharova et al., 2022). The dynamics 
of the process, as well as the salt concentration at which the individual 
morphological changes occur, show a great variety between the different 
strains. The loss of flagella was reported already after 24 h with 0.1% 
(~1,000 mg l−1) and 86 mM (~5,000 mg l−1) NaCl (Cordero et al., 1996; 
Liu et al., 2021). The appearance of the red pigment content was observed 
after 1–2 days (Gao et al., 2015), the majority of cells transformed into 
red aplanospores in 3–5 days (Zharova et al., 2022). In the case of the 
strain investigated in the present study, a more significant difference 
from general observations is that completely red cysts appeared late 
(after 9 days at the earliest) and in a relatively small proportion. The 
reason for this can certainly be the lower light intensity used in this study 
than reported in the literature. The other difference is that proportion of 
the motile cells accumulating carotenoids (GRV) reached a ratio of up 
to 60% by the 7th day of the experiment (100 mg l−1 salt treatment; 
absolute control). Based on literature data, pigment accumulation in 
motile cells is not particularly characteristic, although the phenomenon 
is known in the case of some isolates (Grünewald et al., 1997; Hagen 
et al., 2001; Brinda et al., 2004; Del Río et al., 2005, 2008; García-Malea 
et al., 2009; Tocquin et al., 2012; Butler et al., 2017). According to the 
latest observations, carotenoid accumulation started in the motile cells 
under moderate light intensity (Li et al., 2018, 2022). Based on the results 

for the strain studied in the present work, pigment synthesis was induced 
in the motile vegetative cells under conditions of moderate stress, i.e., salt 
stress that has not yet caused vegetative cell death, presumed nutrient 
deficiency, and moderate light intensity. Further investigation of the 
phenomenon would be definitely justified, due to the advantageous 
properties of motile vegetative cells compared to cysts from a 
biotechnological point of view (Butler et al., 2017; Li et al., 2022).

As a final conclusion, it can be said that the hypothesis about 
stronger/sooner induction of cyst formation by addition of NaCl than 
drying out, was proved.

4.3 Conductivity and chloride content 
changes

There are only a few data in the literature, how freshwater algae 
are able to reduce conductivity or chloride content of their 
environment. Our results show that the extent of conductivity 
reduction caused by the H. lacustris strain is similar to that of 
Chlorococcum sp. (Figler et al., 2019) and Coelastrum morus (Figler 
et al., 2021) isolates. In the case of the 1,000 mg l−1 NaCl treatment, it 
was lower than the values measured in the cultures of the other 
isolates (Figler et al., 2019). Conductivity decreased also in drying out 
culture despite its significantly decreasing volume throughout the 
experiment. Complex ion-exchange processes could be  the 
background of the phenomenon, the explanation of them is beyond 
the scope of this study, but it can be concluded that conductivity 
measurement is not necessarily suitable to detect concentration 
process parallel to volume decrease.

The decrease of chloride content of the H. lacustris cultures showed 
a similar pattern to that of Desmodesmus spinosus and Monoraphidium 
pusillum strains, and its extent was similar to that of the Desmodesmus 
communis isolate (Figler et al., 2019). Based on the results, the studied 
H. lacustris strain is able to reduce the chloride content of the medium, 
however, this is not particularly significant and decreases at higher salt 
concentrations (2,000–4,000 mg l−1 NaCl). Since the survival is ensured 
by cyst formation, probably ion accumulation by the vegetative cells as 
protective mechanisms against salt stress is not characteristic to 
H. lacustris above certain concentration. However, it should 
be emphasized, that a ~180 mg l−1 chloride concentration decrease was 
observed in the 1,000 mg l−1 NaCl treated culture (Supplementary Table S3), 
which could be considered as significant, since domestic and industrial 
wastewater could contain this or higher amount of chloride ions (Cao 
et al., 2022). Chloride content of absolute control and drying out cultures 
increased to day 11 (and to day 16 in the latter case). In absolute control, 
the continuous addition of the culturing medium explains this 
observation. The increasing chloride concentration of the drying out 
culture is a proof for concentration processes parallel to the decreasing 
volume of the culture. Since chloride is not accumulated extensively, the 
remaining amount is present in gradually decreasing volume, resulting 
increase in concentration.

4.4 Nutrient removal

The results show that nutrient removal was not directly affected 
by salt concentration, only indirectly through growth inhibition. It is 
worth to mention that the level of phosphate removal was significant 
even in the presence of high NaCl concentrations, probably thanks to 
the high nitrogen:phosphorus ratio (6 N:1P) of the culturing medium 
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(Shriwastav et al., 2014; Choi and Lee, 2015; Liu and Vyverman, 2015; 
Alketife et al., 2017; Arora et al., 2019).

Nutrient uptake is strongly species, or even strain dependent. The 
studied H. lacustris strain was able to take up high amounts of nitrate 
and phosphate. The extent of removal was over 80% for nitrate and 
nearly 100% for phosphate despite the continuous replacement of 
nutrients by addition of culturing medium in the case of absolute 
control culture. This highly intensive nutrient uptake ability can 
probably be explained by the characteristics of the natural habitat of 
the species. H. lacustris strains generally appear among nutrient poor 
environment (Genitsaris et al., 2011, 2016).

4.5 Pigment composition changes

In the light of the literature data, it can be said that the pigment 
composition of the studied strain changed in a general way. After a 
different time and to a different extent, but in all of the reported isolates 
the chlorophyll content decreased and the carotenoid content increased 
as a result of NaCl treatment (Boussiba and Vonshak, 1991; Cordero 
et  al., 1996; Li et  al., 2022). The astaxanthin content of the strain 
investigated in this study can be considered as average: 8.34 mg g−1 total 
astaxanthin (0.8% of dry weight) was detected in the control culture on 
day 11. As a result of NaCl addition, this amount increased to 
17.14 mg g−1 (1.7% of dry weight) on day 11 in the culture treated with 
2,000 mg l−1 NaCl, in which detectable vegetative cell proliferation still 
occurred. During an experiment with a similar duration, Li et al. (2022) 
achieved 25.92 mg g−1 astaxanthin content in cultures treated with the 
same salt concentration, although it should be noted that they used a 
significantly higher light intensity (250 μmol m−2 s−1) than the one was 
used in the present study (80 μmol m−2 s−1). Literature data suggest that 
in the case of isolates more sensitive to salinity, the highest astaxanthin 
content can be achieved at lower salt concentrations: e.g. in the case of 
the strain studied by Li et al. (2022), the astaxanthin content was lower 
at 4,000 mg l−1 NaCl (17.26 mg g−1) than at 2,000 mg l−1 NaCl 
(25.92 mg g−1), and than in the strain investigated in the present study 
also at 4,000 mg l−1 NaCl (23.2 mg g−1). At the same time, the 
accumulation of pigments, including astaxanthin, of the more salt-
tolerant strains can be induced by using a higher salt concentration 
(0.17 M; 10,000 mg/L, Gao et al., 2015) or cannot be induced solely by 
increasing the salt content. The strain isolated by Chekanov et al. (2014) 
did not accumulate astaxanthin at 25‰ (25,000 mg l−1) salt, astaxanthin 
accumulation was inducible only by additional nutrient deficiency and 
intensive illumination (Chekanov et al., 2014).

The results of the drying out experiment are difficult to compare with 
literature data, because according to our knowledge, there are no examples 
with similar experimental setup. In the work of Roach et al. (2022a,b) the 
cells were exposed to slow dessication with the complete lack of culturing 
medium (liquid phase), while in the experiment presented in this work, 
the cells were in the liquid phase throughout the whole experimental time, 
although with a constant volume decrease. In the experiment of Roach 
et al. (2022a,b), the astaxanthin content was significantly higher from the 
4th day than in the control culture, and continued to increase until the 7th 
day due to dehydration. In our case, only the astaxanthin content of the 
16-day-old drying out culture was significantly higher than that of the 
control. Thus, the time required for the induction of carotenoid synthesis 
during drying out appears to depend on the rate of the process.

During the two sets of experiments in this study (salt treatment and 
drying out), there were differences between the pigment contents of the 

controls and between the cultures characterized by similar chloride 
contents. The assumption, according to which salt addition has a 
stronger effect than volume decrease due to evaporation (drying out), 
was justified: morphological and carotenoid content changes occurred 
sooner during salt treatment than during drying out. Still, the differences 
are obviously partly caused by the different culture volumes and the 
concomitant differences in light regimes of the cultures (see above). The 
11-day-old cultures were clearly deficient in nutrients, but based on 
these data, it is not possible to say how soon a significant nutrient 
deficiency was developed in the cultures. However, it can be assumed 
with certainty that in addition to salinity and volume changes, depletion 
of nutrients contributes to pigment composition changes (Boussiba and 
Vonshak, 1991; Boussiba et al., 1992; Fábregas et al., 2003; He et al., 
2007; Kang et al., 2007; Yin et al., 2007; Meng et al., 2009).

5 Conclusion

In summary, the H. lacustris strain isolated from ephemeral 
habitat in eastern Hungary can be characterized by a general moderate 
salinity tolerance characteristic to other strains of the species, although 
vegetative growth can be  expected up to 2,000 mg l−1 NaCl 
concentration. The strain is able to significantly reduce the 
conductivity of the culturing medium in the presence of NaCl up to 
500 mg l−1. Chloride removal is not particularly characteristic to the 
strain, on the other hand, it can be characterized by an outstanding 
nitrate and phosphate removal capacity. The carotenoid content 
(including astaxanthin) of the strain can be considered as average, but 
it can be effectively induced, up to a level above 2% of dry weight, 
which is generally considered significant in the literature. The 
induction based not only on increasing salinity but the developing 
nutrient deficiency and changing light circumstances also contribute.

In conclusion, the strain could be at least as potent candidate of 
further bioremediation and related valuable biomass production 
research as other strains of the species, or other green algae from 
ephemeral aquatic habitats. Carotenoid accumulating ability in the 
motile phase is also worth further investigation. Finally, since the 
strain showed similar trends in cyst formation and pigment 
accumulation as other strains of the species, it can be regarded that 
H. lacustris is an excellent model organism for resting stage formation 
and related metabolite accumulation studies not just from 
biotechnological, but also from ecological point of view.
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Uncovering the role of oxygen
on organic carbon cycling:
insights from a continuous
culture study with a facultative
anaerobic bacterioplankton
species (Shewanella baltica)
Marie Maßmig1, Carolina Cisternas-Novoa1,2 and Anja Engel1*

1Biological Oceanography, Marine Biogeochemistry, GEOMAR Helmholtz Centre for Ocean Research Kiel,
Kiel, Germany, 2Ocean Sciences Centre, Memorial University of Newfoundland, St. John’s, NL, Canada
Deoxygenation is tied to organic carbon (Corg) supply and utilization in marine

systems. Under oxygen-depletion, bacteria maintain Corg respiration using

alternative electron acceptors such as nitrate. Since anaerobic respiration’s

energy yield is lower, Corg remineralization may be reduced and its residence

time increased. We investigated the influence of oxygen and alternative

electron acceptors’ availability on Corg cycling by heterotrophic bacteria

during a continuous culture experiment with Shewanella baltica, a

facultative anaerobic g-Proteobacteria in the Baltic Sea. We tested six

different oxygen levels, from suboxic (<5 µmol L-1) to fully oxic conditions,

using a brackish (salinity=14 g L-1) media supplied with high (HighN) or low

(LowN) inorganic nitrogen concentrations relative to glucose as labile Corg

source. Our results show that suboxia limited DOC (glucose) uptake and cell

growth only under LowN, while higher availability of alternative electron

acceptors seemingly compensated oxygen limitation under HighN. N-loss

was observed under suboxia in both nitrogen treatments. Under HighN, N-

loss was highest and a C:N loss ratio of ~2.0 indicated that Corg was

remineralized via denitrification. Under LowN, the C:N loss ratio under

suboxia was higher (~5.5), suggesting the dominance of other anaerobic

respiration pathways, such as dissimilatory nitrate reduction to ammonium

(DNRA). Bacter ia l growth efficiency was independent of oxygen

concentration but higher under LowN (34 ± 3.0%) than HighN (26 ± 1.6%).

Oxygen concentration also affected dissolved organic matter (DOM) cycling.

Under oxic conditions, the release of dissolved combined carbohydrates was

enhanced, and the amino acid-based degradation index (DI) pointed to more

diagenetically altered DOM. Our results suggest bacterial Corg uptake in low-

oxygen systems dominated by S. baltica can be limited by oxygen but

compensated by high nitrate availability. Hence, suboxia diminishes Corg

remineralisation only when alternative electron acceptors are lacking.

Under high nitrate:Corg supply, denitrification leads to a higher N:C loss

ratio, potentially counteracting eutrophication in the long run. Low nitrate:

Corg supply may favour other anaerobic respiration pathways like DNRA,
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which sustains labile nitrogen in the system, potentially intensifying the cycle

of eutrophication. Going forward, it will be crucial to establish the validity of

our findings for S. baltica in natural systems with diverse organic substrates

and microbial consortia.
KEYWORDS

deoxygenation, eutrophication, bacteria, DOC, nitrous oxide, denitrification
1 Introduction

About 1% of the ocean volume is characterized by oxygen

concentrations<20 μmol L-1; concentrations may even fall below the

current detection limit of 2 nmol L-1 (Revsbech et al., 2009; Ulloa

and Pantoja, 2009). The oceanic oxygen content decreased by about

2% over the past 50 years, and water masses with oxygen

concentrations <70 μmol L-1 at 200 dbar (which equals

approximately 200 m depth) increased between 1960 and 2008

(Stramma et al., 2010; Schmidtko et al., 2017). Depending on the

region and assumed climate scenario, different model studies

predict a further decrease in oxygen concentrations within the

ocean (summarized in Levin, 2018). The combination of sluggish

ventilation, i.e. water column stratification, and enhanced nutrient

supply followed by higher organic matter loads and subsequently

respiratory oxygen demand is the primary driver of low oxygen

levels in marine systems. Hence, oxygen minimum zones (OMZs)

are often found in upwelling systems at eastern continental margins

or in enclosed seas with strong stratification such as the Baltic Sea

and the Black Sea, or in systems strongly affected by nutrient

pollution from large river systems like the Gulf of Mexico, the

Chesapeake Bay or the Adriatic Sea (Pitcher et al., 2021).

In the central Baltic Sea, hypoxic (<60 μmol O2 L
-1), suboxic (<5

μmol O2 L-1) and even anoxic (~0 μmol O2 L-1) waters are

permanently present in deeper regions and occasionally along the

coast (Conley et al., 2009; Carstensen et al., 2014; Andersen et al.,

2017). Eutrophication of the Baltic Sea, resulting from high nutrient

riverine and aeolian input of riparian states, leads to massive algal

blooms, the degradation of which fuels oxygen reduction (Voss

et al., 2011). Meanwhile, oxygen supply to the deep Baltic basins is

restricted due to a strong halocline at around 60 m depth and the

limited inflow of oxygen-rich North Sea water. Next to nutrient

loadings, rising water temperatures may further stimulate

cyanobacterial blooms and, subsequently, the degradation of

organic matter, reducing oxygen (Kabel et al., 2012). A

multidecadal time series in Boknis Eck identified decreasing

oxygen concentrations at 25 m depth and increased frequency of

anoxic and suboxic events during the period 1957 – 2013 (Lennartz

et al., 2014; Hepach et al., 2024). This recent deoxygenation is

probably induced by increased microbial respiration at warmer
02173
water temperatures and reduced ventilation due to the stratification

of the water column earlier in the year (Hepach et al., 2024).

Heterotrophic respiration of organic matter involves redox

reactions, wherein organic compounds like glucose undergo

remineralization using oxygen or alternative electron acceptors.

This process yields oxidized carbon (CO2), reduced products (H2O

in the case of aerobic respiration), and energy as summarized in

Engel et al. (2022). To obtain energy under hypoxic conditions,

bacteria may use alternative electron acceptors, such as nitrate and

nitrite, for anaerobic respiration, such as denitrification and

dissimilatory nitrate reduction to ammonium (DNRA) or

chemoautotrophic pathways, e.g. anaerobic ammonium oxidation

(anammox) (Lam and Kuypers, 2011). For the anaerobic respiration

pathways denitrification and DNRA, the energy gain per oxidized

carbon atom is 1 and 36% less than via aerobic respiration (Lam and

Kuypers, 2011). Denitrification is the sequential reduction of nitrate

(NO3
2-) to nitrite (NO2

-), nitric oxide (NO), nitrous oxide (N2O) to

dinitrogen gas (N2), which can escape into the atmosphere, causing

a loss of reactive nitrogen in the water column. During DNRA,

nitrate is reduced to nitrite in the initial reduction step; however, the

end product of this reaction is ammonium (NH4
+), which is

released to the water column. It has been estimated that 30 to

50% of the oceanic nitrogen loss occurs in OMZs (Lam and

Kuypers, 2011 and citations within). The oxygen threshold for

anaerobic processes is still under investigation. The suppression of

anammox was reported for oxygen concentrations between 1.7- 20

μmol L-1 (Jensen et al., 2008; Kalvelage et al., 2011; Dalsgaard et al.,

2014). The reduction of nitrate is less oxygen sensitive occurring at

concentrations up to 25 μmol L-1 (Kalvelage et al., 2011), whereas

the entire reduction of nitrate to dinitrogen gas might already be

inhibited by nanomolar oxygen concentrations (Dalsgaard et al.,

2014). Limited literature addresses the oxygen sensitivity of DNRA.

Yet, an incubation experiment showed no direct oxygen

dependency for the transcription of nrfA, encoding a key enzyme

of this process (Dalsgaard et al., 2014).

DNRA, denitrification, and oxic respiration are conducted by

heterotrophic bacteria (e.g. Lam and Kuypers, 2011). Heterotrophic

bacteria are crucial for the marine carbon cycle since they transform

dissolved organic carbon (DOC) into bacterial biomass, which is

respired to CO2 or incorporated by bacterivores and thus
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transferred to higher trophic levels (Azam et al., 1983). Climate-

driven changes in ocean circulation and the interplay between

primary production, bacterial production (BP), and respiration

determines whether a specific area might act as a carbon sink (net

uptake of CO2) or source (net release of CO2) (Hoppe et al., 2002).

The bacterial carbon demand (BCD) is the total amount of carbon

used for anabolic and catabolic processes and can be estimated by

the sum of bacterial production and respiration rates. In the Baltic

Sea basins, the BCD has been estimated to equal 50 to 70% of the

primary production (Hagstrom et al., 2001; Hoikkala et al., 2015),

determining the fate of the photosynthetically fixed carbon. The

marine bacterial growth efficiency (BGE), defined as the ratio BP/

BCD, is, on average, 20% (1- 69%) (Del Giorgio and Cole, 1998). In

the Baltic Sea, the BGE is highly variable (5-60%) and depends,

among other factors, on substrate quality (summarized in Hoikkala

et al., 2015). However, the effect of oxygen limitation on BGE has

not been sufficiently investigated. Batch experiments with a

microbial community from the Baltic Sea demonstrated similar

bacterial growth efficiency (BGE) at both oxic and low oxygen

concentrations (Maßmig et al., 2019). However, particle

degradation experiments suggested a reduction in the degradation

of organic matter under suboxic and anoxic conditions compared to

oxic ones, implying a potential decrease in microbial carbon

turnover under oxygen-limited conditions (Nguyen and Harvey,

1997; Le Moigne et al., 2017). The apparent contradiction between

the findings underscores the complexity of microbial responses to

different oxygen concentrations. It also highlights the need for

further research to unravel the combined effects of oxygen

concentrations and the availability of alternative electron

acceptors on total and cell-specific bacterial turnover of carbon,

as well as their impact on BGE.

This study investigated whether a decrease in oxygen

concentration reduces the bacterial carbon utilization. Additionally,

we investigated if nitrate, acting as an alternative electron acceptor,

can compensate for the missing oxygen and sustain bacterial carbon

turnover. We analyzed the total and cell-specific carbon use, i.e. DOC

uptake and particulate organic carbon (POC) production, under six

different oxygen conditions with oxygen concentrations ranging from

fully oxic to suboxic. The experiments were performed with the g-
Proteobacteria Shewanella baltica,a facultative anaerobe that uses

nitrate, among other compounds such as Fe3+ and sulfur compounds,

as an electron acceptor (Ziemke et al., 1998). Moreover, S. baltica

represents around 77% of the cultivatable nitrate-reducing bacteria in

the Gotland Deep (Baltic Sea) (Brettar et al., 2001). We incubated an

S. baltica culture under high (HighN) and low (LowN) nitrate and

identical glucose concentrations to vary the availability of alternative

electron acceptor relative to the labile carbon source, yielding an

initial organic carbon (Corg) to DIN (with NO3: NH4 of 1:1) ratio of

1.25 and 6.52, respectively. The experiments were performed in

continuous flow through culture systems (chemostats), since they

allow for replicate serial sampling. This study aims to enhance our

comprehension of bacterial carbon cycling under varying oxygen

concentrations in marine waters. This understanding is crucial for

projecting potential future responses of marine ecosystems to

deoxygenation and eutrophication.
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2 Methods

2.1 Experimental set-up

2.1.1 Chemostats
Experiments were conducted with the g-Proteobacteria S. baltica

(DMS no. 9439; SynonymNCTC10735) at 20°C in the dark. S. baltica

is a facultative anaerobic bacteria in the Baltic Sea (Ziemke et al.,

1998; Brettar et al., 2001). The cell uses alternative electron acceptors,

e.g. nitrate, when oxygen concentration becomes limiting (Ziemke

et al., 1998). S. baltica has been identified as denitrifying bacteria

(Brettar et al., 2001) and N2O producer (Brettar and Höfle, 1993).

Full genome sequence of Shewanella baltica DSM 9436

(NCTC10735) is deposited in the European Nucleotide archive

under sample accession ERS135390 (http://www.ebi.ac.uk/ena/data/

view/ERS135390) and available genome annotations are deposited in

the National Centre for Biotechnology Information (https://

www.ncbi.nlm.nih.gov/nuccore/UGYM01000002.1). The genome

indicates that the strain is capable of conducting DNRA and

denitrification based on gene families NapAB, NrfA, Nos, and narXl.

Chemostats were modified 5 L glass bottles (SCHOTT Duran)

with an overflow, enabling a constant culture volume of 4.6 L.

Applications for sampling, stirring, medium inflow and aeration

were installed in the lid (Figure 1A). The medium was stirred with

280 rotations per minute. Filtered (0.2 mm) and autoclaved medium

was added constantly to the chemostat (2 ml min−1) through a

peristaltic pump to achieve a dilution rate of 0.626 d-1. The medium

was dripping in and out of the chemostat to avoid contamination

(Borchard et al., 2011). Sampling was conducted through an

opening in the lid. All material and filters between the mediums

tank and chemostats were autoclaved or acid cleaned. Filters were

regularly checked and immediately acid-cleaned or exchanged

when signs of contamination occurred.

Aeration of the chemostats was regulated with a mass flow

controller (MFC, Type 1179 Mass Flow Controller; MKS

Instruments, Germany) and the associated digital control panel

(Type 647C Multi Gas Controller; MKS Instruments Germany;

accuracy 0.7%) as described in detail by Borchard et al. (2011). Air

underwent filtration (0.2 μm) as a precaution against

contamination before entering the medium via a sterilized

bubbling stone (End Line Filter, Thermo Scientific) to maintain

a consistent and precise aeration level. Gas flow was adjusted to

19-20 ml min-1 containing compressed ambient air and an anoxic

gas mixture (0.13% CO2 in N2; Air Liquide) to obtain a theoretical

inflow of 0, 0.25, 0.53 and 2.56% air saturation. The inflow of 0%

air saturation was conducted at two different chemostats with and

without an oxygen reduction column (copper catalyst,

Glasgerätebau Ochs). One chemostat was bubbled with ambient

air directly (19% oxygen saturation) to achieve fully oxygenated

conditions. Since chemostats are flow-through systems, a slight

inflow of oxygen could not be excluded entirely. Oxygen

concentrations were measured within the chemostats before

adding bacteria, resulting in six oxygen concentrations: 5, 6, 9,

15, 32, and 240 μmol L-1 (Figure 1B). Oxygen concentrations were

chosen to represent suboxic conditions (~ 5 μmol L-1) and
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different states of hypoxic conditions (<60 μmol L-1) as well as

fully oxic conditions following Gruber (2011). Throughout the

manuscript, these six oxygen conditions will be named O2-5, O2-6,

O2-9, O2-15, O2-32 and O2-240. Oxygen conditions from O2-5 to

O2-15 were practically suboxic since respiration in those

chemostats depleted oxygen concentrations to <1 μmol L-1 at

the sampling days (Supplementary Table 1).

The supplied medium for all chemostats was constantly pumped

from a 20 L medium tank. The nutrient composition changed between
Frontiers in Marine Science 04175
the HighN (Corg: DIN of 1.25) and the LowN (Corg: DIN of 6.52)

treatment. The supplied medium was prepared from MilliQ water and

additions of autoclaved artificial sea salt (Premium Sea Salt, Dupla

Marin) yielding a salinity of 14 g L-1, and the following sterile-filtered

nutrients and substrate: glucose (final concentration: 0.5 mmol glucose

L-1 = 3 mmol C L-1), sodium phosphate (final concentration: 0.3 mmol

L-1), sodium nitrate (final concentration in the HighN treatment: 1.2

mmol L-1 and in the LowN treatment 0.23 mmol L-1) and ammonium

chloride (final concentration in the HighN treatment: 1.2 mmol L-1 and
A

B

DC

FIGURE 1

Experimental design of the (A) chemostat experiment with different supplied oxygen levels (in color, 5 to 240 µmol O2 L-1) The oxygen conditions 5
to 15 µmol O2 L-1 are in the text often summarized as “suboxic” conditions. The chemostat experiment started with a HighN (Corg/DIN = 1.25) and
changed to a LowN (Corg/DIN = 6.52) medium. The following parameters have been studied: dissolved organic carbon (DOC), particulate organic
carbon (POC), dissolved inorganic nitrogen (DIN), particulate nitrogen (PN), total dissolved nitrogen (TDN), cell abundance, the degradation index (DI)
based on amino acid composition, dissolved combined carbohydrate (DCCHO) composition and oxygen. (B) initial DIN concentration (grey shading)
and prescribed oxygen concentrations over time in the chemostat experiment. Vertical lines indicate sampling days during HighN (days 16, 18, 20,
22) and LowN (days 29, 32, 34 and 36) treatment. (C) Batch experiment’ s set up to verify the observed nitrogen loss during the chemostat study.
Two of the four incubation bottles were turned anoxic before sampling nitrous oxide (N2O), TDN and PN (see methods for details). (D) Bottle
incubations to investigate the development of N2O production over time. The bottles were sampled at nine consecutive days.
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in the LowN treatment 0.23 mmol L-1). Moreover, vitamins, metals,

and sodium bicarbonate were added following the recipe for the f/2

medium (see Supplementary Table 2) (Guillard and Ryther, 1962;

Guillard, 1975). Media composition was tested in pre-studies to

determine the nutrient concentrations needed to yield sufficient

biomass to enable sampling of all parameters without exceeding the

maximum sampling volume of <10% total volume (450 mL) (La Roche

et al., 2010).

After inoculating the chemostats with S. baltica, the cells were

grown for 29h in batch mode. Then the flow-through (D=0.626 d-1)

was started. The experiment ran for 36 days, the first 22 days as HighN

treatment, while during the remaining 14 days, the nutrient supply was

changed to LowN. After the change in nitrogen concentration, the

system was allowed to adapt for one week to new conditions. Sampling

for HighN was conducted on days 16, 18, 20 and 22. Sampling for

LowN was performed on days 29, 32, 34, and 36. For analysis, only

sampling days with the lowest variation in cell abundance (<22%) were

included, i.e. data from day 22 were excluded.

2.1.2 Nitrous oxide determination
An additional batch experiment with S. baltica was conducted

to investigate a potential nitrogen loss during the chemostat

experiment (Figure 1C). Batch cultures were inoculated in the

same LowN medium as the chemostat study. The experiment

lasted eight days with a start concentration of 2.9 x105 cells mL-1

in four incubation bottles (1.12 L; Zscheiler and Klinger) on a

shaker (75 rotations min-1). Incubation bottles were first closed with

a gas permeable cotton wool. After five days, two incubations were

turned anoxic by sealing the bottles with a gas-tight lid and a

septum. They were then purged for two hours with a gas mixture

consisting of 0.13% CO2 in pure N2 (Air Liquide), which was passed

through an oxygen reduction column equipped with a copper

catalyst (Glasgerätebau Ochs). At the end of this experiment,

nitrous oxide (N2O) as an intermediate product of denitrification

and dissolved and particulate nitrogen was sampled with the same

sampling procedure as during the chemostat study (see 2.2).

Furthermore, the production of N2O by S. baltica was directly

measured over nine consecutive days in 20 mL N2O sampling vials

(Chromatographie Handel Müller GmbH, R20-20br) (Figure 1D).

Therefore, 27 vials were filled with the same LowN medium as the

chemostats and incubated with S. baltica at the same starting

concentration as the batch culture (2.9 x105 cell mL-1) and closed

with a gas-tight cup and septum. Incubations were bubbled with a gas

mixture containing 0.13% of CO2 in pure N2 (Air Liquide) that was led

through an oxygen reduction column (copper catalyst, Glasgerätebau

Ochs) for two minutes. Samples for N2O concentrations were taken

daily in triplicates by poisoning three incubation bottles. For the first

time point, only duplicates could be analyzed.
2.2 Measurements and computations

2.2.1 Bacterial abundance
For bacterial abundance, 4 mL samples were fixed with 200 μL

glutaraldehyde (25%) and stored at -20°C for at most two months until

analyses by flow cytometry after Gasol and Del Giorgio (2000) (FACS
Frontiers in Marine Science 05176
Calibur; Becton Dickinson). Before analysis, samples were sonicated (5

seconds), filtered (50 mm) and diluted up to 40 times with ultra-pure

water. Then 10 mL Flouresbrite® fluorescent beads (Polyscience, Inc.)

and 10 mL Sybr Green (Invitrogen) (final concentration: 1x of the

1000x Sybre Green concentrate) were added to 400 μl of the diluted

sample. The instrument was calibrated with TruCount Beads™ (BD)

with a measurement error of 2% RSD.

2.2.2 Oxygen
Oxygen concentration in the chemostats was measured with a

needle sensor (Pyroscience; TROXR430; detection limit: 0.005% O2;

accuracy: 0.01% O2 at 0.2% O2). In the batch cultures, optical

sensors (PreSens; SPPSt3; detection limit: 0.03% O2; accuracy: ±

0.4% at 20.9% and ± 0.05% at 0.2%) were used. To convert oxygen

concentrations into mmol L-1, the oxygen solubility table from

Unisense a/s (Ramsing and Gundersen, 2000) was used.

2.2.3 Nutrients
Ammonium, nitrate, nitrite and phosphate were measured with a

nutrient analyzer (Skalar, San ++, detection limit<0.3 μmol L-1). The

required dilution of samples (up to 100 times) resulted in a precision

of <1.6 μmol L-1. On the day of sampling, 15 mL of sample were

filtered (0.45 mm glass microfiber GD/X membrane, Whatman™) in

rinsed falcon tubes and kept frozen until analysis (at most

seven months).

2.2.4 Nitrous oxide
N2O was sampled from the batch cultures bubble-free in 20 mL

vials and closed with butyl rubber stoppers and aluminium caps. N2O

samples from the batch culture and N2O incubations of the separate

experiment in N2O sampling vials were poisoned with 50 μL

saturated mercury chloride solution, shaken and stored in the dark

at room temperature until analysis for at most one month. Analysis

was conducted with a GC/ECD system (Hewlett Packard; 5890 Series

II gas chromatograph) that was calibrated daily with four dilutions of

a standard gas (Deuste Steininger GmbH, Mühlheim, Germany) with

Helium (AirLiquide GmbH Düsseldorf) ranging between 109 and

994 ppm. For methodological details, see Walter et al. (2006).

2.2.5 Particulate organic carbon and
particulate nitrogen

POC and particulate nitrogen (PN) were sampled from the

overflow. For analysis, 50–150 mL were filtered onto combusted

(8 h, 500°C) GF/F filters (~0.7 mm) and stored at -20°C for at most

two months. Samples were analyzed with an elemental analyzer

(Euro EA, Hechatech) (Sharp, 1974) that was calibrated with

acetanilide standard (0.1 to 0.7 mg) and soil standard (2 to 4 mg).

The resulting measurement range was 0.3 to 5.2 μmol nitrogen and

5.7 to 41.5 μmol carbon, with a measurement error of 0.4%.
2.2.6 Dissolved organic carbon and total
dissolved nitrogen

For analyses of DOC and total dissolved nitrogen (TDN), 20 mL

samples were filtered through a syringe filter (0.45 mm glass

microfiber GD/X membrane, Whatman™, rinsed with 25 mL
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MilliQ and 10 mL sample) into a combusted glass ampoule (8 h,

500°C), before 20 μL of 30% ultrapure hydrochloric acid were

added. After sealing the ampule, samples were stored in the dark at

4°C for at most two months. Samples of the chemostat experiment

were diluted with ultra-pure water (2:1). Samples were analyzed

with a TOC−VCSH using a TNM-1 detector (Shimadzu) and the

high-temperature catalytic oxidation method modified from

Sugimura and Suzuki (1988) as described in Engel and Galgani

(2016). Calibration was conducted with potassium hydrogen

phthalate standard solutions (0 to 416.7 μmol C L-1) (Merck

109017) and a potassium nitrate standard solution (0-57.1 μmol

N L-1) (Merck 105065). Reference seawater standards (Hansell

laboratory RSMAS University of Miami) were used to determine

the instrument blanks. Between repeated measurements, the relative

standard deviation (RSD) is <1%, and the detection limit is 1 μmol

L-1 for DOC and 2 μmol L-1 for TDN.

2.2.7 Dissolved carbohydrates and amino acids
Samples for high-molecular-weight (>1kDa) dissolved

combined carbohydrates (DCHO) were taken by filtering 20 mL

of seawater through 0.45 μm Acrodisc syringe filters into pre-

combusted glass vials (4 h, 500°C) and stored frozen at –20°C

until analysis. The analysis was conducted according to Engel and

Händel (2011). DCHO samples were first desalinated by membrane

dialysis (1 kDa MWCO, Spectra Por) for 5 h at 1°C. DCHO samples

were hydrolyzed for 20 h at 100°C with 0.4 M HCl final

concentration and then neutralized through acid evaporation

under a vacuum and nitrogen atmosphere (1 h, 60°C). Samples

were analyzed using high-performance anion-exchange

chromatography coupled with pulsed amperometric detection

(HPAEC-PAD) on a Dionex ICS 3000. The system was calibrated

with a mixed sugar standard solution including the neutral sugars:

fucose (Fuc), rhamnose (Rha), arabinose (Ara), galactose (Gal),

xylose/mannose (Xyl/Man), and glucose (Glc), the amino sugars:

galactosamine (GalN), glucosamine (GlcN), and the acidic sugars:

galacturonic acid (GalUA), gluconic acid (GluA), glucuronic acid

(GlcUA) and muramic acid (MurA).

Samples for dissolved amino acids (DAA) were taken by

filtering 20 mL of seawater through 0.45 μm Acrodisc syringe

filters into pre-combusted glass vials (4 h, 500°C) and stored

frozen at –20°C until analysis. The analysis was performed

according to Lindroth and Mopper (1979) and Dittmar et al.

(2009) and modified after Engel and Galgani (2016). 1 mL of the

DAA sample was hydrolyzed with 1 mL of 30% hydrochloric acid

(Merck, supra pure) in sealed ampoules at 100°C for 20 h. The 2 ml

DAA hydrolysate was dried in a microwave at 60°C under a

nitrogen atmosphere and washed twice with 0.5 mL of MilliQ to

remove any remaining acid. DAA samples were re-dissolved in 1 ml

MilliQ for analysis and mixed with 9:1 borate buffer (pH 9.5). A

1260 HPLC system (Agilent) with a C18 column (Phenomenex

Kinetex, 2.6 μm, 150 x 4.6 mm) was used for analysis after the

separation of thirteen different amino acids and in-line

derivatization with o-phtaldialdehyde and mercaptoethanol. A

linear gradient was run with 100% Solvent A [5% Acetonitrile

(LiChrosolv, Merck, HPLC gradient grade) in Sodium dihydrogen-
Frontiers in Marine Science 06177
phosphate buffer (pH 7.0; Merck, suprapur)] to 22% solvent B

(Acetonitrile) in 50 min. The following standards were used:

asparagine + aspartic acid (AsX), glutamine + glutamic acid

(GlX), serine (Ser), glycine (Gly), threonine (Thr), arginine (Arg),

alanine (Ala), tyrosine (Tyr), valine (Val), isoleucine (Ile),

phenylalanine (Phe), leucine (Leu), and g- aminobutyric acid

(GABA). The detection limit of this analysis was ~1.4 nmol L-1

with a precision of 2%. For the O2-240 HighN treatment only two

sampling days were analyzed.
2.2.8 Nitrogen and carbon turnover
The net production rates of POC and PN (rPPOC, PN, μmol L-1d-1)

were estimated by Equation 1:

rPPOC,N = (½POC,  N�chem − ½POC,  N�medium)� D (1)

where [POC, PN]chem are the POC and PN concentrations within

the chemostat, respectively, at the day of sampling, [POC, PN]medium

the respective concentrations in the medium, and D is the dilution

rate (0.626 d-1). Since the particulate material in the medium tank was

removed during filtration, the correction for [POC, N]medium

primarily accounted for the adsorption of dissolved carbon and

nitrogen onto the GF/F filter. DOC and total dissolved nitrogen

(TDN=DIN+DON) net uptake rates (rUDOC, TDN, μmol L-1d-1) were

estimated by the difference in DOC and TDN concentration within

the chemostats and the supplied medium multiplied by the dilution

rate (Equation 2):

rUDOC,TDN = (½DOC,  TDN�medium − ½DOC,  TDN�chemostat)� D (2)

Nitrogen and carbon loss rates (μmol L-1d-1) were calculated as

the difference between uptake and production rates. The BGE on

carbon (BGE-C) was estimated as a ratio between net POC

production and net DOC uptake after Kroer (1993) (Equation 3):

BGE − C = rPPOC=rUDOC (3)

In addition, we calculated the BGE based on nitrogen as ratio

between net PN production and net TDN uptake (Equation 4):

BGE − N = rPPN=rUTDN (4)
2.2.9 Degradation Index
The Degradation Index (DI), derived from the amino acid

composition, is an indicator of the diagenetic state of organic

matter. The DI was calculated with a principal component

analysis (PCA), including the molar percentages of all analyzed

DAA except GABA. The PCA is a multivariate regression analysis

that can be used to elucidate compositional differences among

samples in a data matrix and was performed in R version 3.4.2.,

using the function prcomp (R Core Team, 2017). Lower DI values

indicate more degraded, higher values rather fresh organic material.

For instance, typically leucine is degraded preferably compared to

glycine. The calculation of the DI, based on the molar percentage of

DAA, follows the methodology established by Kaiser and Benner

(2009) and builds upon the concept of particulate amino acids

developed by Dauwe et al. (1999).
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2.3 Statistical analysis and creation
of figures

Statistical analysis of the chemostat samples was conducted with

a significance level of 0.05 in R (version 3.3.3) (R Core Team, 2017).

Differences between the oxygen conditions within one nitrogen

treatment were conducted with an ANOVA and a following post

hoc test (TukeyHSD). To test the effect of different nitrogen

treatments under different oxygen conditions, we conducted a

multifactorial ANOVA with a following post hoc test

(TurkeyHSD). The number of sampling days differed between the

HighN (3 sampling days) and LowN treatment (4 sampling days).

To have a balanced design, we excluded sampling day 29 during the

multifactorial ANOVA, following the advice of Field et al., 2012.

Data were summarized with the R package FSA (Olge, 2017).

Differences in sugar composition of O2-5 and O2-oxic were

investigated using R version 4.0.1 with the Package vegan

(Oksanen et al., 2022). Gluconic acid and galacturonic acid were

excluded from this analysis as their concentration was always below

the detection limit. As for the multifactorial ANOVA, data from

sampling day 29 were excluded. The test was performed separately

for oxygen and nitrogen influences. The dissimilarity matrix

function Bray-Curtis was chosen. To give information on

correlations between carbon and nitrogen parameters, a Pearson

correlation coefficient matrix was calculated using SigmaStat and

visualized as heatmap (Supplementary Table 3).
3 Results

3.1 Experimental conditions and nutrient
dynamics in chemostats with varied
oxygen levels

Oxygen concentrations differed between O2-suboxic (O2-5 to

O2-15), O2-32 and O2-240 conditions throughout the experiment

(Supplementary Table 1). Average oxygen concentrations were <0.5

μmol L-1 within the three O2-suboxic condition chemostats, as

bacteria immediately reduced the supplied oxygen. Due to

respiration, oxygen concentrations in O2-32 decreased to 6.68 ±

2.06 μmol L-1 in the HighN and 11.28 ± 9.66 μmol L-1 in the LowN

treatment. In O2-240, the oxygen concentration was 256 and 252

μmol L-1 in HighN and LowN, respectively, and hence fully oxic

throughout the experiment. The pH ranged between 7.66 and 8.01

in HighN and 7.43 and 7.57 in LowN (Supplementary Table 1). To

assess the differences between the targeted and actual nutrient

concentrations in the supplied medium, we measured the nutrient

concentrations in the medium tank on all sampling days

(Supplementary Table 2). The average nutrient concentrations in

the LowN medium were 217 ( ± 4) μmol L-1 nitrate, 235 ( ± 6) μmol

L-1 ammonium and 216 ( ± 16) μmol L-1 phosphate. In the HighN

medium, we measured 1140 ( ± 15) μmol L-1 nitrate, 1186 ( ± 18)

μmol L-1 ammonium and 227 ( ± 9) μmol L-1 phosphate.

The relative standard deviation of cell abundance within each

chemostat was <13% and <22% at the consecutive sampling days of

the LowN and HighN treatments, respectively. The highest within
Frontiers in Marine Science 07178
chemostat variation was found in the HighN treatment at O2-15,

O2-32 and O2-240 (Figure 2). In the HighN treatment, cell

abundance was significantly highest under O2-32 (17 x 107 cells

mL-1) and similar (8-15 x 107 cells mL-1) under all remaining

oxygen conditions. In the LowN treatment, cell abundance

increased with oxygen concentrations over the whole range.

Already under O2-15 conditions cell abundance (9 ± 0.4 x 107

cells mL-1) was significantly (p<0.01) higher than under the other

O2-suboxic conditions (6-8 x 107 cells mL-1). Cell abundance was

highest at 20 x 107 cells mL-1 in the O2-240 LowN treatment

(Figure 2). Moreover, cell abundance under O2-suboxic conditions

was higher in the HighN treatment compared to the LowN

treatment, with a significant difference under O2-5 conditions

(p=0.02) (Figure 2, Supplementary Table 6).

DIN speciation differed between O2-suboxic, O2-32, and O2-

240 conditions (Figures 3A, B). In the HighN treatment,

ammonium concentrations were only slightly lower than in the

supplied medium and similar between oxygen levels, varying

between 922 and 1117 μmol L-1 (Figure 3A). Nitrite

concentrations were below the detection limit in O2-5 to O2-9

and ranged from 4 to 43 μmol L-1 under O2-15 and O2-32

conditions. Under O2-240 conditions, nitrite concentrations were

much higher (549 ± 256 μmol L-1). Nitrate concentrations were

depleted (<1 μmol L-1) under O2-5-9 conditions and highest under

oxic conditions with 480 ± 340 μmol L-1. In the LowN treatment,

ammonium concentration differed between oxygen levels and was

lowest under O2-240 (4 ± 0.3 μmol L-1) and highest under O2-6 (97

± 26 μmol L-1) conditions (Figure 3B). Nitrite concentrations were

below the detection limit under O2-suboxic conditions but higher

under O2-240 (5 ± 10 μmol L-1) and highest under O2-32 (51 ± 24

μmol L-1) conditions. Nitrate concentrations were below the

detection limit under O2-suboxic conditions but highest under

O2-32 (67 ± 26 μmol L-1).
3.2 Oxygen-dependent nitrogen turnover
rates and denitrification

Nitrogen turnover rates were averaged for each chemostat over

the experiment duration. TDN net uptake rates (rUTDN) differed

between HighN and LowN treatment (Figure 4A). The highest rates

were observed in the suboxic HighN treatments O2-5 and O2-6,

varying between 731-747 μmol L-1 d-1. rUTDN was somewhat lower

at O2-15 with 626 μmol L-1 d-1 and strongly reduced at O2-32 and

O2-240. In the LowN treatment, rUTDN was similar in chemostats

O2-5 to O2-32 varying between 218 and 274 μmol L-1 d-1, and

slightly reduced in the oxic treatment O2-240 with 161 μmol L-1 d-1.

Production of PN was not significantly different between the oxygen

levels in both nitrogen treatments and ranged between 87 and 128

μmol L-1 d-1 in HighN and between 86 and 129 μmol L-1 d-1 in

LowN (Figure 4C). However, PN production showed a slight

increase with increasing oxygen concentration in the LowN

treatment, in agreement with increasing cell abundance.

Net TDN uptake exceeded PN production in all chemostats

except for HighN/O2-240, resulting in a loss nitrogen (Figure 4E).

The highest nitrogen loss was observed in the O2-suboxic HighN
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treatment 613 to -644 μmol L-1 d-1. In the LowN treatments,

nitrogen loss was higher in the O2-suboxic chemostats (146 to

163 μmol L-1 d-1) than in the O2-32 (89 μmol L-1 d-1). Under oxic

conditions, no nitrogen loss was determined in the HighN
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treatment, whereas a slight loss was calculated for the LowN

treatment (42 ± 5.6 μmol L-1 d-1).

Previous studies have shown that strains of S. baltica denitrify,

producing both N2O and, to a large extent, N2 in the Baltic Sea

(Brettar et al., 2001) To investigate a possible production of N2O as

an intermediate product of denitrification that may explain the

observed loss of nitrogen in chemostats under suboxia, we

conducted two additional experiments (see methods for details,

Figures 1C, D). In the first experiment (batch culture), oxygen

concentrations during the first five days were, on average, 224 μmol

L-1 (94-269 μmol L-1), being especially low on day 4, probably due to

enhanced growth activity. After day 5, two out of the four

incuba t ions were exposed to subox i a w i th oxygen

concentrations<0.6 μmol L-1. The other two incubations were

kept under oxic conditions (249-265 μmol L-1). In the suboxic

incubations, total nitrogen was again lost in significant amounts

(-35 and -37 μmol L-1), and N2O concentrations were high (81 and

240 nmol L-1), indicating denitrification by S. baltica. In the two

oxic incubations, no significant loss of nitrogen was observed ( ± 7

μmol L-1) (Figure 4E) and N2O concentrations were comparable to

atmospheric conditions (10 and 12 nmol L-1) (Supplementary

Figure 1). The second experiment (bottle incubation) further

confirmed the production of N2O by S. baltica. Concentrations of
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N2O increased exponentially over time from 2 nmol L-1 at the

beginning of the experiment to 56 nmol L-1 after seven days of

incubation (Supplementary Figure 2).
3.3 Oxygen-dependent carbon turnover
under high and low nitrogen conditions:
Implications for DOC and POC dynamics

DOC uptake was generally higher in the HighN compared to

the LowN treatment (Figure 4B). In the HighN treatment, DOC

uptake varied between 1713 and 1896 μmol L-1 d-1, suggesting

efficient depletion of supplied glucose (theoretical glucose supply:

1878 μmol L-1 d-1; measured DOC supply, including other carbon

sources in the medium, e.g. vitamins: 2034 ± 10 μmol L-1 d-1). DOC

uptake slightly decreased under O2-suboxic conditions, being

lowest in O2-5 (p<0.01) and higher in O2-9 than in O2-6 and O2-

5 (p<0.01), while it was similar at higher oxygen concentrations

(Supplementary Table 4). In the LowN treatment, DOC uptake

(1702-1872 μmol L-1 d-1) was significantly higher under O2-32 and

O2-240 conditions than under O2-suboxic conditions (p<0.01) and

almost equal to the amount of labile carbon supplied in the form of

glucose (theoretical carbon supply: 1878 μmol L-1 d-1; measured

carbon (DOC) supply: 1995 ± 43 μmol L-1 d-1). DOC uptake was
Frontiers in Marine Science 09180
significantly higher under O2-15 compared to O2-5 and O2-6

conditions (p<0.01) (Supplementary Table 5).

The production of POC varied between 343 and 617 μmol L-1 d-1

in the HighN treatment and was highest under O2-32 (Figure 4D).

Otherwise, no significant impact of oxygen concentration on POC

production was found. In the LowN treatment, however, POC

production showed increasing trends with increasing oxygen

concentrations and ranged from 353 to 652 μmol L-1 d-1, with

significantly higher rates under O2-32 and O2-240, compared to

O2-5, O2-6 and O2-9 conditions (p<0.01) (Supplementary Table 5).

Additionally, POC production was significantly higher under O2-15

compared to O2-6 conditions (p=0.01) but similar under O2-32 and

O2-240 conditions. The increment of DOC uptake and POC

production with increasing oxygen concentrations was thus more

pronounced in the LowN treatment compared to the

HighN treatment.

The trend of oxygen dependence on carbon turnover observed

for the LowN treatment reversed after normalization to cell

abundance, i.e. the cell-specific carbon uptake and production rates

decreased with increasing oxygen concentration, indicating higher

cell division rates under more oxic conditions. Cell-specific POC

production was significantly higher under O2-suboxic (5-7 fmol cell-1

d-1) compared to O2-32 conditions and decreased significantly

further under O2-240 conditions (3-4 fmol cell-1 d-1) (p<0.01)
A B
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C

FIGURE 4

Nitrogen (A, C, E) and carbon (B, D, F) turn-over rates in incubations with different levels of supplied oxygen concentration (µmol L-1) under high
(HighN) and low (LowN) reactive nitrogen conditions relative to labile carbon.
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(Supplementary Table 5). The same was true for the cell-specific

DOC uptake, being significantly higher under O2-suboxic (16-22

fmol cell-1 d-1) compared to O2-32 and O2-240 (9-13 fmol cell-1 d-1)

conditions (p<0.01) (Supplementary Table 5). In the HighN

treatment, we observed only a slight decrease in cell-specific POC

production with increasing oxygen concentration. Cell-specific POC

production under O2-32 (4 ± 0.3 fmol cell-1 d-1) was significantly

lower than under O2-9 (5 ± 0.5 fmol cell-1 d-1) (p=0.01) but similar to

cell-specific POC production under O2-6, O2-5 and O2-15 conditions.

Cell-specific POC production was also similar between O2-32 and

O2-240 conditions (Supplementary Table 4). Moreover, cell-specific

DOC uptake was lower under O2-32 (11 ± 2 fmol cell-1 d-1) than

under O2-suboxic conditions, with a significant difference to the

uptake under O2-9 (p=0.01, 21 ± 2 fmol cell-1 d-1) and O2-15

conditions (p=0.05, 18 ± 4 fmol cell-1 d-1). Cell-specific DOC

uptake was similar under O2-240 and O2-32 conditions

(Supplementary Table 4).

At oxygen levels, O2-5 to O2-15 DOC uptake rates were higher in

the HighN treatment, whilst POC production rates were similar in both

nitrogen treatments. In consequence, C-loss rates differed strongly

between HighN and LowN at low oxygen concentrations (Figure 4F).

C-loss rates varied between 1228 and 1452 μmol L-1 d-1 in HighN and

between 808 and 1181 μmol L-1 d-1 in LowN. Since carbon is lost from

the system primarily as CO2, our data suggest that cell-specific

respiration rates were 7.6-15.8 fmol CO2 cell
-1 d-1 under HighN and

6.2-12.5 fmol CO2 cell
-1 d-1 under LowN. Thereby, cell-specific CO2

production in the LowN was higher under suboxic conditions (O2-5-

15:10.5-12.5 fmol CO2 cell-1 d-1) compared to the more oxygenated

chemostats (O2-32-240: 6.2- 7.9 fmol CO2 cell-1 d-1). In the HighN

treatment, cell-specific respiration was comparable between suboxic

(O2-5-15:10.9-15.8 fmol CO2 cell-1 d-1) and oxic conditions (O2-32-

240: 7.6- 13.8 fmol CO2 cell
-1 d-1).
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3.4 Differential carbon and nitrogen
turnover responses to oxygen reduction
under low and high nitrogen conditions

The LowN and HighN treatments differed in magnitude of carbon

and nitrogen turnover and the response to oxygen reduction. The

[POC]:[PN] ratio, which here represents the carbon-to-nitrogen ratio

of the bacterial-produced biomass, varied between 4.4 and 4.8 (4.58 ±

0.11) in the HighN and between 4.6-5.1 (4.88 ± 0.11) in the LowN

treatment. No significant differences of [POC]:[PON]were determined

between oxygen concentrations in both treatments (Supplementary

Tables 4, 5). In contrast, the ratios of carbon and nitrogen lost from the

system in gaseous form (C: N loss) were lower under suboxic

conditions in the HighN treatments, ranging from 2.0 ± 0.1 at the

lowest O2 -level (O2-5) treatment to 2.69 ± 0.13 in O2-15 and more

pronounced to 27 ± 22 in O2-32. Since no nitrogen loss was detectable

in the HighN O2-240 chemostat, no C: N loss ratio was determined. In

the LowN treatment, C: N loss ratios increased gradually from 5.54 at

suboxic levels to 31 in the fully oxic chemostat.

BGEs were compared for growth efficiencies on carbon

(BGE_C) and on nitrogen (BGE_N) (Figure 5). In the HighN

treatment, the BGE_C ranged between 22 and 34% and did not
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change consistently with oxygen concentrations, although

individual treatments were different (Supplementary Table 4).

Under LowN conditions, BGE_C ranged between 29 and 38%

and was similar between the different oxygen conditions, also

(Figure 5). Nitrogen-based BGE showed the highest differences

between HighN and LowN in all suboxic treatments (Figure 5);

average BGE_N in the LowN was 37 ± 1.8% and significantly higher

than in the HighN treatment (14 ± 0.8%) (p<0.01). This pattern

reversed at O2-32, and at fully oxic conditions, dissolved nitrogen

was completely assimilated into biomass in HighN. Here, BGE_N

was even higher than the theoretical maximum value of 100%. This

may be attributed to different efficiencies during PN and TDN

sampling and/or analyses.
3.5 Oxygen-dependent dynamics of
organic matter composition under low and
high nitrogen conditions

High molecular weight (>1kDa) dissolved combined

carbohydrates (DCCHO) were released from the cells during the

experiment in all chemostats (Figure 6). DCCHO concentration

gradually increased with increasing oxygen levels in the LowN

treatment, from 2.0 ± 0.23 μmol L-1 in O2-5 to 14.2 ± 5.6 μmol L-1

in O2-240. In the HighN treatment, the highest DCCHO

concentration was observed at O2-32 with 5.0 ± 1.7 μmol L-1

declining to 2.4 ± 0.58 μmol L-1 in O2-5 and 3.0 ± 1.1 μmol L-1 in

O2-240. Cell-specific DCCHO production ranged between 1.32 and

4.72 x 10-2 fmol cell-1 d-1. Both absolute DCCHO concentration and

cell-specific DCCHO production were highest in the fully oxic O2-

240 LowN chemostat. DCCHO composition differed between the

same oxygen levels in HighN and LowN and was pronounced

between suboxic (O2-5) and oxic (O2-240) conditions (Figure 7).

Little variation was observed between replicate sampling, suggesting

that the composition of DCCHO was significantly affected by oxygen
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concentration (p<0.001). Comparing the suboxic level O2-5 between

the nitrogen treatments showed that glucose was the dominant sugar

in DCCHO in HighN with a molar fraction of 33 Mol%, followed by

glucosamine with 22 Mol%. In the LowN treatments, the fraction of

glucosamine was higher, yielding a similar share of glucosamine and

glucose (~36 Mol%). Under oxic conditions, DCCHO composition

differed from suboxic conditions and contained high amounts of

arabinose and mannose/xylose; the fractions of glucose and

glucosamine were strongly reduced. In particular, the DCCHO

produced in the LowN O2-240 treatment had the highest fractions

of arabinose (51 Mol%) and mannose/xylose (45%). Since the total

DCCHO concentration in LowN O2-240 was much higher than in all

other chemostats, DCCHO production and composition under fully

oxic and LowN conditions were clearly distinct. At suboxic

conditions, arabinose was absent in both the HighN and the LowN

treatment (Supplementary Figure 3).

The DI based on dissolved hydrolysable amino acid

composition indicates the diagenetic state of organic matter

(Dauwe et al., 1999; Kaiser and Benner, 2009). In the HighN

treatment, the DI was significantly lower under O2-32 and O2-

240 conditions, suggesting higher reworking of DOM under

oxygenated conditions (p<0.01) (Supplementary Figure 4;

Supplementary Table 4). Trends differed somewhat in the LowN

incubations, where the DI was similar between O2-suboxic and O2-

32 conditions but significantly lower only under fully oxic, O2-240

conditions also (p<0.01).
4 Discussion

4.1 Bacterial carbon utilization and
nitrogen loss dynamics at different
oxygen concentration

We conducted a continuous culture experiment to explore

changes in bacterial carbon utilization at different oxygen
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concentrations. The set-up allowed consecutive sampling without

changing the chemical environment (Novick and Szilard, 1950).

Notably, there were significant variations in oxygen concentrations

among the O2-240, O2-32 and O2-5 to O2-15 conditions (Figure 1B,

Supplementary Table 1). The transition to suboxic conditions in O2-5

toO2-15 occurred promptly, while in O2-32 (i.e., hypoxic conditions),

oxygen concentrations displayed fluctuations, indicating dynamic

changes in respiration rates (Supplementary Table 1).

In continuous culture systems like ours, strictly in chemostats

under steady-state conditions, cell yields are determined by the

limiting substrate supplied, and growth rates equal dilution rates as

long as the dilution rate does not exceed the maximum growth rate

(Novick and Szilard, 1950). In our experiment, the cell yield of S.

baltica was likely limited by the availability of organic carbon, i.e.

glucose. Under higher oxygen conditions, the uptake of DOC was

equal to the amount supplied, suggesting a depletion of glucose in

the chemostat. Other substrates like TDN or phosphate were still

abundant. Under lower oxygen conditions, carbon assimilation was

influenced by the availability of oxygen or alternative electron

acceptors (i.e., NO3). As a consequence, DOC uptake and the cell

yields of S. baltica were reduced.

In addition to the chemostat set-up, we conducted two

independent batch experiments with S. baltica to verify nitrogen loss

by measuring the intermediate product N2O (Supplementary Figures 1,

2). The proportion between formed N2O and the observed nitrogen

loss (0.23 and 0.65%) in the suboxic batch experiment alignes with

literature, as only 0.1-6% of denitrified nitrogen can be detected as N2O

(Nishio et al., 1983; Seitzinger, 1988; Seitzinger and Kroeze, 1998;

Beaulieu et al., 2011). According to Mahne and Tiedje (1995),

denitrification is defined as the transformation of at least 80% of

reduced nitrate or nitrite into N2O or N2 gas. Under O2-suboxic

conditions in the chemostat experiment, 84-95% and ≥100% of nitrate

was removed from the system in the HighN and LowN treatment,

respectively, suggesting that denitrification was mainly responsible for

observed nitrogen loss.
4.2 Impact of electron acceptor availability
on cell growth and carbon turnover

Denitrification requires organic compounds as carbon and

electron donors. For glucose as an organic substrate, the equation

can be described after Kirchman (2018) (Equation 5):

5glucose + 24  NO−
3 + 24  H+ → 30CO2 + 12N2 + 24H2O (5)

With an energy release of DG of -2657 kJ mol-1. According to

this, denitrification has a stoichiometric C: N loss ratio of 1.25.

Shewanellae can also perform dissimilatory nitrate reduction to

ammonium (DNRA) (Chen and Wang, 2015). Based on glucose as

an electron donor and carbon source, the equation can be

formulated as (Kirchman, 2018) (Equation 6):

5glucose + 15NO−
3 + 30H+ → 30CO2 + 15NH+

4 + 15H2O (6)

The DNRA reaction yields substantially less energy (DG of -1767

kJ mol-1) than denitrification, leading to a loss of carbon as CO2 but
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not nitrogen since NO3
- is reduced to NH4

+. Compared to

denitrification, DNRA also has a lower NO3 requirement.

The differences in the transformation of nitrate to gaseous nitrogen

(N loss), in relation to the production of CO2 (C loss), allow an

estimation of the ratios of denitrification and DNRA. An average C: N

loss ratio of ~2 was determined for all suboxic chemostats in the HighN

treatment. This low C:N loss ratio points to denitrification as the

dominant anaerobic respiration process, responsible for nitrogen loss.

More specifically for the HighN, the observed C:N loss ratio indicates

that for every 5mol of glucose respired by denitrification, 3 mol glucose

were respired by DNRA. In the LowN treatment, the average C:N loss

ratio under suboxic conditions was 5.5 suggesting that anaerobic

respiration pathways other than denitrification became more

important. Thus, for every 5 mol of glucose respired by
Frontiers in Marine Science 12183
denitrification, 17 mol glucose were likely respired by DNRA,

shifting the dominance from denitrification to DNRA. The relatively

high concentrations of ammonium in the O2-suboxic LowN treatment

(Figure 3A) further indicated the formation of ammonium during

DNRA. A small glucose fraction was likely metabolised by aerobic/

microaerobic respiration supported by the continuous O2-5 to O2-

15 aeration.

Under O2-suboxic condit ions, oxygen and nitrate

concentrations were close to the detection limit in both

treatments, indicating that electron acceptors limited the bacterial

cell yield and glucose uptake (Figures 3, 5, Supplementary Table 1).

In the LowN treatment, the increasing cell abundance with

increasing oxygen concentration showed that oxygen as an

electron acceptor stimulated glucose uptake and cell growth
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Molar composition of high-molecular-weight dissolved combined carbohydrates (DCCHO) at the lowest and highest oxygen levels during the HighN
and LowN treatments.
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(Figure 2). In the HighN treatment, we observed that cell

abundance did not consistently decrease with oxygen

concentration. This suggests that the supply of nitrate as an

alternative electron acceptor mitigated any limitations typically

associated with electron acceptors when compared to the LowN

treatment (see Figure 2). In both treatments, cell abundances

differed between O2-32 and O2-240 conditions, although electron

acceptors did not seemingly limited glucose uptake in either of

those treatments.

In the HighN treatment, cell abundance was higher in O2-32 than

O2-240. In contrast, cell abundance in the O2-240 exceeded abundance

in the O2-32 in the LowN treatment. In the treatments with lower cell

abundances (O2-240 HighN, O2-32 LowN), nitrite seemed to

accumulate, and nitrate concentrations were reduced and more

variable compared to the respective treatments with higher cell

abundances (O2-32 HighN, O2-240 LowN) (Figures 3A, B). One

explanation for the observed differences in cell abundance is

insufficient diffusion of oxygen or nitrate through bacterial

aggregates, not sustaining the demand for electron acceptors.

Interestingly, arabinose, a sugar included in bacterial EPS from

biofilms and aggregates (Casillo et al., 2018), was a major component

of DCCHO under O2-32 and O2-240 conditions (Figure 7,

Supplementary Figure 3), supporting the idea of aggregate formation

in these chemostats. Oxygen limiting conditions have already been

detected within cyanobacteria and diatom aggregates, supporting our

hypothesis (Klawonn et al., 2015; Ploug and Bergkvist, 2015; Bianchi

et al., 2018). Aggregate formation, that was also visible within the

chemostats may also partially explain lower cell abundance in the

HighN O2-240 treatments, as cell counting by flow cytometry cannot

resolve cell numbers in aggregates.

The two different anaerobic respiratory pathways considered in

this study, denitrification and DNRA yield 1 and 36% per oxidized

carbon atom less energy than aerobic respiration, respectively (Lam

and Kuypers, 2011). Two hypotheses can be raised: i) the reduced

energy yield hampers bacterial activity, or ii) the reduced energy yield

can be compensated by an increased anaerobic respiration of labile

organic carbon (glucose in this experiment) to enhance the metabolic

energy yield. In our study, the POC/PN ratio (4.4-5.1) was well within

the range previously observed for bacterial biomass (3.7-5) (Goldman

et al., 1987; S. Lee and Fuhrman, 1987). Therefore, the ratio between

POC production and DOC uptake can be used as an indicator for

BGE_C (Kroer, 1993). The higher cell-specific DOC uptake and the

lower C: N loss under O2-suboxic compared to O2-32 and O2-240

conditions in both treatments support the hypothesis of increased

anaerobic respiration under oxygen-limiting conditions. However,

BGE_C did not consistently change with oxygen concentrations

(Figures 5). Hence, enhanced anaerobic respiration almost

compensated for the reduced energy gain, resulting in similar

BGE_C under oxic and suboxic conditions. BGE_C has been

suggested to increase with increasing mineral nutrient supply

(DelGiorgio and Cole, 1998). In our study, BGE_C, however, was

lower in HighN despite higher NO3
- supply; except for O2-32. One

explanation might be that a higher fraction of nitrogen is lost from the

system during denitrification than during DNRA. Indeed, N loss under

suboxia was highest in HighN, while BGE_N and BGE_C were

reduced. This suggests that denitrification can compensate for the
Frontiers in Marine Science 13184
lower energy gain compared to aerobic respiration at the potential

expense of reduced organic matter production. DNRA, in contrast, has

a lower energy gain but leads to a supply of NH4 that can be used for

biomass production. Switching between denitrification and DNRA

would thus allow the cell to adapt to environmental variations in

organic carbon and NO3
- supply.
4.3 Implications for carbon cycling in
oxygen minimum zones

Within marine ecosystems, the microbial loop connects the DOM

and POM pools, enabling the transfer of organic matter to higher

trophic levels (Azam et al., 1983). Thus, oxygen-dependent differences

in bacterial carbon turnover can be highly relevant for food web

dynamics. Our results suggest that a high NO3:Corg. supply under

suboxia favors denitrification and supports bacterial DOC turnover

(DOC uptake, cell growth and POC formation) to a similar extent as

aerobic respiration. However, denitrification is at the expense of

reactive nitrogen, which is subsequently lost from the system as N2O

and N2 and will reduce the build-up of biomass in the long run.

Therewith, denitrification is a natural process counteracting

eutrophication in systems like the Baltic Sea (Voss et al., 2005).

Denitrification is considered to be favored under carbon-limited

conditions, while DNRA would be favored in nitrate-limited

environments rich in labile carbon (Kelso et al., 1997). Our results

support this assumption as the lower NO3:Corg. supply ratio in the

LowN chemostats seemingly favored DNRA, resulting in lower POC

production, cell growth and higher CO2 release, but keeping nitrogen

within the system, either as ammonium, cellular nitrogen or labile

DOM. In the Baltic Sea, denitrification rates in the water column are up

to two orders higher than DNRA (Bonaglia et al., 2016), which may

point to a lack of labile carbon sources. The amino acid-based DI

indicated that DOM in the LowN suboxic chemostats was more labile.

Production of more labile DOM under suboxic conditions aligns with

previous findings of natural Baltic Sea microbial consortia (Maßmig

et al., 2019). In contrast, the release of polysaccharides generally

increased with oxygen concentration (except for HighN O2-240), and

composition changed towards more arabinose and mannose

containing DCCHO. Arabinose and mannose have been found in

DCCHO, facilitating the adhesion of bacteria to surfaces, biofilm

formation and microcolony of bacteria within (Kavita et al., 2013).

From an ecological point of view, bacterial microcolony formation

provides a defence from size-selective nanoflagellate grazing (Hahn

et al., 2000). Since nanoflagellates are likely more susceptible to suboxia,

minimizing grazing pressures through flocculation/colony formation

may be more beneficial under oxic conditions.

Similar to OMZs, the presented study included environments

with fine-scaled variations in oxygen supply. The incubations, often

summarized as O2-suboxic (O2-5 to O2-15), differed in cell

abundance, DOC-uptake, DI, BGE_C and BGE_N (Figure 2, 4B, 5,

Supplementary Table 4). Especially in the LowN treatment, the trends

of higher carbon cycling and cell growth with increasing oxygen

concentrations are continued at suboxic levels. These results illustrate

that even changes of a few μmol in oxygen concentrations have the

potential to significantly influence bacterial carbon cycling.
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In this study, the monomeric sugar glucose was used as a labile

organic carbon substrate. In marine oxygen minimum zones,

however, organic carbon is usually bound in more complex

molecules that must first enzymatically be broken down and/or

converted into labile substrates. Recent work suggests that the

metabolisation of organic matter in these systems is also related to

the oxygen sensitivity of catabolic enzymes (Giovannoni et al., 2021).

Future studies, therefore, need to investigate whether the conclusion

that oxygen deprivation does not hinder carbon turnover as long as

alternative electron acceptors are abundant also holds when the

available organic carbon compounds are more complex and

refractory than in our study.
5 Summary and conclusion

In the Baltic Sea, DNRA and denitrification are important

anaerobic pathways involved in the heterotrophic carbon cycle.

Our study suggests that cell growth and carbon turnover of S.

baltica are only limited under suboxia when the supply of

alternative electron acceptors is low relative to labile carbon. A

decrease in organic carbon decomposition can be expected if the

availability of electron acceptors such as nitrate cannot compensate

for the reduced energy gain of anaerobic respiration. To better assess

the interplay of eutrophication and deoxygenation, future models

should take the gradual reduction of bacterial carbon turnover with

decreasing oxygen availability and co-limitations of labile organic

substrates and electron acceptors into account. This may also help to

assess long-term consequences and feedbacks, as DNRA may

promote eutrophication while denitrification counteracts it. A

combination of community analyses, microbial rate measurement,

estimation of physical fluxes and determination of available electron

acceptors are needed to validate our results for natural environments

with fluctuating oxygen concentrations, such as the Baltic Sea.
Data availability statement

The original contributions presented in the study are included

in the article/Supplementary Material. Further inquiries can be

directed to the corresponding author.
Author contributions

MM: Writing – review & editing, Writing – original draft,

Visualization, Validation, Methodology, Investigation, Formal
Frontiers in Marine Science 14185
analysis. CCN: Writing – review & editing, Supervision,

Investigation. AE: Writing – review & editing, Writing – original

draft, Visualization, Supervision, Resources, Funding acquisition,

Formal analysis, Conceptualization.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. This study

was funded by the Helmholtz Association within the Program-

Oriented Funding (PoF), and is a contribution to PoF IV Topic 6.3.
Acknowledgments

We thank Kristina Bayer, Ute Henschel Humeida, Jutta Wiese,

Tanja Rahn, Tania Klüver, Ruth Flerus, Judith Pionthek, Jon Roa,

Marina Zamanillo for the support during the experimental design,

pre-experiments and during the experiment, Bente Gardeler for

nutrient analysis, Hermann Bange, Damian A. Arévalo-Martıńez
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Changes in size-dependent
Chlorophyll a concentration
and group-specific
picophytoplankton abundance in
short-term nutrient-addition
experiments in the Equatorial
Eastern Indian Ocean
Ping Sun1,2*, Kai-Ming Sun3, Yuping Zhou2, Lu Liu4, Chao Yuan5,
Zongjun Xu1, Yan Li1, Xuelei Zhang1 and Zongling Wang1

1First Institute of Oceanography, Ministry of Natural Resources, Qingdao, China, 2College of
Environmental Science and Engineering, Ocean University of China, Qingdao, China, 3Institute of
Oceanographic Instrumentation, Qilu University of Technology (Shandong Academy of Sciences),
Qingdao, China, 4Key Laboratory of Sustainable Development of Polar Fisheries, Ministry of
Agriculture and Rural Affairs, Yellow Sea Fisheries Research Institute, Chinese Academy of Fishery
Science, Qingdao, China, 5North China Sea Marine Forecasting and Hazard Mitigation Center, Ministry
of Natural Resources, Qingdao, China
To clarify the changes in phytoplankton community and influencing factors in

short-term nutrient-addition experiments in the Equatorial Eastern Indian Ocean,

we conducted three experiments (one in situ-like experiment, one on-deck

experiment with deep seawater, and one on-deck experiment with surface

seawater). Our findings indicate that when nutrients were added, there was a

more significant increase in the chlorophyll a (chl a) concentrations of

microphytoplankton (>20 mm) compared to those of nanophytoplankton (2-20

mm) and picophytoplankton (<2 mm). The chl a concentrations for phytoplankton

<20 mmonly exhibited significant increases in the on-board incubation of surface

seawater collected at 1300 hr when grazing stress have likely been weak. In

picophytoplankton, occasional increases in the abundances of Synechococcus

were found, while the abundances of Prochlorococcus and eukaryotic

picophytoplankton (Peuk) did not increase significantly. It results likely from the

preference of grazing effect by herbivores and bottle effects. Additionally, the

Prochlorococcus from 75 m was more adapted to weak light, thus its abundance

sharply decreased when incubated under high light. We suggest that the nutrient

effects have greater influence on microphytoplankton, but other factors, such as

grazing and light, might contribute more to <20 mmphytoplankton. Furthermore,

bottle effects should be considered when conducting incubation experiments.
KEYWORDS

phytoplankton, chlorophyll a, size-dependent responses, incubation, nutrient, short-
term disturbance, Indian ocean
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1 Introduction

The Equatorial Eastern Indian Ocean is characterized by

extremely low levels of macronutrients (nitrate and phosphate)

and micronutrients (iron) (Garcia et al., 2018; Zhou et al., 2018;

Baer et al., 2019; Twining et al., 2019; Yuan et al., 2021). Previous

studies have revealed the responses of phytoplankton in this region

to nutrient disruption. For example, Twining et al. (2019)

conducted 72-hour incubation experiments on deck and found

that phytoplankton in the Equatorial Eastern Indian Ocean are

mainly limited by nitrogen (N) and are likely structured by iron (Fe)

and phosphate (P). Zhou et al. (2018) conducted a 12-day

incubation on deck with a sampling frequency of 4 days and

indicated that the N supply stimulated the community shift from

picophytoplankton to microphytoplankton. These experiments

have significantly contributed to our understanding of how

phytoplankton respond to nutrient inputs in long-term incubations.

In fact, the initial response of phytoplankton to nutrient

disturbance is considered important because it controls the

subsequent shift of the phytoplankton community in long-term

experiments. Short-term incubations can reveal these initial

responses. The advantages of short-term experiments at least

include: 1) high spatial resolution in cruise due to their shorter

incubation period (Ryan-Keogh et al., 2013); 2) immediate

reflection of physiological responses rather than growth

(Behrenfeld et al., 2006). Based on these benefits, short-term

incubation (typically lasting 21-36 h, according to Behrenfeld

et al., 2006) has been extensively investigated in oceanic studies.

However, previous research has shown limited responses in total

chlorophyll a (chl a) concentration following nutrient addition,

observed in various regions such as the trophic Pacific Oceans, the

high-latitude north Atlantic Ocean, and the south Atlantic Oceans,

etc. (e.g., Behrenfeld et al., 2006; Ryan-Keogh et al., 2013; Browning

et al., 2014, Browning et al., 2017). These studies suggest that

maximum quantum yield (Fv/Fm) serves as a robust indicator in

short-term experiments, and is more sensitive to nutrient

disturbance than the total chl a concentration.

The natural phytoplankton community consists of a diverse

range of species. It can be hypothesized that some species within the

phytoplankton community might have changed in short-term

incubation; however, these changes would be masked when using

total chl a concentration as an indicator. In contrast to the total chl

a concentration, the abundance of picophytoplankton drastically

changed in short-term experiments, especially in oligotrophic

oceans. For instance, Worden and Binder (2003) found that the

addition of ammonium and phosphate potentially suppressed the

growth and increased the mortality rates of Prochlorococcus and

Synechococcus in the Sargasso Sea. In contrast, Mouriño-Carballido

et al. (2016) found that abundances of Synechococcus and eukaryotic

picophytoplankton (Peuk) were enhanced with the elevation of

nitrate and other nutrient concentrations in the northwestern

Mediterranean Sea. Böttjer-Wilson et al. (2021) indicated that the

insufficient phosphate levels led to a greater decrease in

Prochlorococcus abundance in oligotrophic oceans near Hawai’i.

These findings demonstrate that the short-term community
Frontiers in Marine Science 02189
dynamics of picophytoplankton are divergent in different regions

and under different nutrient additions, which likely affects the long-

term responses.

In the region we investigated, the initial responses of

phytoplankton to nutrient disturbance remain poorly understood. To

clarify the short-term responses of phytoplankton in the Equatorial

Eastern Indian Ocean, we conducted three short-term (less than 40 h)

nutrient-addition experiments (nitrate and phosphate, iron) focusing

on changes in Fv/Fm, total chl a concentration, size-dependent chl a

concentration of phytoplankton and picophytoplankton abundance.

The first experiment was carried out at four depths (from the sea

surface to 100 m) to investigate the short-term and in situ-like

responses of phytoplankton to nutrient inputs. The second

experiment utilized water samples from 75 m depth and conducted

as an on-deck incubation under low and high light conditions to

examine whether light influenced the responses of deep-sea

phytoplankton to nutrient disturbance. The third experiment used

surface water samples without light shielding on deck under identical

nutrient conditions as the previous two experiments. Based on our

aforementioned literature review, we hypothesized that during the

incubation period there would be changes in Fv/Fm, size-dependent chl

a concentration, and picophytoplankton abundance; however, no

significant changes was expected for total chl a concentration.
2 Materials and methods

2.1 Nutrient-addition experiments

Nutrient-addition bioassay experiments were conducted in the

Equatorial Eastern Indian Ocean at three stations in August 2016

(Figure 1). Three biological experiments were employed for each

experiment. The transparent polyethylene terephthalate (PET)

bottles used in three experiments were immersed in ca. 3% HCl

for 48 h and then washed with ddH2O. At station A, seawater

samples were collected at 2200 hr (local time, the same below) from

four depths (0, 30, 75, 100 m) and cultured in 1.5 L PET bottles at

corresponding depths (0, 30, 75, 100 m) for 24 hours during the

period of continuous observation of the station. This experiment

was considered an in situ-like experiment. Seawater samples were

spiked with 15 mM nitrate and 0.5 mM phosphorus (NP treatment)

or 200 nM ferrous sulfate (Fe(II)) (Fe treatment). Samples without

nutrient addition were considered controls. In culture bottles, air

above seawater was squeezed out to avoid the squashing of culture

bottles when incubated in deep sea. The bottles were fixed on a

polyethylene rope with plastic cable ties at each culture depth. Lead

sinkers were tied on the polyethylene rope to keep it vertical. Every

5-7 hours, the rope was pulled out of sea. Seawater in bottles was

poured out into a plastic beaker and stirred with a glass rod to avoid

the lack of air in a closed system. The beaker was washed with both

75% EtOH and ddH2O before each use. All operations were

conducted within a clean bench. The location of bottles at each

culture depth on the polyethylene rope was also adjusted every 5-7

hours according to the inclination angle of the rope relative to sea

level. The incubation experiments at Station A lasted for 24 h.
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For stations B and C, culture bottles were totally immersed 0.5

m underwater in a circulating-water container via a fixed-plastic

frame and cultured on deck for 30-40 hours. We had to participate

in some common tasks during the investigation and thus could not

sample on time after 24 h incubation. At station B, water from a

depth of 75 m was collected in the morning at approximately 1100

hr and divided into two groups. Water samples were cultured in

PET bottles in group I [this group was labeled as high light (HL) in

the figures], while culture bottles were covered by black bags to keep

low light intensity in group II [approximately 7.5% of HL, this

group was labeled as low light (LL) in the figures]. The light levels of

HL treatment were the natural light intensity in a circulating-water

container on deck. In each group, three treatments were established

[control (HLC and LLC), NP treatment (HLNP and LLNP), Fe

treatment (HLFe and LLFe)], and the concentrations of added

nutrients were the same as those at station A. At station C, water

from a depth of 0 m was collected in the afternoon at approximately

1300 hr. Other conditions were the same as those for the HL group

of station B. Seawater in bottles of stations B and C was also poured

out and stirred every 5-7 hours, just like we did at station

A (Figure 2).

At station A, our primary focus was on investigating the size-

dependent responses of phytoplankton to nutrient disturbance in

situ. Given the limited number of in-situ incubation experiments

conducted, we aimed to provide more realistic understanding of the

short-term dynamics of phytoplankton in oligotrophic oceans by

exploring their actual responses to nutrient disturbance. At station

B, we sought to elucidate how light conditions influenced the
Frontiers in Marine Science 03190
impact of nutrients on phytoplankton with different sizes when it

was not feasibly conducted in situ experiments at sampling depths.

Therefore, we collected water samples from 75 m, and conducted

on-deck experiments. At station C, we collected surface water at

1300 hr when herbivores are expected to migrate to deeper depths

and grazing effects are minimal. We conducted an experiment

aiming to examine whether the grazing had any short-term

influence on the response of phytoplankton to nutrient availability.

For the three stations, water samples from 0 m were collected

using plastic buckets, while Niskin bottles mounted on a Sea-Bird

Electronics SBE 911 plus conductivity temperature depth system

(Sea-Bird ELECTRONICS INC., USA) were used to collect water

samples from other depths. Water samples filtered by 505 mm
bolting silk were used in incubation experiments to eliminate large

herbivores. Water temperature, salinity, nutrient concentration, and

the dominant species of microphytoplankton (>20 mm) were

measured before incubation (Table 1). Fv/Fm, total and size-

dependent chl a concentration [microphytoplankton (>20 mm),

nanophytoplankton (2-20 mm) and picophytoplankton (<2 mm)]

and picophytoplankton abundance were measured both before and

after incubation.
2.2 Sample analysis

Water temperature and salinity were measured in situ using a Sea-

Bird SBE 911+ CTD system. Fifty milliliters of 0.45-mm cellulose-

acetate-membrane-filtered seawater was collected and stored at -20°C.
FIGURE 1

Stations in the Equatorial Eastern Indian Ocean.
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Nutrient concentrations in these water samples were measured using a

Bran and Luebbe 5 channel AAIII segmented flow colorimetric

autoanalyzer (Bran+Luebbe GmbH, Germany) as described by Zhou

et al. (2018). The detection limit for nitrate, nitrite, ammonium, and

phosphate were 0.08, 0.02, 0.1, 0.05 mM, respectively. Five to six

hundred milliliters of water samples were fixed with Lugol’s iodine

solution and kept in darkness at room temperature. Water samples

were concentrated to 10-20 mL by removing the supernatant using 10
Frontiers in Marine Science 04191
mm bolting silk. Species of >20 mm phytoplankton were identified

under a Nikon TE-2000U inverted microscope [Nikon Instruments

(Shanghai) Co., Ltd, China] using a 0.5 mL plankton chamber. For the

measurement of Fv/Fm, water samples from 0 m and 30 m were

concentrated using 0.22-mm polycarbonate membranes under low

pressure (<200 mmHg) to obtain steady and detectable fluorescence

signals. Fv/Fm was measured by a Phyto-PAM fluorometer (Heinz

Walz GmbH, Germany) after 20 min of dark adaptation, and
TABLE 1 Environmental factors and dominant species of >20 mm phytoplankton at the three stations.

Station A B C

Depth (m) 0 m 30 m 75 m 100 m 75 m 0 m

Temperature 29.17 29.17 29.39 29.19 28.06 31.53

Salinity 34.2 34.2 34.5 34.6 35.0 34.5

Nitrate (mM) 0.12 0.08 0.1 0.53 2.04 below
detection limit

Ammonium
(mM)

0.35 below detection limit 0.13 0.53 0.78 0.8

Nitrite (mM) 0.03 0.02 0.03 0.15 0.87 0.02

Phosphate
(mM)

0.10 0.09 0.09 0.17 0.4 0.09

Dominant
phytoplankton
(>20 mm)

Coscinodiscus granii,
Neoceratium kofoidii

Coscinodiscus subtilis,
Coscinodiscus granii,
Neoceratium kofoidii,

Navicula sp., Neoceratium
kofoidii, Coscinodiscus

granii,
Coscinodiscus subtilis

Synedra sp.,
Coscinodiscus

granii,
Thalassiosira

subtilis

Synedra sp. Neoceratium
kofoidii,

Climacodium
frauenfeldianum

Herbivore
abundance
(>10 mm, ind
L-1)

61 68 240 185 68 51
FIGURE 2

Flow chat of the experiments.
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background fluorescence was eliminated using in situ seawater filtered

through a 0.22-mm cellulose acetate membrane. Water samples of 1-1.3

L were sequentially collected on membranes (20-mm bolting silk, 2-mm
polycarbonate membrane and 0.7-mm GF/F membrane) and stored in

liquid nitrogen for measuring size-dependent chl a concentration. Size-

dependent chl a concentrations [microphytoplankton (>20 mm),

nanophytoplankton (2-20 mm), picophytoplankton (<2 mm)] were

measured by a TD 700 fluorometer (Turner Designs Hydrocarbon

Instruments, Inc., USA) after extraction in 90% acetone overnight at

-20°C and were calculated using the difference in chl a concentration

before and after acidification. The total chl a concentration was

calculated as the sum of the size-dependent chl a concentrations.

Four milliliters of seawater was fixed with 1% paraformaldehyde buffer

(final concentration) and stored in liquid nitrogen to measure

picophytoplankton abundance. Picophytoplankton abundance

(Prochlorococcus, Synechococcus and Peuk) was measured using a BD

FACSCalibur flow cytometer with an argon laser of 488 nm (Becton,

Dickinson and Company, USA), according to the picophytoplankton

size scattering, orange fluorescence of phycoerythrin from

Synechococcus and red chl a fluorescence from all picophytoplankton

(Yuan et al., 2021). The abundance of Synechococcus was enumerated

using the side scatter signal and orange fluorescence. The abundances

of Prochlorococcus and Peuk were enumerated using orange and red

fluorescence. Yellow-green fluorescence beads (1 mm and 2 mm in

diameter) were added as an internal reference for each measurement.

Three technical replicates were employed for picophytoplankton

abundance, whereas only one measurement was employed for

other analysis.
2.3 Statistical analysis

The station map was created using Ocean Data View v5.2.1

(Schlitzer, Reiner, Ocean Data View, https://odv.awi.de, 2020), and

other figures were generated using Sigmaplot 12.5 (Systat Software

Inc. USA). One-way ANOVA was used to test the significance of

nutrient. Once the significance was detected, a Tukey’s HSD test

was conducted to determine the significance of differences among

treatments when homogeneity of variances was met. For variances

that were not equal after data transformation, either the Game-

Howell test or Mann-Whitney U test was performed. A significance

level of p < 0.05 was considered statistically significant.
3 Results

At station A, the total chl a concentration and Fv/Fm decreased

or did not significantly change after 24 h incubation (control, Fe,

NP) compared to those before incubation (0 h) (Figures 3A, B).

Water samples cultured at 100 m decreased the most in both total

chl a concentration and Fv/Fm irrespective of nutrient treatment

(control, Fe, NP) (Figures 3A, B). A similar decrease in the total chl

a concentration was also found in water samples at 0 m after 24 h

incubation (Figure 3A). However, the addition of Fe stimulated the

increases in the chl a concentration of microphytoplankton at four

depths with the highest increases (ca. 4-6-fold) at 75 m and 100 m
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(Figure 3C, Tukey’s HSD test for 75 m, Game-Howell test for 100

m, p < 0.05). The NP addition also significantly enhanced the chl a

concentration of microphytoplankton at 30 m (Figure 3C, Tukey’s

HSD test, p < 0.05). For nanophytoplankton, significant decreases in

the chl a concentration occurred in both the control and NP

treatments after 24 h incubation at 75 m (Figure 3D, Tukey’s

HSD t e s t , p < 0 . 05 ) . The ch l a conc en t r a t i on o f

picophytoplankton significantly decreased at 0 m and 100 m in

all treatments and at 30 m in the NP treatment after incubation

(Figure 3E, Tukey’s HSD test, p < 0.05). Similar decreases in

Prochlorococcus abundances with chl a concentrations of

picophytoplankton were also found (Figure 3F). Synechococcus

abundance decreased at 0 m but increased at 30 m after

incubation (control, NP, Fe) irrespective of nutrient treatments,

and the addition of Fe also significantly increased Synechococcus

abundances at 75 m relative to other treatments (Figure 3G, Tukey’s

HSD test, p < 0.05). Peuk abundance at four depths showed

significant decreases after incubation, with the highest decreases

(approximately a five-fold decrease) being found at 100 m

(Figure 3H, Tukey’s HSD test, p < 0.05).

At station B, the total chl a concentration and Fv/Fm
significantly decreased after incubation in both groups (HL and

LL) (Figures 4A, B, Tukey’s HSD test for the total chl a

concentration, Mann-Whitney U test for Fv/Fm, p < 0.05). The

total chl a concentration in the LL group was approximately two

times higher than that in the HL group irrespective of nutrient

treatments (Figure 4A). Similarly, the chl a concentrations of

picophytoplankton and Prochlorococcus abundances in the LL

group were higher than those in the HL group irrespective of

nutrient treatment (Figures 3C, E, Tukey’s HSD test, p < 0.05).

Correspondingly, the relative abundance of picophytoplankton and

Prochlorococcus in the LL group was also higher (Figures 4D, F).

After incubation, the chl a concentration of microphytoplankton in

the LLC and LLNP treatments was significantly higher than that at 0

h (Figure 4C, Tukey’s HSD test, p < 0.05). For nanophytoplankton,

the chl a concentration dramatically decreased compared to that at

0 h (Figure 4C, Tukey’s HSD test, p < 0.05), with the exception of

the Fe treatment (LLFe) in the LL group. Synechococcus abundances

significantly increased in the control (HLC) and Fe treatment

(HLFe) after incubation compared to 0 h, but Peuk abundance

significantly decreased after incubation irrespective of treatment

(Figure 4E, Tukey’s HSD test, p < 0.05).

At station C, except for the chl a concentration in the Fe

treatment, the total chl a concentration and Fv/Fm significantly

increased after incubation (Figures 5A, B, Mann-Whitney U test for

the total chl a concentration, Tukey’s HSD test for Fv/Fm, p < 0.05).

Similarly, the chl a concentration of the three sizes of

phytoplankton showed significant increases in all three treatments

after incubation (Figure 5C, Mann-Whitney U test for

microphytoplankton and picophytoplankton, Tukey’s HSD test

for nanophytoplankton, p < 0.05), with the highest increases of

approximately 5-8 times being found in microphytoplankton.

Picophytoplankton abundance showed an insignificant change

after incubation except that Synechococcus abundance

significantly increased in the Fe-added treatment (Figure 5E,

Tukey’s HSD test, p < 0.05). The relative abundance patterns of
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size-dependent chl a concentration and picophytoplankton

abundance were similar before and after incubation (Figures 5D, F).
4 Discussion

In the present study, we conducted three experiments to

elucidate the short-term responses of phytoplankton community

to nutrient addition, and found that 1) in situ-like experiments, Fe

was a significant stimulator for the growth of microphytoplankton,

while the nutrient addition had limited stimulating effects on nano-
Frontiers in Marine Science 06193
and pico-phytoplankton. However, the addition of Fe did stimulate

the increases in Synechococcus abundance at 30 and 75 m depths.

Notably, a significant inhibition was found at 0 m and 100 m depths

for Prochlorococcus, as well as across all four depths for Peuk

regardless of nutrient addition. 2) for samples collected at 75 m

depth, during the on-deck incubation, light exerted a greater

influence on picophytoplankton compared to nutrient addition,

particularly for Prochlorococcus. However, neither light nor nutrient

addition affected Peuk abundance. Interestingly, identical decreases

in Peuk abundance were observed across all treatments; 3) when

surface water samples were collected at 1300 hr and cultured on
A B

D E

F G H

C

FIGURE 3

Total chlorophyll a (chl a) concentration (A), maximum quantum yield (Fv/Fm) (B), c. chl a concentration of microphytoplankton (C), chl a
concentration of nanophytoplankton (D), chl a concentration of picophytoplankton (E), cell abundance of Prochlorococcus (F), cell abundance of
Synechococcus (G), cell abundance of eukaryotic picophytoplankton (Peuk) (H) at station A. 0 h: before incubation; control: after incubation without
nutrient addition; Fe: after incubation with Fe addition; NP: after incubation with the addition of nitrate and phosphate. Data are the mean ± sd; n=3;
different lowercase letters on bars or around symbols indicate significant differences among nutrient treatments at a particular certain depth.
frontiersin.org

https://doi.org/10.3389/fmars.2024.1375669
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Sun et al. 10.3389/fmars.2024.1375669
deck, the chl a concentration from all three sizes of phytoplankton

showed significant increases after incubation, however, nutrient

addition had minimal effects.
4.1 Size-dependent changes in
phytoplankton in short-term incubation

Large cells might experience greater iron limitation than small

cells, thus responding more strongly to iron addition (Ryan-Keogh

et al., 2013). Our results indicated an obvious stimulating effect of

iron on microphytoplankton (mainly diatoms, Table 1) at station A

under in situ-like incubation. Hoffmann et al. (2006) also indicated

that diatoms >20 mm were the main beneficiaries of iron

enrichment. Phytoplankton with greater surface area showed a

higher uptake rate of Fe (Shaked et al., 2020). The high surface

area of microphytoplankton may result in a high uptake rate of Fe,

thereby contributing to the increase in the chl a concentration.

However, similar stimulation did not occur at station B due to

different environmental conditions resulting from incubation
Frontiers in Marine Science 07194
methods between stations A and B. The in situ-like incubation at

station A ensured that environmental conditions, such as

temperature and light, did not considerably change during

incubation. At station B, however, the water temperature

increased from 28 to 31°C during on-deck incubation. Gao et al.

(2024) indicated that Phaeodactylum tricornutum could up-regulate

the expression of genes in cryptochrome-photolyase family to

enhance the uptake of Fe under 26°C. However, Strzepek and

Price (2000) suggested that high temperature might hamper the

utilization of Fe by diatoms (Strzepek and Price, 2000). We

speculated that excessive temperature would suppress the

expression of genes in cryptochrome-photolyase family and

inhibit the utilization of Fe by diatom thereby resulting in an

invariable chl a concentration of microphytoplankton in the Fe

treatment. At station B, we also found different changes in the chl a

concentration of microphytoplankton between the HL and LL

groups without Fe addition. The dominant species of

microphytoplankton was Synedra sp. at station B (Table 1). The

alga Synedra can release dissolved organic nitrogen (DON) during

the uptake of nitrate in light and reabsorb this DON for cell division
A B

D

E F

C

FIGURE 4

Total chlorophyll a (chl a) concentration (A), maximum quantum yield (Fv/Fm) (B), size-dependent chl a concentration (C), size-dependent relative
abundance calculated from the chl a concentration (D), cell abundance of picophytoplankton (E), relative abundance of Prochlorococcus,
Synechococcus and eukaryotic picophytoplankton (Peuk) calculated from their cell abundance (F) at station B. 0 h: before incubation; control: after
incubation (except the bar of 0 h in A, B) without nutrient addition; Fe: after incubation with Fe addition; NP: after incubation with the addition of
nitrate and phosphate. HL, high light; LL, low light; HLC or LLC: after incubation without nutrient addition under high or low light; HLFe or LLFe:
after incubation with Fe addition under high or low light; HLNP or LLNP: after incubation with NP addition under high or low light. Data are the
mean ± sd, n=3. Different lowercase letters on bars indicate significant differences among nutrient treatments.
frontiersin.org

https://doi.org/10.3389/fmars.2024.1375669
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Sun et al. 10.3389/fmars.2024.1375669
in darkness (Collos et al., 1992). The increased chl a concentration

in microphytoplankton in the LLC and LLNP treatments was

probably due to the enhancement of chl a synthesis via the

uptake of DON. In the HL group, irradiance was too high, and

caused photodamage for the phytoplankton cells acclimating to the

environment of 75 m depth (Alderkamp et al., 2010), which likely

inhibited the accumulation of chl a.

In contrast to microphytoplankton, we found significant decreases

in the chl a concentration of nano- and picophytoplankton at stations

A and B. This might be due to size-dependent differences in grazing

removal. Hulot et al. (2000) reported that small herbivores (50-200 mm)

fed on small algae (length < 35 mm), and large herbivores (400-2000

mm) fed on both small and protected algae (length≥35 mmor protected

by thick walls or gelatinous sheaths). In our study, most large

herbivores were excluded by 505 mm bolting silk before incubation.

Therefore, a significant herbivorous effect was mainly exerted on small

algae, which caused decreases in the chl a concentrations of
Frontiers in Marine Science 08195
concentration of nano- and picophytoplankton. The nutrient

addition likely improves the food quality of phytoplankton, thus

increases their grazing removal in the presence of herbivores

(Worden and Binder, 2003). The decreases in the abundances of

picophytoplankton at station A at 0 m were probably due to light-

dependent grazing by microzooplankton (Moeller et al., 2019). We also

found the highest fold increase in the chl a concentration in

microphytoplankton relative to nano- and picophytoplankton at

station C. The results partially supported the deduction of size-

dependent grazing control. In some circumstances at stations A and

B, the chl a concentration of nano- and picophytoplankton did not

change before and after incubation. The stock of phytoplankton was a

result of division and the loss of phytoplankton (Arteaga et al., 2020).

The population growth of phytoplankton might potentially

compensate for grazing-induced losses, resulting in consistent chl a

concentrations before and after incubation. For example, in the Fe-

added treatment, chl a concentrations of nanophytplankton from 75m
A B

D

E F

C

FIGURE 5

Total chlorophyll a (chl a) concentration (A), maximum quantum yield (Fv/Fm) (B), size-dependent chl a concentration (C), size-dependent relative
abundance calculated from the chl a concentration (D), cell abundance of picophytoplankton (E), relative abundance of Prochlorococcus,
Synechococcus and eukaryotic picophytoplankton (Peuk) calculated from their cell abundance (F) at station C. 0 h: before incubation; control: after
incubation (except the bar of 0 h in A, B) without nutrient addition; Fe: after incubation with Fe addition; NP: after incubation with the addition of
nitrate and phosphate. Data are the mean ± sd; n=3; different lowercase letters on bars indicate significant differences among nutrient treatments.
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of station A and LL group of station B remained unchanged before and

after incubation. It might suggest that the Fe-stimulating growth likely

compensated for the loss caused by herbivore’s grazing in

nanophytoplankton. The elevated chl a concentration of nano- and

picophytoplankton after incubation at station C was likely due to the

higher net growth rate. We collected surface water samples from

station C at 1300 hr. At that time, herbivore abundance was

supposed to be relatively low (Table 1, 51 ind. L-1) due to diel

vertical migration in a few tens of meters.
4.2 Divergent responses of different
picophytoplankton in short-
term incubation

Due to the small incubation volumes in our study, the potential

“bottle effect” would affect the small phytoplankton, especially on

picophytoplankton (Calvo-Dıáz et al., 2011). When cultured water

samples in small bottles, larger cells would be underestimated, the

trophic interaction would be disturbed and exchange of nutrients

and metabolites in bottles with surrounding waters would be

prevented (Calvo-Dıáz et al., 2011). Böttjer-Wilson et al. (2021)

compared the results of mesocosm (60 m3) and microcosm (20 L)

experiments, and found that the Prochlorococcus abundance in

microcosm was only 60% of those in mesocosm after a two-day

incubation. Their results suggested that small volume may cause

greater bottle effects. In our study, the culture volumes were 1.5 L.

The bottle volume, therefore, was one of important factor for the

decreases in the abundance of picophytoplankton. Besides, the

elevating temperature was also potential factors that suppressed

the growth of picophytoplankton in the East Indian Ocean

(Twining et al., 2019), which likely contributed to the loss of

picophytoplankton at station B and at 0 m of station A due to the

direct heating effect by sunlight irradiance. Similar decreases were

also found in the experiment conducted in the oligotrophic Gulf of

Aqada by Mackey et al. (2009).

For the most abundant component in picophytoplankton,

although the genes for nitrate utilization have randomly occurred

at an intermediate frequency in recently emerged clades (Berube

et al., 2019), most Prochlorococcus cannot utilize nitrate for growth

(Scanlan, 2012). In the northwestern Mediterranean Sea,

Prochlorococcus abundance was low when nitrate supply was high

(Mouriño-Carballido et al., 2016). In our study, the addition of

nitrate drastically increased the nitrate concentration in bottles

which may suppress the abundance of Prochlorococcus. Besides,

most studies showed that Prochlorococcusmight be a better prey for

heterotrophic flagellates and other herbivores, as indicated by

higher loss rates of Prochlorococcus (Guillou et al., 2001; Hirose

et al., 2008; Jiang et al., 2021). Therefore, the decreases in

Prochlorococcus abundance were also resulted from grazing

removal. The third factor that affects the abundance of

Prochlorococcus is light intensity. In the Equatorial Indian Ocean,

high-light-adapted Prochlorococcus HL-II mainly occurred in

shallower water (Fuller et al., 2006; Larkin et al., 2020), and low-

light adapted Prochlorococcus LL-II existed in deeper water (Fuller

et al., 2006). Our results from station B showed apparent high-light
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inhibition of Prochlorococcus from 75 m [assuming low-light-

adapted Prochlorococcus according to Fuller et al. (2006)] and

suggested that low-light-adapted Prochlorococcus was highly

sensitive to high light.

Similar to Prochlorococcus, the Peuk abundance did not increase

during the incubation period. The bottle effect also affected the Peuk

abundance. A decrease of more than 50% in Peuk abundance has

been found in subtropical Atlantic oligotrophic waters (Calvo-Dıáz

et al., 2011). In our study, the highest decrease in Peuk abundance

was up to 90% at 100 m of station A. The sharp decreases can be

contributed to the combination of bottle effects and grazing removal

due to high abundance of herbivores (185 ind. L-1). In fact, nutrient

addition is beneficial for Peuk in oligotrophic oceans when nitrate

was added (e.g. Mouriño-Carballido et al., 2016). In our study, the

stimulation of nutrient to Peuk was likely covered by both bottle

effects and grazing removal.

According to the aforementioned studies, we tentatively

attributed the lower loss of Synechococcus to its unsuitability for

herbivore grazing. We also found that Synechococcus abundance

increased in the controls at 30 m at station A and in the HL group

at station B after incubation. These results reflect the lack of grazing

pressure (Moore et al., 2008). Liu et al. (2012) found that Fe addition

facilitated the population growth of both coastal and oceanic

Synechococcus. Similar results were found at station C, at 30 m and

75 m at station A and in the HL group at stations B. Under these

circumstances, the stimulation of Fe to Synechococcus likely

outcompeted the removal caused by bottle effects and herbivore

grazing. The significant increases in Synechococcus abundance in

the control were likely due to the insufficient trace metal cleaning in

our study. In addition, the loss rates of Peuk were also higher than

those of Synechococcus, likely due to viral lysis and grazing (Fowler

et al., 2020).
4.3 Implications for long-term responses
of phytoplankton to nutrient disturbance

Considering the importance of phytoplankton, particularly

picophytoplankton in oligotrophic waters, our findings

concerning the short-term responses of phytoplankton to nutrient

addition may provide key information for long-term responses of

phytoplankton to nutrient disturbance in oligotrophic oceans. The

bottom-up control is considered a strong driver in oligotrophic

oceans, while the top-down control predominates in productive

waters (Ward et al., 2012). We observed that both nutrient

stimulation and rapid removal by bottle effect, as well as potential

grazing, contributed to changes in the picophytoplankton

abundance and size-dependent chl a concentration. This suggests

that short-term triggers of both bottom-up and top-down controls

likely further determine the long-term responses of phytoplankton.

For instance, Zhou et al. (2018) observed a significant community

shift within a 12-day incubation using microcosm experiments. The

addition of nitrate in their study had divergent effects on

microphytoplankton and Prochlorococcus in short term, inhibiting

the growth of Prochlorococcus while stimulating the growth of

microphytoplankton. According to our study and other previous
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studies (e.g., Worden and Binder, 2003; Calvo-Dıáz et al., 2011), in

addition, the bottle effects and herbivores’ grazing would rapid

remove the picophytoplankton in short term, which was also

identified as an important factor for the community shift in the

study of Zhou et al. (2018). Therefore, we propose that both

bottom-up and top-down controls should be considered as they

contribute to the phytoplankton dynamics in oligotrophic oceans.
5 Conclusion

According to our findings, we have concluded that the impact of

nutrient availability becomes predominant in the nutrient-added

experiments only under weak grazing pressure and favorable

conditions such as temperature and light. In our study, the removal

grazers appeared to be a key factor influencing the responses of small

phytoplankton (<20 mm) to nutrient disturbance, which probably

masked the responses of these phytoplankton to nutrient

disturbance. Divergent changes observed in the abundances of

different picophytoplankton groups may also be attributed to the

preferences of grazing removal, resulting in greater losses of

Prochlorococcus and Peuk compared to Synechococcus. Our results

implied that when conducting nutrient-added experiments, it is crucial

to consider multiple factors and carefully interpret the results, which

often indicate a shift from picophytoplankton dominance

towards microphytoplankton.
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Nitrogen uptake rates and 
phytoplankton composition 
across contrasting North Atlantic 
Ocean coastal regimes north and 
south of Cape Hatteras
Yifan Zhu 1,2*, Margaret R. Mulholland 1*, Peter W. Bernhardt 1, 
Aimee Renee Neeley 3, Brittany Widner 1, Alfonso Macías Tapia 1,4 
and Michael A. Echevarria 1

1 Department of Ocean and Earth Sciences, Old Dominion University, Norfolk, VA, United States, 
2 Department of Marine Sciences, University of Connecticut, Groton, CT, United States, 3 NASA 
Goddard Space Flight Center, Greenbelt, MD, United States, 4 Office of Education, National Oceanic 
and Atmospheric Administration, Silver Spring, MD, United States

Understanding nitrogen (N) uptake rates respect to nutrient availability and 
the biogeography of phytoplankton communities is crucial for untangling the 
complexities of marine ecosystems and the physical, biological, and chemical 
forces shaping them. In the summer of 2016, we  conducted measurements 
of bulk microbial uptake rates for six 15N-labeled substrates: nitrate, nitrite, 
ammonium, urea, cyanate, and dissolve free amino acids across distinct marine 
provinces, including the continental shelf of the Mid-and South Atlantic Bights 
(MAB and SAB), the Slope Sea, and the Gulf Stream, marking the first instance 
of simultaneously measuring six different N uptake rates in this dynamic region. 
Total measured N uptake rates were lowest in the Gulf Stream followed by the 
SAB. Notably, the MAB exhibited significantly higher N uptake rates compared 
to the SAB, likely due to the excess levels of pre-existing phosphorus present in 
the MAB. Together, urea and nitrate uptake contributed approximately 50% of 
the total N uptake across the study region. Although cyanate uptake rates were 
consistently low, they accounted for up to 11% of the total measured N uptake 
at some Gulf Stream stations. Phytoplankton groups were identified based 
on specific pigment markers, revealing a dominance of diatoms in the shelf 
community, while Synechococcus, Prochlorococcus, and pico-eukaryotes 
dominated in oligotrophic Gulf Stream waters. The reported uptake rates in 
this study were mostly in agreement with previous studies conducted in coastal 
waters of the North Atlantic Ocean. This study suggests there are distinct 
regional patterns of N uptake in this physically dynamic region, correlating 
with nutrient availability and phytoplankton community composition. These 
findings contribute valuable insights into the intricate interplay of biological and 
chemical factors shaping N dynamics in disparate marine ecosystems.
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nitrogen uptake using 15N isotopes, phytoplankton community composition, cyanate, 
Cape Hatteras, Mid Atlantic Bight, South Atlantic Bight, Gulf Stream

OPEN ACCESS

EDITED BY

Feixue Fu,  
University of Southern California, 
United States

REVIEWED BY

Jesús M. Mercado,  
Spanish Institute of Oceanography (IEO), 
Spain
Haimanti Biswas,  
Council of Scientific and Industrial Research 
(CSIR), India

*CORRESPONDENCE

Yifan Zhu  
 yifan.zhu@uconn.edu  

Margaret R. Mulholland  
 mmulholl@odu.edu

RECEIVED 01 February 2024
ACCEPTED 17 April 2024
PUBLISHED 09 May 2024

CITATION

Zhu Y, Mulholland MR, Bernhardt PW, 
Neeley AR, Widner B, Tapia AM and 
Echevarria MA (2024) Nitrogen uptake rates 
and phytoplankton composition across 
contrasting North Atlantic Ocean coastal 
regimes north and south of Cape Hatteras.
Front. Microbiol. 15:1380179.
doi: 10.3389/fmicb.2024.1380179

COPYRIGHT

© 2024 Zhu, Mulholland, Bernhardt, Neeley, 
Widner, Tapia and Echevarria. This is an open-
access article distributed under the terms of 
the Creative Commons Attribution License 
(CC BY). The use, distribution or reproduction 
in other forums is permitted, provided the 
original author(s) and the copyright owner(s) 
are credited and that the original publication 
in this journal is cited, in accordance with 
accepted academic practice. No use, 
distribution or reproduction is permitted 
which does not comply with these terms.

TYPE Original Research
PUBLISHED 09 May 2024
DOI 10.3389/fmicb.2024.1380179

199

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2024.1380179&domain=pdf&date_stamp=2024-05-09
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1380179/full
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1380179/full
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1380179/full
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1380179/full
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1380179/full
mailto:yifan.zhu@uconn.edu
mailto:mmulholl@odu.edu
https://doi.org/10.3389/fmicb.2024.1380179
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2024.1380179


Zhu et al. 10.3389/fmicb.2024.1380179

Frontiers in Microbiology 02 frontiersin.org

1 Introduction

It has been estimated that the ocean has taken up nearly 25% of 
the global fossil fuel CO2 emissions between 1960–2021 (Friedlingstein 
et al., 2023). Marine phytoplankton, the ocean’s “invisible forest,” play 
a critical role in this process through the photosynthesis-respiration 
redox couple they mediate and their potential to facilitate carbon 
export to the deep ocean (Falkowski, 2002). Nitrogen (N) is at the 
heart of marine primary production because its availability often 
limits the capacity and rate of primary productivity in most of the 
world’s oceans (Falkowski, 1997; Moore et al., 2013), although iron 
(Fe) and phosphorus (P) can also limit or co-limit phytoplankton 
productivity in some regions (Duhamel et al., 2021; Browning and 
Moore, 2023). Among the various N species present in marine 
environments, ammonium (NH4

+) is thought to be the preferred N 
source for most phytoplankton groups (Dortch et al., 1991; Harrison 
et al., 1996), and turns over rapidly in the euphotic zone, typically on 
timescales of minutes to hours (Fuhrman et  al., 1988; Sunda and 
Hardison, 2007). Ammonium is thought to support up to 95% of 
primary production (“regenerated”) in the oligotrophic oceans (e.g., 
Raimbault et al., 1999; Clark et al., 2008). Nitrate (NO3

−) is typically 
depleted in surface waters, although it is present at high concentrations 
in sub-euphotic waters, vertical mixing processes, e.g., upwelling and 
diffusion, are required to inject NO3

− into the euphotic zone where it 
can stimulate (“new”) productivity (Dugdale, 1967; Lewis et al., 1986; 
Falkowski et al., 1998). In recent years, field studies and physiological 
and genomic evidence suggest that marine microbes can take up and 
metabolize a wider variety of N compounds than previously thought, 
including many organic compounds (Zubkov et al., 2003; Bronk et al., 
2007; Moschonas et al., 2017; Kang et al., 2021), further complicating 
our view of the marine N cycle.

Cyanate, arguably the simplest organic compound, has recently 
emerged as a marine N cycle intermediate that is bioavailable to 
cyanobacteria (e.g., Kamennaya et al., 2008; Sato et al., 2022) and 
other auto-and heterotrophic microbes (e.g., Hu et al., 2014; Zhuang 
et al., 2015; Widner and Mulholland, 2017; Zhu et al., 2023). The 
uptake of cyanate accounted for up to 10% of total measured N uptake 
in the oligotrophic Mid-Atlantic Bight, the Gulf of Maine, and the 
Eastern Tropical South Pacific Ocean (Widner and Mulholland, 2017; 
Widner et al., 2018), suggesting it is an overlooked N cycle component 
in the coastal and open oceans. Furthermore, vertical distributions of 
cyanate suggest it is an intermediate in the regeneration of particulate 
organic N (PON), exhibiting a nutrient-like profile, not unlike that of 
nitrite (Widner and Mulholland, 2017; Widner et al., 2018).

Urea, another simple organic compound that represents only a 
minor fraction of the total dissolved organic N (DON) pool in most 
estuarine and coastal waters, with concentrations generally less than 
1 μmol N L−1 (Sipler and Bronk, 2015), has long been known to fuel 
primary productivity (Mulholland and Lomas, 2008, and references 
therein). Unlike cyanate, urea assimilation by phytoplankton can 
contribute 50% or more of the total N taken up by planktonic 
communities in some systems (see the review in Solomon et al., 2010), 
suggesting urea, like ammonium, turns over rapidly (Price and 

Harrison, 1988). Urea pathways are found in nearly all genomes of 
marine cyanobacteria (Scanlan et al., 2009) and distinct from those in 
eukaryotic phytoplankton (Solomon et al., 2010; Wang et al., 2023).

Similar to cyanate and urea, phytoplankton compete with 
heterotrophic microbes for amino acid nitrogen (Kirchman et al., 
1994). Up to 51–82% of phytoplankton biomass is comprised of 
proteins and amino acids (Nguyen and Harvey, 1997), so it is not 
surprising that these compounds are released during phytoplankton 
metabolism and decomposition (Sarmento et al., 2013), or as a result 
of “sloppy feeding” during grazing (Fuhrman, 1987). Like other 
organic matter degradation products, e.g., urea, ammonium, and 
cyanate, amino acids comprise only a small fraction (1.2–12.5%) of 
the largely uncharacterized dissolved organic nitrogen pool but turn 
over rapidly (e.g., minutes) (Sipler and Bronk, 2015). Fuhrman (1987) 
indicated that the release and uptake of free amino acids by 
phytoplankton were tightly coupled during a 20-month observational 
study along the mid-Atlantic continental shelf. Another study 
indicated that amino acid assimilation rates by phytoplankton varied 
across salinity gradients (Mulholland et al., 1998). The assimilation of 
amino acids can be  facilitated through the activity of cell-surface 
enzymes that oxidize amino acids producing ammonium (Palenik and 
Morel, 1990; Mulholland et  al., 1998, 2002). Transcriptomes of 
diatoms, pelagophytes, and dinoflagellates indicate that these groups 
possess amino acid transporters, suggesting direct assimilation of 
amino acids by phytoplankton (Frischkorn et al., 2014; Alexander 
et al., 2015a; Wohlrab et al., 2018).

In waters influenced by shelf processes, marine organisms live in 
environments where the resources on which they depend fluctuate 
spatially and temporally (Polis et al., 1997). During winter months, 
wind-driven mixing can entrain nitrate from depth into surface waters 
whereas, in summer, strong stratification impedes nitrate resupply 
from depth, often leaving surface waters depleted in fixed N. In 
addition, perturbations associated with hydrographic features such as 
ocean currents and fronts (d’Ovidio et al., 2010; Kuhn et al., 2019), as 
well as shorter-lived mesoscale eddies and meteorological events all 
contribute to the dynamic nutrient environment (Polis et al., 1997; 
McGillicuddy, 2016). Hydrodynamic changes can trigger responses at 
the cellular level, as phytoplankton modify their eco-physiological 
traits to acclimate to a fluctuating environment, e.g., differential 
nutrient uptake strategies, including resource storage, high resource 
use efficiency during periods of scarcity, and dormant life stages (Yang 
et al., 2010; Litchman et al., 2015; Lin et al., 2016). These traits vary in 
space and time and can result in distinct temporal and regional 
distributions of phytoplankton assemblages (Sunda et al., 2006; Barton 
et al., 2013b). A typical example might be the seasonal succession from 
diatoms in late winter/early spring to dinoflagellates (or haptophytes/
pelagophytes) in summer in certain regions such as mid-to high-
latitude surface waters (e.g., Hinder et  al., 2012). Diatom blooms 
deplete inorganic nutrients quickly and fuel the growth of 
zooplankton, which results in the accumulation of regenerated organic 
[urea and other DON and dissolved organic phosphorus (DOP)] and 
inorganic nutrients (e.g., NH4

+) from slopy feeding/excretion by 
zooplankton, virus lysis, and/or phytoplankton release (Lin et  al., 
2016). During summer, as nitrate is depleted, the water column 
becomes stratified, and zooplankton grazing intensifies, the 
environment becomes less favorable for diatom growth. This sets the 
stage for a population shift towards phytoplankton groups such as 
dinoflagellates, whose growth and survival are favored due to their 

Abbreviations: MAB, Mid Atlantic Bight; SAB, South Atlantic Bight; PN, Particulate 

nitrogen; Chl, Chlorophyll; DFAA, Dissolved free amino acids; SST, Sea surface 

temperature; SSH, Sea surface height; RDA, Redundancy analysis.
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versatile nutrient acquisition strategies, including diel vertical 
migration, utilization of DON and DOP, cysts production, 
phagotrophy, and their ability to minimize grazing losses through 
large cell sizes and the production of toxins and other secondary 
metabolites (Barton et al., 2013a; Deeds et al., 2014; Lin et al., 2016; 
Brosnahan et  al., 2017). Therefore, investigating the impact of 
environmental factors on phytoplankton composition and changes in 
N uptake and understanding the linkages between environmental 
regime shifts, trait modifications, and community structure is crucial 
for comprehending dynamic interactions within marine ecosystems.

The western North Atlantic coastal region off the U.S. east coast is 
a highly productive marine system and an important net sink of 
atmospheric CO2 (Hofmann et al., 2011; Signorini et al., 2013). The 
Mid-Atlantic Bight (MAB) and South Atlantic Bight (SAB) shelves 
(delimited as waters less than 200 m in depth) are two coastal 
subregions separated at Cape Hatteras. The southern coastal MAB is 
highly influenced by the outflow from the Chesapeake Bay, the 
southward flow from the northern MAB, and the Slope Sea (Flagg 
et al., 2002; Todd, 2020); the latter two form a shelf-break frontal zone 
where mixing is often enhanced and exports of shelf water can occur 
(Gawarkiewicz et al., 1996; Todd, 2020). In contrast, south of Cape 
Hatteras, the SAB continental shelf circulation is impacted by shelf 
water moving north toward Cape Hatteras, and the northward flowing 
Gulf Stream (Andres et  al., 2023). The strong convergence of the 
alongshore flows at the Hatteras Front can induce cross-shelf 
exchanges just north of Cape Hatteras due to density instabilities, 
transporting significant portions of the shelf water to the open ocean 
(Savidge and Savidge, 2014; Todd, 2020), although there is high 
temporal and spatial variability in the location of the front due to 
complex hydrodynamics (Seim et al., 2022). Over the past 40 years, 
many research programs have been implemented in this region, e.g., 
the Shelf Edge Exchange Processes experiment (SEEP-II), the Ocean 
Margins Program, and the Processes driving Exchange At Cape 
Hatteras (PEACH) studies. However, to date, nutrient dynamics, e.g., 
nutrient concentrations, uptake of dissolved N, and phytoplankton 
community composition, in this region have remained poorly 
understood, in part because previous research was either focused on 
regional hydrodynamic variability or model simulations of cross-shelf 
exchanges of carbon and nitrogen. The lateral fluxes of nutrients 
resulting from the convergence of many different waters masses near 
Cape Hatteras is thought to play a key role in primary production in 
this region (e.g., Lohrenz et al., 2002; Friedrichs et al., 2019). Recently, 
a dinitrogen (N2) fixation hotspot was identified in coastal waters near 
the front (Mulholland et al., 2019; Selden et al., 2021), and the impact 
of Gulf Stream frontal eddies on ecology was investigated (Gray et al., 
2023), underscoring the importance of physical processes in regulating 
N biogeochemistry in the region.

Here we examined nutrient biogeochemistry with respect to the 
phytoplankton composition and net community N uptake rates in 
physically complex coastal waters to the north and south of the Cape 
Hatteras in the MAB and SAB, Slope Sea, and the Gulf Stream. Our 
main objectives for this research were to assess: (1) the relative uptake 
rates of N species, including nitrate, nitrite, ammonium, urea, cyanate, 
and amino acids, by microbial communities, (2) the distribution and 
variations in phytoplankton community composition, and (3) the link 
between the two. We  hypothesized that (1) during the summer 
months, larger cells (e.g., diatoms), pico-eukaryotes, and 
picocyanobacteria (e.g., Synechococcus) would to be prevalent in the 

continental shelf and Slope Sea regions, whereas picocyanobacteria 
such as Prochlorococcus would dominate the oligotrophic Gulf Stream 
region (e.g., Fowler et al., 2020; Caracappa et al., 2022; Stevens et al., 
2023); (2) the contrasting environmental conditions, e.g., temperature 
and nutrient levels, across these regions would explain variations in 
phytoplankton community composition; (3) both nutrient supply and 
phytoplankton community composition account for discrepancies in 
the observed N uptake rates (e.g., Lomas and Glibert, 2000; 
Mulholland and Lomas, 2008; Barton et al., 2013a; Lampe et al., 2019; 
Inomura et al., 2023).

2 Materials and methods

2.1 Hydrographic measurement

Standard hydrographic measurements of temperature, salinity, 
and chlorophyll (Chl) fluorescence were made using a Seabird SBE 
911 conductivity-temperature-depth (CTD) unit combined with a 
fluorometer mounted to a rosette sampler equipped with 24 10 L 
Teflon-coated Niskin bottles during a cruise from August 7 to 17, 
2016, aboard the R/V Hugh R. Sharp. The cruise was comprised of 
eight cross-shelf transects (41 stations in total) that spanned a region 
between 33.5 and 38° N latitude at approximately 0.5° intervals. 
Stations were occupied in coastal, continental shelf, and oceanic 
waters in the MAB and SAB (Figures  1A,B). Station depths 
(Figures 1C,D) ranged from 10–3,450 m with most stations located on 
the continental shelf (<200 m) and in the Gulf Stream. Stations were 
also occupied in waters influenced by the shelf-break jet (200–1,000 m) 
and in the Slope Sea (>1,000 m). At each station, water for the 
determination of chemical and biological properties was collected at 
various depths using Niskin bottles (see below).

2.2 Nutrient analyses

Nutrient samples at each depth were collected directly from Niskin 
bottles through a 0.2 μm capsule filter (Pall Supor®) using a peristaltic 
pump at pressure ≤5 mm Hg. Filtrate was collected directly into two 
50 mL sterile polypropylene centrifuge tubes (Falcon®) to measure NO3

−, 
nitrite (NO2

−), orthophosphate (simplified as PO4, sum of HPO4
2− and 

PO4
3−), and urea concentrations. Filtrate was also pumped into three 

2 mL sterile polypropylene tubes for cyanate determinations, two 15 mL 
OPA-treated polypropylene tubes (Falcon®) for NH4

+ analyses, and two 
40 mL combusted amber glass vials for analysis of total dissolved free 
primary amine. To minimize contamination from filtration and between 
samples, filters and tubing were rinsed thoroughly with site water before 
sample collection. NO3

− + NO2
−, NO2

−, PO4, and urea samples 
(duplicates) were stored at 4°C until analysis within 48 h of their 
collection using a nutrient autoanalyzer (Astoria-Pacific, Inc., 
United  States) according to the manufacturer’s specifications. The 
method detection limits for NO3

− + NO2
−, NO2

−, PO4, and urea were 
0.14 μmol L−1, 0.07 μmol L−1, 0.03 μmol L−1, and 0.08 μmol L−1, 
respectively. NH4

+ samples (duplicates) were kept at 4°C until analysis 
within 24 h of collection. The concentrations of NH4

+ were measured 
onboard using the OPA-fluorescence method of Holmes et al. (1999) 
with a spectrofluorometer. The method detection limit was 10.0 nmol L−1. 
Cyanate samples (triplicates) were stored in liquid nitrogen aboard the 
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ship and at -80°C once samples were returned to the land-based 
laboratory. Cyanate concentrations were measured by high-performance 
liquid chromatography (HPLC) using a precolumn fluorescence 
derivatization method (Widner et al., 2013; Widner and Mulholland, 
2017). The method detection limit was 0.4 nmol L−1 (Widner et al., 2013). 
Concentrations of total dissolved free primary amine were measured 
using the method of Aminot and Kérouel (2006) to estimate ambient 
dissolved free amino acids (DFAA) concentrations, because the two 
measurements are generally in agreement (Kirchman et al., 1989). The 
method detection limit was 4 nmol L−1.

2.3 Particulate nitrogen measurement

Whole water samples were collected from three target depths at 
each station: near surface, a depth above the Chl maximum (with 
majority of them near the bottom of the mixed layer), and at the 
depth of the Chl maximum. Water from Niskin bottles was drained 
into individual 10 L carboys and then transported to the ship-board 
laboratory, where the water samples in each carboy were mixed and 

sub-samples (0.2–1.4 L) were collected onto pre-combusted GF-75 
filters (Whatman®, nominal pore size 0.3 μm) in triplicate, for 
analysis of particulate nitrogen (PN) and carbon (PC) concentrations 
and the natural abundance of 15N and 13C. The filters were stored in 
cryovials and immediately frozen and stored in a freezer at -20°C 
until analysis. Prior to their analysis, filters were dried at 40°C, 
pelletized in tin capsules, and analyzed on a Europa 20/20 isotope 
ratio mass spectrometer equipped with an automated N and C 
analyzer. The average detection limit of the mass spectrometer was 
0.0018 and 0.0005 atom% for 15N and 13C, respectively; these values 
were derived based on three times the standard deviation (3 × SD) of 
the atom% of 12.5 μg N and 100 μg C standards analyzed with each 
sample run (40 in total).

2.4 Short-term nitrogen uptake incubations

Parallel sets of triplicate whole water (0.5–2 L) at the same three 
target depths mentioned above from 27 stations (Figure  1) were 
dispensed from the 10 L carboys into acid-cleaned polyethylene 

FIGURE 1

(A) Map of the Northwestern Atlantic Ocean showing the 8-day MODIS mean sea surface temperature (SST) from 4–11 August 2016. The white box 
indicates the study area. The overlaying black dotted and gray dashed lines are SSH contours of 0.2 and 0.5  m, respectively, in which the 0.2  m SSH 
contour denotes the Gulf Stream Edge (Muglia et al., 2022). (B) Zoom-in view of the MODIS SST image highlighting the Gulf Stream and colder Mid-
Atlantic Bight (MAB) shelf water and warmer South Atlantic Bight (SAB) shelf water. The white circles represent 41 sampling stations occupied between 
August 7–17, 2016. (C) Bathymetry of the Northwestern Atlantic Ocean, highlighting the study area. (D) Zoomed-in view of the study area showing 
bathymetry across the southern MAB and northern SAB and the cruise transects, in which purple circles represent 27 stations where N uptake 
experiments using 15N tracers were performed. Also marked are 20, 50, 200, 1,000, 3,000, and 4,000  m isobaths in (D). The thick black solid line in all 
panels mark the 200  m isobaths. The black dotted line in panels (B) and (D) are SSH contours of 0.2  m.
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terephthalate glycol incubation bottles (Nalgene™). Nitrogen uptake 
incubations were initiated by amending incubation bottles with highly 
enriched (98–99%) 15N-labeled substrates (Cambridge Isotope 
Laboratories, Inc., United  States), including ammonium chloride 
(15NH4Cl), potassium nitrate (K15NO3), potassium nitrite (K15NO2), 
and 15N-and 13C-labeled potassium cyanate (KO13C15N), urea 
(13CO(15NH2)2), and algal amino acid mixture. The final 15N 
enrichment after tracer amendments were mostly 5–50%, but some 
exceeded 50% so should be considered as potential uptake rates. After 
the tracer additions, bottles were placed in deck-board incubators 
with underway surface seawater flowing through to achieve near 
in-situ temperatures and covered with neutral density screens to 
reduce incident light to approximately 55, 28, 14% of the ambient light 
levels approximating those observed at the depth of sample collection. 
The incubations were generally accomplished during daylight hours 
but there were 7 stations at which incubations were conducted at 
nighttime. For nighttime incubations, incubators were covered with 
an opaque tarp after sunset until just before sunrise to prevent the 
ship’s deck lights from affecting the incubations. After 2–3 h, 
incubations were terminated by filtration through combusted GF-75 
filters at pressure ≤5 mm Hg. Filters were placed in sterile cryovials 
and stored at -20°C until their analysis. Prior to analysis, samples were 
dried at 40°C and then pelletized into tin disks. Final PN 
concentrations and the corresponding atom% enrichment of the PN 
pool were measured on a Europa 20/20 isotope ratio mass 
spectrometer as mentioned above. In this study, heterotrophic 
contributions to the total measured N uptake were not estimated.

2.5 Nitrogen uptake rate calculations

Absolute nitrogen uptake (or “transport”) rates were calculated 
using a mixing model (Mulholland et al., 2006; Eq. 1).

 

( ) ( )
( )
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atom% PN atom% PN PN
N uptake rate

atom% N source pool atom% PN time
-

= ´
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(1)

where ( )initialatom% PN  and ( )finalatom% PN  represent the 15N 
isotopic composition of the particulate pool at the initial and final time 
points of the incubation period; atom N source pool%  is the 15N 
isotopic enrichment of the dissolved nitrogen pool after the tracer 
addition; [PN] represents the concentration of the particulate nitrogen 
pool; here, we  used the average value of the initial and final PN 
concentrations. Post-incubation measurements confirmed that substrate 
consumption over the incubation period while significant, was less than 
14% (15NO3

−), 18% (15NO2
−), 27% (15NH4

+), 10% (urea), 4% (cyanate), 
and 25% (amino acid) of initial addition. If 50% of the added substrates 
were taken up, which occurred 5 out of 77 observations, the calculated 
uptake rates were excluded from data analysis. Because the tracer 
enrichment exceeded the recommended 10%, indicating an over-
enrichment of these compounds in natural environmental samples, these 
measurements more accurately reflect potential rather than in situ uptake 
rates. NH4

+ uptake rates were not corrected for “isotope dilution” (Gilbert 
et al., 1982; Kanda et al., 1987) and may therefore be underestimated. 
However, the errors would probably be  small because of the short 
incubation times (Harrison and Harris, 1986).

For each target depth, N uptake rates and standard deviations 
were calculated from triplicate incubations. The average detection 

limit was 0.01 ± 0.01 nmol N L−1  h−1, but detection limits were 
calculated individually for each experiment, because calculated N 
uptake rates are highly dependent on the incubation time and [PN]. 
The 15N isotopic composition of the dissolved N pools were not 
measured due to the lack of reliable methods for all but NO3

− (see 
Fawcett et  al., 2011). We  used δ 15N of 6‰ when ambient NO3

− 
concentrations were <0.5 μmol L−1, and 2.5‰ when ambient NO3

− 
concentrations exceeded 0.5 μmol L−1 (Fawcett et al., 2011). For the 
rest of the N species, the 15N isotopic composition of the source pool 
was estimated as the natural abundance of 15N in atmospheric N or 
0‰ (Lipschultz, 2001).

The specific uptake rate of nitrogen was calculated using Eq. 2, 
which is independent of [PN], or can alternatively be expressed by 
dividing [PN] using Eq. 1.
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2.6 Phytoplankton pigment and 
community structure determination

To collect phytoplankton pigment samples, 1–4 L of seawater from 
each of the same three target depths (mentioned above) were filtered 
onto 25 mm GF/F filters in duplicate under a low vacuum pressure 
(<5–7 mm Hg). The filters were stored in cryovials and immediately 
frozen and stored in liquid nitrogen on board and in freezers at -80°C 
once ashore. Phytoplankton pigments were extracted with 3 mL of 
90% acetone for 2 h in the dark at 2–8°C and measured by HPLC in 
the Ocean Ecology Laboratory at NASA Goddard Space Flight Center, 
Maryland (Hooker et al., 2012).

The relative contributions of taxa to the total Chl a (TChl a, the 
sum of Chl a and DV-Chl a) were calculated using the CHEMTAX 
program (Mackey et  al., 1996). Thirteen diagnostic pigments 
(Supplementary Table S1) were used to associate the fractions of the 
TChl a pool with nine phytoplankton groups: diatoms (Diat), 
dinoflagellates (Dino), haptophytes (Type 8; Hapt_8), haptophytes 
(Type 6; Hapt_6), chlorophytes (Chlo), cryptophytes (Cryp), 
Prochlorococcus (Proc), Synechococcus (Syne), and prasinophytes 
(Pras). Chl a concentrations of pico-eukaryotes using CHEMTAX are 
the sum of haptophytes (Type 8), haptophytes (Type 6), chlorophytes, 
prasinophytes and cryptophytes. The HPLC pigment-based 
phytoplankton community composition determined in this study is 
reliable at the class level. Although this study did not combine 
measurements of phytoplankton taxonomic abundance using 
quantitative cell imaging, flow cytometry, or microscopy, at the class 
level, there are strong positive correlations across these different 
methods, except for dinoflagellates (e.g., Kramer et al., 2024).

2.7 Data analysis

Water masses were identified (see section 3.1) based on 
temperature and salinity characteristics, as well as satellite-measured 
sea surface temperature (SST) and sea surface height (SSH) made 
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from August 4–11, 2016. Moderate Resolution Imaging 
Spectroradiometer (MODIS) Aqua level-3 SST data (8-day mean) 
with a horizontal resolution of 4 km was obtained from https://
oceancolor.gsfc.nasa.gov/l3/. The gridded level-4 altimeter SSH data 
with a horizontal resolution of 0.25° × 0.25° were obtained from the 
Archiving, Validation and Interpretation of Satellite Oceanographic 
(AVISO+) data portal.1 The SSH contour of 0.2 m in the study area was 
used to outline the Gulf Stream edge (Muglia et al., 2022). The SSH 
data were also superimposed on the MODIS SST and bathymetry 
images to highlight the Gulf Stream path.

Chl a concentrations were estimated from CTD fluorescence (FL) 
using a linear regression (R2 = 0.94, Eq.  3) between measured 
fluorescence and total Chl a concentrations measured by HPLC.

 Chl FLa = ´ -0 55 0 19. .  (3)

The P∗ parameter was calculated following Eq. 4:
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All statistical analyses and data visualization in our study were 
performed using MATLAB (R2023a, MathWorks). Statistical 
differences between the total (and specific) N uptake rates measured 
at the three depths (surface, above the Chl maximum, and at the Chl 
maximum) were conducted via a non-parametric test (Mann–
Whitney U test), due to the non-normal distribution of the data. 
Statistical differences between the total (and specific) N uptake rates 
among the different oceanic regimes (e.g., MAB, SAB, Slope Sea, and 
Gulf Stream) were also conducted via the Mann–Whitney U test. In 
addition, a redundancy analysis was conducted to link the observed 
N uptake rates with the phytoplankton community and environmental 
variables such as temperature, salinity, and concentrations of nutrients, 
Chl, and PN. Within the redundancy analysis, each phytoplankton 
species was expressed as the percentage of the total 
phytoplankton community.

3 Results

3.1 Study region and hydrography

The Gulf Stream, characterized by high temperature and salinity 
and extremely low nutrient content, is the most prominent feature of 
the western boundary of the North Atlantic coast (Figures 1A,B). 
South of Cape Hatteras, the Gulf Stream moves north, along the coast, 
hugging the coastline as a boundary-trapped current. Near Cape 
Hatteras, where the shelf-break is close to shore and the slope steepens, 
it separates from the coast and becomes a free jet moving north/
northeast. North of Cape Hatteras, the Slope Sea, a narrow band of 
ocean between the Gulf Stream and the MAB continental shelf waters, 
forms a frontal boundary at the shelfbreak with the south-flowing 
subsurface Cold Pool. This Cold Pool constitutes a cold, well-mixed 

1 https://www.aviso.altimetry.fr/en/home.html

water mass, capped by warmer waters resulting from summertime 
heating inshore of the shelfbreak front (Figure 2).

Our study area was at the intersection of the southwest flowing 
MAB shelf water Cold Pool and shelfbreak jet, and the north flowing 
SAB shelf water and Gulf Stream, thus featuring very distinctive 
physical (Seim et al., 2022; Figures 2, 3) and biogeochemical properties 
(Figures 4–6). The contrasts between the four distinct oceanic regimes 
were identified through sea surface temperature (SST) and sea surface 
height (SSH) maps (Figure 1), sections of temperature, salinity, and 
density anomalies along the 8 cross-shelf transects (Figure  2), 
temperature (T) − salinity (S) diagrams (Figure 3), and sections of 
chlorophyll and inorganic nutrient concentrations (Figure 4). North 
of Cape Hatteras, the MAB shelf and Slope Sea waters were 
significantly cooler (Figures 2A–D). At some MAB nearshore stations, 
low-salinity waters (S < 32) were observed, likely due to the 
introduction of low-salinity estuarine waters from the Chesapeake Bay 
(Flagg et al., 2002). The MAB shelfbreak frontal system (shelf − slope) 
had a more pronounced temperature and salinity gradient due to 
interactions with the Cold Pool waters intruding from the north 
(Figures  2A–D,I). The MAB shelf and Slope Sea water were 
distinguished based on temperature and salinity characteristics 
(Figure  3; Todd, 2020). Based on the observed gradients 
we operationally grouped stations into MAB shelf water, when salinity 
was less than 34.5, and Slope Sea water, when salinity was between 
34.5 and 36 (Figure 3).

In contrast, SAB shelf waters south of Cape Hatteras in August 
were difficult to distinguish from Gulf Stream waters based on 
temperature and salinity alone (Figure 3; Seim et al., 2022), due to the 
strong influences from the adjacent Gulf Stream, limited riverine 
discharge, and seasonal warming. Therefore, there wasn’t a clearly 
defined frontal zone where SAB shelf waters and the Gulf Stream 
water interacted (Figures 1B, 2E–H,M–P,U–X). Thus, the SAB shelf 
water was considered to be waters extending from the coastline to the 
200 m isobath. Notably, upwelling occurred at the SAB shelfbreak, 
including Stations 23, 28, and 35, that was accompanied by lower 
subsurface water temperatures (Figures 2E,G,H), isopycnal uplifting 
at σ = 24.5 kg m−3 (Figures 2U,W,X), and higher nutrient concentrations 
(Figures 4M,O,P,U,W,X).

3.2 Chl and nutrient distributions

At inner shelf stations where water depths were <30 m, Chl 
maxima were observed near the bottom, while at outer shelf and 
offshore oceanic stations, subsurface Chl maxima were prominent 
features (Figures 4A–H). The depth of the subsurface Chl maximum 
deepened from shelf to offshore, it was 21 ± 7 m in the outer shelf of 
the MAB, 33 ± 4 m in the Slope Sea, and 102 ± 11 m in the Gulf Stream 
(Figures 4A–H; also see Figure 3 in Selden et al., 2021). At shelfbreak 
stations south of Cape Hatteras where upwelling occurred, e.g., 
Stations 23, 28, and 35, subsurface Chl maxima were deeper, appearing 
at 52, 82, and 54 m, respectively (Figures  4E,G,H; 
Supplementary Figures S2A,G,H). In addition, the Chl concentrations 
within subsurface Chl maxima were highly variable among different 
water masses—higher in both the MAB and SAB shelf water and 
extremely low within the Gulf Stream (Figures 3A, 4A–H).

Distributions of NO3
− and PO4 (sum of HPO4

2− and PO4
3−) 

concentrations were described in Selden et  al. (2021). Briefly, 
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NO3
− was mostly depleted throughout both the MAB and SAB during 

the period of the survey, however, high PO4 concentrations, relative to 
NO3

− and the Redfield ratio, were observed in shelf waters in the 
MAB, unlike the SAB where both NO3

− and PO4 concentrations were 
depleted (Figures 4I–L,Q–T, 5). At Chl hotspots (>2 μg Chl L−1) in the 
MAB, e.g., at Stations 2 and 8 (Figures  4A,B), the high Chl 
concentrations appeared to be located at depths at the top of the nitra- 
and phospho-clines (Figures 4I,J; Supplementary Figures S1B,C). At 
Stations 23, 28, and 35, higher subsurface NO3

− and PO4 
concentrations were also observed (Figures  4M,O,P,U,W,X; 
Supplementary Figures S2A,G,H), as a result of upwelling of deeper 
nutrient-rich water. In the Gulf Stream, both NO3

− and PO4 

concentrations were depleted in the upper 150–200 m. 
Supplementary Figures S1, S2 show detailed depth profiles of Chl and 
nutrient concentrations at representative stations.

In general, NO2
− concentrations in the study area ranged from 

below the detection limit (0.07  μmol L−1) to 0.92  μmol L−1 
(Figures 6A−H). For most stations, NO2

− concentrations were not 
detectable throughout the water column, and subsurface NO2

− 
maxima were very ephemeral (Figures  6A–H; 
Supplementary Figures S1, S2). As for NO2

−, NH4
+ concentrations 

ranged from below the detection limit (10 nmol L−1) to 960 nmol L−1 
(Figures 6I–P). We observed that NH4

+ concentrations were often 
highest near the bottom (up to 0.96 μmol N L−1) at shallow inner-shelf 

FIGURE 2

Temperature (A–H), salinity (I–P), and density anomaly (Q–X) distributions along the eight cross-shelf transects 1–8. Light gray lines in transects 1–4 
denote isohaline at 34.5 which delineate the MAB and Slope Sea waters. Gray dots indicate the depths where water samples were collected using 
Niskin bottles. Purple circles represent the depths at which N uptake incubations were conducted. Station numbers (1–41) are indicated at the top of 
each panel.
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stations. At offshore stations where the water depths were greater, two 
types of vertical NH4

+ distributions were found, those with and 
without the presence of NH4

+ maxima (e.g., 
Supplementary Figures S1, S2). NH4

+ concentrations on the SAB shelf 
were much lower compared to the MAB shelf (Figures 6M–P), and 
NH4

+ maxima were absent at some stations in the SAB. At stations in 
the Gulf Stream, NH4

+ concentrations were mostly below the detection 
limit, and both the primary NO2

− and NH4
+ maxima were absent or 

barely detectable (Figure  6). Cyanate concentrations varied from 
below the detection limit (0.4 nmol L−1) to 25 nmol L−1 (Figures 6Q–X). 
Similar to NH4

+, higher cyanate concentrations were observed in the 

bottom waters of the MAB shelf (e.g., Stations 6 and 13, and 
Supplementary Figures S1A,G) suggestive of a sedimentary source. 
Like NH4

+, cyanate maxima were ephemeral, occurring in the 
subsurface waters at some stations (e.g., Stations 1, 2, 19, 20, and 34) 
but absent at others (e.g., Stations 12, 25, 35, and 41). 
Supplementary Figures S1, S2 show typical profiles of cyanate. Urea 
concentrations were below the detection limit (0.08 μmol L−1) for all 
samples. Total dissolved primary amines concentrations ranged 
0.05–0.4 μmol N L−1, with the mean concentration of 
0.17 ± 0.08 μmol N L−1 at depths above and at the depth of Chl 
maximum (data not shown).

FIGURE 3

Temperature versus salinity (T  −  S) diagrams, superimposed with (A,B) chlorophyll a (Chl a) concentrations, (C,D) depth, and (E,F) color coded water 
masses, based on the 1  db binned CTD data collected during the August 2016 cruise. Gray contours represent isohalines for density anomaly (sigma, kg 
m−3). The right panels are the same as those on the left but are zoomed-in to focus on the salinity range from 35.5 and 37. GS, SAB, Upw, Front, SS, and 
MAB indicate waters from the Gulf Stream, South Atlantic Bight, upwelling, Slope Sea–Gulf Stream front, Slope Sea, and Mid-Atlantic Bight, 
respectively. DSIW is deep slope water (Flagg et al., 2002). The major water masses in the sampling area include MAB shelf water (S  <  34.5) and Slope 
Sea water (34.5  <  S  <  36), Slope Sea-Gulf Stream frontal water (36  <  S  <  36.5), SAB shelf water (36  <  S  <  36.5), and Gulf Stream (S  >  36.5). Note that in 
panels (E,F), color coded water masses at the surface did not strictly follow the above salinity criteria.
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3.3 Absolute and specific N uptake rates in 
the euphotic zone

Although the vertical distribution of N uptake rates appeared to 
be  increasing with depth at certain stations and for some N 
compounds (Figures 7, 8A–C), total absolute N uptake rates in surface 
waters, above the Chl maximum, and at the Chl maximum were not 
significantly different (p > 0.05) from each other. Nighttime uptake 
rates were comparable to those daytime uptake rates observed at the 
neighboring stations within the same sampling region (Figures 8A–C). 
Among the six N species examined, urea uptake rates were the highest, 
accounting for ~27% of the total measured N uptake rates. NO3

− and 
NH4

+ uptake rates were comparable across the study region, and 

together made up ~40% of the total measured N uptake rates 
(Figures 7, 8D–F). Amino acids and NO2

− uptake rates were similar 
to each other, together representing ~30% of the total measured N 
uptake (Figures  7, 8D–F). Cyanate-N uptake rates were very low, 
accounting for just 1.2% of the total N uptake on average 
(Figures 7, 8D–F).

There were remarkable spatial differences in the magnitude of 
absolute N uptake rates across the different regimes sampled 
(Figures  8, 9). Total absolute N uptake rates ranged from 0.13–
0.69 μmol N L−1  h−1 in the MAB (Figures  8A–C), with combined 
uptake rates of urea, amino acids, and NO3

− representing ~70% of the 
total measured N uptake, and uptake of cyanate accounting for only 
~0.4% of the total measured N uptake rates (Figures 8D–F). In the 

FIGURE 4

Chlorophyll (Chl, A–H), nitrate (NO3
−, I–P), and phosphate (PO4, Q–X) concentrations along the eight cross-shelf transects 1–8. Light gray lines in 

transects 1–4 denote the 34.5 isohaline which delineates the MAB water and Slope Sea waters in transects north of Cape Hatteras. Gray dots indicate 
the depths where water samples were collected using Niskin bottles. Purple circles represent the depths at which N uptake experiments were 
conducted. Station numbers (1–41) are indicated at the top of each panel.
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FIGURE 5

Depth profiles of (A) nitrate ([NO3
−]) and (B) PO4 ([PO4]) concentrations from the MAB (dark purple circles) and SAB (orange diamonds) as well as 

(C) property vs. property plot of [NO3
−]and [PO4], superimposed with P* contours spanning from −0.2 to +0.6 incremented by 0.1, where P*  =  [PO4] 

– [NO3
−]/16.

Slope Sea, total measured N uptake rates (mean = 0.23 μmol N L−1 h−1, 
n = 8) were comparable to those observed in the MAB, ranging from 
0.11–0.42 μmol N L−1 h−1 (Figures 8A–C). Like the MAB, about 73% 
of the total observed N uptake in the Slope Sea was from urea, amino 
acids, and NO3

− (Figures 8D–F). In the SAB, total N uptake rates were 
lower, ranging from 0.03 to 0.33 μmol N L−1  h−1 (Figures  8A–C). 
Together, NO3

−, urea, and NH4
+ uptake comprised ~73% of the total 

N uptake there (Figures 8D–F). Total measured N uptake rates were 
significantly greater (p < 0.05, Mann–Whitney U test) in the MAB 
region (mean = 0.34 μmol N L−1  h−1, n = 15) than the SAB region 
(mean = 0.13 μmol N L−1  h−1, n = 17). In the Gulf Stream, total 
measured N uptake rates were the lowest, ranging from 0.004–
0.18 μmol N L−1 h−1 (mean = 0.062 μmol N L−1 h−1, n = 32; Figures 8A–C, 
9). Cyanate uptake rates within the Gulf Stream were greater than 
those observed in other regions and represented up to ~11% of the 
total measured N uptake rates at some stations (Figures 8D–F).

Specific N uptake rates (h−1) that are independent from PN 
showed a similar trend as the absolute N uptake rates (μmol N L−1 h−1) 
(Figure 10; Supplementary Figures S3A–C). The average specific N 
uptake rates were 0.031, 0.026, 0.020, 0.017, 0.016, and 0.0005 h−1 for 

NO3
−, urea, NO2

−, NH4
+, and amino acids, and cyanate, respectively. 

Similar to the absolute N uptake rates, the specific uptake rates of urea, 
NO3

−, and NH4
+ were higher than those for NO2

−, amino acids, and 
cyanate (Supplementary Figures S3D–F). In vertical profiles, total 
specific uptake rates did not exhibit significant differences across the 
three depths examined. Spatially, total specific uptake rates were 
lowest in the SAB and Gulf Stream (Figure 10; Supplementary Figure S4) 
and significantly higher in the MAB (p < 0.05, Mann–Whitney U test).

3.4 Phytoplankton community composition 
in the euphotic zone

Overall, diatoms, picocyanobacteria (Prochlorococcus and 
Synechococcus), and haptophytes (Type 8) were the dominant groups 
in the study area based on CHEMTAX analysis of pigment data 
(Figure 11). Prasinophytes were also relatively prevalent in the surface 
mixed layer and at the depth of the chlorophyll maximum in the MAB, 
Slope Sea, and SAB (Figure 11). The phytoplankton community also 
displayed distinctive biogeographical patterns with diatoms 
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dominating the phytoplankton community composition in the MAB 
and Slope Sea, transitioning to picocyanobacterial dominance in the 
Gulf Stream. Phytoplankton community composition in the SAB 
appeared to be vertically stratified with picocyanobacteria dominant 
in surface waters and diatoms becoming increasingly dominant with 
depth (Figure 11). The Gulf Stream community was characterized by 
high concentrations of picocyanobacteria in both surface and 
subsurface waters, however, haptophytes (Type 8) and Prochlorococcus 
co-dominated at the depth of the chlorophyll maximum. These three 
groups contributed 93% of the total Chl a in Gulf Stream.

The vertical profiles of phytoplankton biomass differed between 
water masses (Figure 11). Diatoms and prasinophytes showed clear 
subsurface maxima layers in all regions except for the Gulf Stream. For 
the Gulf Stream, haptophytes (Type 8), and Prochlorococcus showed 

clear subsurface maxima. Synechococcus was more prevalent in surface 
waters in all regions and its relative dominance decreased with depth. 
Other groups [haptophytes (Type 6), chlorophytes, and cryptophytes] 
also showed vertical variations, but their concentrations were relatively 
low throughout the water column and in all regions.

4 Discussion

This study marked the first instance of simultaneously measuring 
uptake rates for six different N compounds across contrasting regions. 
Considering the significant differences in sampling time, area, and 
associated environmental factors compared to previous studies, the 
reported N uptake rates here should be regarded as robust. Within the 

FIGURE 6

Nitrite (NO2
−, A–H), ammonium (NH4

+, log transformed, I–P), and cyanate (Q–X) concentration distributions along the eight cross-shelf transects 1–8. 
Light gray lines in transects 1–4 denote isohaline at 34.5 which delimit the MAB water and Slope Sea. Gray dots indicate the depths where water 
samples were collected using Niskin bottles. Purple circles represent the depths at which N uptake incubations were conducted. Station numbers (1–
41) are indicated at the top of each panel.
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northern MAB, the N uptake rates measured in our study generally 
fell within the same range as previously reported for this area (e.g., 
Glibert et al., 1991; Filippino et al., 2011), however, the uptake rates of 
individual species (e.g., NH4

+ and NO3
−) in the MAB were much 

higher than those measured in Georges Bank (e.g., Harrison and 
Wood, 1988). Within the Gulf Stream, the measured N uptake rates 
(e.g., NH4

+ and NO3
−) in our study were significantly higher than 

those reported in Glibert et al. (1988), which might have been be due 
to the high enrichment of 15N in some incubation bottles. However, 
NH4

+, NO3
− and urea uptake rates were generally comparable with 

those observed in other parts of the Atlantic Ocean (e.g., Rees et al., 
2006; Painter et al., 2008a,b). Cyanate uptake rates represented up to 

~11% of the total measured N uptake rates at some stations within the 
Gulf Stream, in agreement with the results from Widner and 
Mulholland (2017), however, the higher contribution of cyanate may 
simply be due to the lower uptake rates of other N species within the 
Gulf Stream.

4.1 N uptake rates with respect to ambient 
P concentrations

Chronic or transiently low P availability can constrain 
biological productivity in aquatic systems (Trommer et al., 2013; 

FIGURE 7

Vertical distribution of whole community N uptake rates including nitrate (NO3
−, triangles), nitrite (NO2

−, crosses), ammonium (NH4
+, diamonds), urea 

(squares), dissolved free amino acids (DFAA, asterisks), and cyanate (circles) in (A) Mid-Atlantic Bight (MAB), (B) Slope Sea, (C) South Atlantic Bight (SAB), 
and (D) Gulf Stream waters. The depth range of y axis at each panel is different because depths of Chl maximum deepened from onshore to offshore.
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Karl, 2014; Duhamel et  al., 2021; Hashihama et  al., 2021). In 
addition, a growing body of literature demonstrates the pervasive 
occurrence of N − Fe or N − P co-limitation of phytoplankton 
growth across diverse ocean regimes (Graziano et al., 1996; Saito 
et al., 2014; Browning and Moore, 2023). Nutrient amendment 
experiments in the North Atlantic subtropical gyre (low-nutrient, 
low-chlorophyll) confirmed that combining P with N induces 
larger increases in chlorophyll and primary productivity than N 
additions alone, emphasizing the role of dissolved P as a secondary 
limiting factor on phytoplankton growth (Graziano et al., 1996; 
Moore et al., 2008; Sedwick et al., 2018). Although DOP might 
serve as alternative P source when PO4 is depleted, its 
concentrations generally decrease with increasing PO4 stress, as 
indicated by more negative P* values, yielding the lowest DOP 
level in regions like North Atlantic (as seen in Liang et al., 2022), 
thus, the SAB and Gulf Stream provinces might experience both 
inorganic and organic P stress (Mather et al., 2008).

The Cold Pool contains a reservoir of nutrients that can sustain 
phytoplankton productivity on the MAB shelf during the spring and 
summer months (Flagg et  al., 1994; Hales et  al., 2009). Despite 

significant differences in temperature and salinity between the MAB 
and SAB, this study found excess PO4 in the MAB waters (Figures 4, 
5). The positive P* values across the northern MAB suggest an excess 
PO4 relative to N and the Redfield Ratio, a trend contrasting with the 
mostly near-zero or negative P* values observed in the SAB 
(Figure 5C). This was likely due to: (1) the MAB being influenced by 
the Cold Pool waters intruding from the sub-Arctic whose source 
waters have already undertaken denitrification, resulting in an excess 
PO4 relative to NO3

− (Harrison and Li, 2007; Fennel, 2010; Sherwood 
et al., 2021), and (2) the SAB shelf region has more direct interactions 
with the oligotrophic Gulf Stream and has limited riverine inputs 
(Andres et al., 2023). Specific N uptake rates were significantly higher 
in the MAB than the SAB (p < 0.05), showing a positive correlation 
with ambient P concentrations (r = 0.31, p < 0.05, Figure  12). This 
result suggests a N-P synergy, such that increased P availability 
enhances phytoplankton’s ability to assimilate and utilize available N, 
as has been observed in the northern Gulf of Mexico (Turner and 
Rabalais, 2013); whereas when P is limited, organisms may not be able 
to utilize available nitrogen as efficiently, leading to lower apparent 
nitrogen uptake rates.

FIGURE 8

Plots of (A–C) stacked N uptake rates, (D–F) the fraction of total N uptake contributed by the various N species measured, and (G–I) corresponding 
particulate nitrogen (PN, black dots) and Chl a (green dots) concentrations across different regions which delimited by gray lines. MAB, SS, SAB stand 
for Mid Atlantic Bight, Slope Sea, and South Atlantic Bight, respectively. The left, middle, and right panels represent data from surface, above the Chl 
maximum, and Chl maximum depths, respectively. The upper two panels share the same color palette, and each color represents one of the six tested 
N species. DFAA in the color legend stands for dissolved free amino acids. Black dots in the upper panel indicate that incubation was conducted at 
nighttime.
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Under various growth conditions, phytoplankton employ optimal 
allocation strategies, allowing them to allocate N and P to specific 
cellular functions necessary for survival (and growth) and thereby 
offering them some plasticity in their N:P ratios. For example, 
phytoplankton N:P ratios can be  higher when growing under 
competitive equilibrium conditions with resource limitations (e.g., N, 
P, and light) that requires allocating resources to acquisition assembly. 
Conversely, phytoplankton N:P ratios can be lower during exponential 
growth when cell metabolism assembly takes priority (Klausmeier 
et  al., 2004; Armin et  al., 2023). Observations suggest a nuanced 
pattern where fast-growing species, like diatoms, have relatively stable 
but P-rich elemental compositions, while slower-growing species, 
such as cyanobacteria, exhibit more flexible elemental stoichiometry 
(Hillebrand et al., 2013). In addition, at low nutrient concentrations, 
diffusive nutrient transport was found to increase linearly with 
phosphorous concentrations (Armin et al., 2023). In the context of 
this study, diatoms dominated both the MAB and SAB regions, hence 
the demand for P at their fast-growing phase might have been high. 

Consequently, the synergistic response, higher N uptake rates (and 
perhaps growth rates) in the MAB where there was excess P, may have 
been promoted to sustain the increased allocation to biosynthetic and 
photosynthetic molecules. In contrast, severe P stress in the SAB at the 
time of the cruise may have limited N uptake, because the deficiency 
of P can reduce the cell quota of this element and also might impair 
the uptake and decrease cell quota of N (Persson et  al., 2010; 
Hillebrand et al., 2013; Giménez-Grau et al., 2020).

In the oligotrophic Gulf Stream region, the residing phytoplankton 
community has been subjected to prolonged N and P starvation, and 
it exhibited the lowest community-level N uptake. Picocyanobacteria 
are thought to have higher binding affinity for nutrients overall. 
Although, Prochlorococcus, the dominant species in this region, are 
able to regulate high-and low-affinity intracellular P transport systems 
at different P availabilities (Martiny et al., 2006; Lin et al., 2016), under 
the severe nutrient starvation in the Gulf Stream where both N and P 
(and possibly other nutrients) were likely below critical threshold 
values, it was not surprising to observe the lowest N uptake rates as 

FIGURE 9

Spatial distribution of N uptake rates contributed by the six different N species, superimposed with (A–C) in-situ temperature and (D–F) PO4 
concentrations ([PO4]) measured at the surface (upper panels), above the Chl maximum (middle panels), and at the Chl maximum depth (bottom 
panels). The size of each pie in the figure represents the magnitude of the total N uptake, and each colored slice corresponds to one of the six tested N 
species. The color legend is provided in panel (F). Contrasts in temperature and PO4 concentrations among the MAB, SAB, SS, and GS regions are 
observed. The thick black solid line in all panels mark the 200-m isobaths. The black dotted lines in upper panels represent the Gulf Stream Edge.
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their physiology may have already attuned to the nutrient-poor 
pre-condition.

4.2 Phytoplankton community 
composition and nutrient availability

Theoretical studies, culture experiments, and in situ data suggest 
diverse nutrient uptake strategies in phytoplankton populations and 
communities (Litchman et al., 2007; Edwards et al., 2012; Lomas et al., 
2014). The size of phytoplankton cells influences physiological rates 
(e.g., nutrient uptake and growth rates), biotic interactions (e.g., 
grazing) and behaviors (e.g., sinking speed) in the fluid environment 

(Barton et  al., 2013b; Edwards et  al., 2015). Larger cells, such as 
diatoms, tend to have greater maximum uptake rates on a per-cell 
basis (Sarthou et al., 2005; Litchman et al., 2007; Edwards et al., 2011; 
Lomas et al., 2014) and larger nutrient storage capacity (Grover, 1991; 
Stolte and Riegman, 1995; Grover, 2011; Stief et al., 2022). This allows 
them to quickly take up nutrient pulses (Zimmerman et al., 1987) 
and/or store nutrients after brief periods of high supply (Bode et al., 
1997; Stief et  al., 2022), prolonging saturated growth beyond the 
nutrient pulse (Edwards et al., 2013). This explains why large sized 
phytoplankton (e.g., diatoms) are favored/selected under high or 
pulsed nitrate supplies occurring over a relatively long (~2–30 day) 
periods, e.g., during upwelling events (Litchman et al., 2009). Recent 
studies on diatom gene expression patterns suggest diatom can rapidly 

FIGURE 10

Same as Figure 7, but for specific N uptake rates, which are independent from particulate nitrogen concentrations.
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assimilate newly acquired nitrate and reduce carbon requirement to 
support high growth rates (Lampe et al., 2019; Inomura et al., 2023), 
highlighting their physiological adaptation to nutrient replete and 
intermittently replete environments. Consistent with these findings, 
diatoms were the dominant group in phytoplankton assemblages at 
both shelf regions, especially at the depths of Chl maximum, 
coinciding with the top of the nitracline where nutrient diffusivity or 
diapycnal transport usually occurs (e.g., Hales et al., 2009).

Under nutrient-limited conditions, particularly in stratified 
systems, phytoplankton communities rely on reduced/regenerated 
forms of nitrogen for growth (Raimbault et al., 1999; Fawcett et al., 
2011). Gene expression patterns under nitrogen starvation reveal a 
dependence on regenerated nitrogen, with NH4

+ and urea transporters 
highly expressed (Lampe et al., 2019). Smaller phytoplankton cells 
exhibit higher scaled nutrient binding affinities than larger cells, 
allowing them to maintain positive growth rates at lower nutrient 
concentrations (see Figure 1 in Edwards et al., 2012). In subtropical 
gyres with consistent stratification and weak nutrient resupply to 
surface waters, smaller phytoplankton cells can draw down ambient 
nutrient concentrations to critically low levels where larger cells 
cannot survive (Barton et  al., 2013b). Congruent with these 
observations and our hypothesis, Prochlorococcus was found to be the 
dominant species in Gulf Stream surface waters. Thriving in these 
“ocean deserts,” Prochlorococcus demonstrated the capability to deploy 

multiple biochemical strategies simultaneously to use urea (Moore 
et al., 2002; Saito et al., 2014), amino acids (e.g., Zubkov et al., 2003), 
and cyanate (e.g., Kamennaya et  al., 2008). A recent model study 
integrating genomic and molecular datasets detailed the cellular-scale 
optimization of metabolism and physiology in Prochlorococcus (Casey 
et al., 2022).

Synechococcus was ubiquitous across our study region, particularly 
dominant at the shallower euphotic depths (Figures  11D,E). 
Synechococcus is capable of mobilizing ammonium, nitrite, nitrate, 
urea, cyanate, and amino acids to support their growth (Lindell et al., 
1998; Moore et al., 2002; Kamennaya and Post, 2011; Muñoz-Marín 
et al., 2020; Sato et al., 2022). In contrast to Prochlorococcus who lacks 
genes for nitrate uptake and reduction (Moore et al., 2002), the ability 
to assimilate both oxidized and reduced N may reflect their higher 
cellular N requirements, especially given the large, N-rich light-
harvesting protein complexes (phycobilisomes) that must 
be maintained (Scanlan, 2003). This could explain the predominance 
of Synechococcus shallower in the water column (Figures 11D,E) as the 
low light levels at the base of the euphotic zone may not yield sufficient 
energy to reduce oxidized N forms (Van Oostende et al., 2017) and 
transport N and P into outer membrane (Kamennaya et al., 2020). It 
also implies a trade-off or trait that helps to explain their broader 
geographical distribution in waters receiving higher irradiance, 
regardless of nutrient conditions (Partensky et al., 1999).

FIGURE 11

Phytoplankton community composition at the surface water (A,D, left panels), above the Chl maximum (B,E, middle panels), and Chl maximum depths 
(C,F, right panels) in four distinct regimes separated by the gray solid lines, including Mid-Atlantic Bight (MAB), Slope Sea (SS), South Atlantic Bight (SAB), 
and Gulf Stream. The total stacked bar length in upper panels represent the total Chl a concentrations, and the composition graph in lower panels 
reflects the relative contributions of different phytoplankton groups to total Chl a determined from CHEMTAX assessment of diagnostic pigments.
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Haptophytes (Type 8) were the dominant group of pico-
eukaryotes (Figure 11) and comprised nearly 50% of the total Chl a at 
the depth of Chl maximum in the Gulf Stream (Figure 11F). This 
pattern is consistent with observations from oligotrophic areas where 
haptophytes (Type 8) occupied niches characterized by elevated mean 
nitrate and phosphate concentrations but low mean temperature and 
irradiance (Xiao et al., 2018). Studies also noted that diatoms and 
haptophytes competitively interact in natural environments 
(Alexander et  al., 2015b). Ecologically, diatoms are generally 
r-strategists, characterized by rapid growth rates under suitable 
conditions. In contrast, haptophytes are likely K-strategists, 
characterized by slow growth rates (Endo et al., 2018). This distinction 
is further supported by a metatranscriptomic study in an oligotrophic 
ocean (Alexander et al., 2015b), where diatoms increased growth-
related transcriptional activity under nutrient-rich conditions and 
haptophytes decreased. Our findings corroborate this pattern, with 
low diatom but high haptophyte abundances (Type 8) at the depth of 
the Chl maximum in the Gulf Stream (Figure 11F).

4.3 Correlations between N uptake rates 
and environmental factors

The influence of light, temperature, nutrient availability, and 
their interactions on primary producers are critical factors in 

shaping phytoplankton communities and associated biogeochemical 
processes (MacIsaac and Dugdale, 1972; Edwards et al., 2015, 2016; 
Maguer et  al., 2015). In general, the North Atlantic region 
experiences N limitation (Graziano et al., 1996). Several studies 
have reported uptake rates for various nitrogen compounds, 
including NO3

− (Elskens et al., 1997; Rees et al., 2006; Painter et al., 
2008b), urea (e.g., Painter et al., 2008a), NH4

+ (Rees et al., 1999; 
Donald et al., 2001; Rees et al., 2006), and NO2

−/amino acids (e.g., 
Fuhrman, 1987; Filippino et  al., 2011), across a wide space of 
Atlantic Ocean. In addition, through WOCE and JGOFS 
expeditions, Harrison et  al. (1996) examined N uptake kinetics 
across the northern Atlantic and found the uptake of NO3

− and 
NH4

+ by phytoplankton were both concentration-and temperature-
dependent. Reay et al. (1999) found that phytoplankton’s affinity for 
NO3

− was indeed strongly dependent on temperature and 
consistently decreased at temperatures below their optimum 
temperature, however, the affinity for NH4

+ showed no clear 
temperature dependence. Subsequently, Smith et  al. (2009) 
suggested that nutrient uptake patterns of phytoplankton are better 
explained as a trade-off between uptake capacity and affinity, and 
that phytoplankton cells acclimate to varying nutrient 
concentrations, modifying their apparent half-saturation constants 
for nutrient uptake. It is now understood that the uptake rates of 
nutrients is a manifestation of phytoplankton physiological state 
and demonstrate a degree of plasticity (Kwon et al., 2022).

FIGURE 12

Heatmap of correlation coefficients among N uptake rates and environmental factors including temperature, salinity, ambient nutrient concentrations 
([PO4], [NO3

−], [NO2
−], [NH4

+], [DFAA], [Cyanate]), chlorophyll concentrations, particulate nitrogen [PN], and phytoplankton species (in %). Total N_R, 
NO3_R, NO2_R, NH4_R, urea_R, AAs_R, Cyanate_R stands for the uptake rate of total nitrogen, nitrate, nitrite, ammonium, urea, amino acids, and 
cyanate, respectively. DFAA stands for dissolved free amino acids.
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FIGURE 13

Redundancy analysis (RDA) plot showing the correlations between response variables (N uptake rates, indicated by orange arrows) and a set of 
explanatory variables (lavender vectors), including temperature (Temp), salinity, ambient nutrient concentrations ([phosphate], [nitrate], [nitrite], 
[ammonium], and [DFAA]), Chl and PN concentrations ([Chl], [PN]), and phytoplankton community composition including diatoms (Diatom), 
dinoflagellates (Dino), haptophytes [Type 8; Hapt(T8)], haptophytes [Type 6; Hapt(T6)], chlorophytes (Chlo), cryptophytes (Cryp), Prochlorococcus 
(Proc), Synechococcus (Syne), and prasinophytes (Pras). The dark purple dots indicate observations (a total of 56 after excluding data with NaNs). Note 
that urea was not included due to undetectable concentrations, and ammonium was not shown in the plot due to its small vector size. Total uptake, 
NO3_R, NO2_R, NH4_R, Urea_R, DFAA_R, Cyanate_R stands for the uptake rate of total nitrogen, nitrate, nitrite, ammonium, urea, amino acids, and 
cyanate, respectively. DFAA stands for dissolved free amino acids.

Using both pair-wise correlations (Heatmap) and multivariate 
statistical analysis (redundancy analysis, RDA), we found that both 
temperature and salinity exhibited negative correlations with total N 
uptake and uptake rates of individual N compounds, whereas PN and 
Chl concentrations were positively correlated with total N uptake and 
uptake rates of individual N compounds (Figure 12). There was no 
significant relationship between NO3

− concentrations and total N 
uptake or between NO3

− concentrations and the uptake rates of other 
N compounds in the study area. PO4 concentrations showed positive 
correlations with the total N uptake and the uptake of individual N 
compounds, supporting the earlier suggestion that elevated P 
concentrations contribute to higher N uptake rates through synergistic 
effect or N-P co-limitation. In addition, distinct patterns were 
observed between phytoplankton species compositions and 
environmental factors. For example, there were negative correlations 
between temperature and salinity and the abundances of diatoms and 
pico-eukaryotes, but positive correlations between temperature and 
salinity and Prochlorococcus and Synechococcus fractions, 
corroborating what we  know about these groups’ physiological 
preferences. Synechococcus dominance also showed (weak) positive 
correlations with cyanate uptake rates, highlighting this organisms 
capability to use cyanate as a nitrogen source, a pattern also observed 
in the North Pacific subtropical gyre (Sato et al., 2022).

In the RDA plot (Figure 13), the first RDA axis (RDA 1) captured 
nearly 95% of the variability related to the explanatory variables. The 
coefficient of RDA 1 for total N uptake was 0.93. Temperature, salinity, 
and Prochlorococcus exhibited the highest negative correlations (r < −0.6) 

with total N uptake, and this was particularly pronounced in observations 
made in the Gulf Stream. As discussed in section 4.2, elevated 
temperatures can lead to strong stratification, limiting nutrient resupply 
and availability. Prochlorococcus is well adapted to nutrient-poor 
environments, exhibits inherently low nitrogen uptake rates.

PN, phosphate, dinoflagellates, prasinophytes, and cryptophytes 
demonstrated the highest positive correlations (r > 0.5) with total N 
uptake. It remains unclear why dinoflagellates and cryptophytes 
exhibited stronger correlation with N uptake than diatoms, despite not 
being the dominant species. This analysis reinforces the notion that 
phosphorus serves as the secondary or co-limiting factor, particularly 
in the SAB and MAB. For individual N uptake rates, ammonium and 
cyanate uptake rates showed negligible correlations with any measured 
variables (although absolute cyanate uptake rates were ubiquity low). 
Correlations with the remaining individual N uptake rates were 
obvious but insignificant, further indicating that uptake processes are 
complex and influenced by phytoplankton physiological status, 
nutrient pre-conditioning, and the relative rates of nutrient resupply.

5 Conclusion

This study examined the spatial distribution of summertime 
phytoplankton communities and N uptake rates across a large 
geographical area with extremely heterogenous physical and chemical 
structure of the water column. The dynamic nature of the marine 
environment shapes the structure of the phytoplankton community, 

216

https://doi.org/10.3389/fmicb.2024.1380179
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Zhu et al. 10.3389/fmicb.2024.1380179

Frontiers in Microbiology 19 frontiersin.org

selecting for phytoplankton with physiological traits amenable to the 
biogeochemical conditions of the environment, who then reshape the 
biogeochemical environment. As hypothesized, we  observed that 
diatoms were more abundant and occupied niches in coastal and 
offshore waters in the MAB and SAB. In contrast, Prochlorococcus was 
dominant in the Gulf Stream, likely due to nutrient impoverishment 
and light availability. Higher concentrations of inorganic phosphorus 
were linked to higher total N uptake rates in the MAB, congruent with 
observations that N is the primary limiting nutrient in the North 
Atlantic region, and phosphorus is the secondary or co-limiting 
nutrient. Nitrate and urea uptake rates together contributed ~50% of 
the total community N uptake. Cyanate uptake rates were low across 
the study region but could be up to 11% of the total N uptake at some 
stations within Gulf Stream. The N uptake rates, and hydrographic 
and biogeochemical measurements made here will help parameterize 
biogeochemical models for this region.
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Estuarine mangrove niches select 
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metabolic potentials—a 
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Introduction: Biological nitrogen fixation (BNF), an unparalleled metabolic 
novelty among living microorganisms on earth, globally contributes ~88-101 Tg 
N year−1 to natural ecosystems, ~56% sourced from symbiotic BNF while ~22-
45% derived from free-living nitrogen fixers (FLNF). The success of symbiotic 
BNF is largely dependent on its interaction with host-plant, however ubiquitous 
environmental heterotrophic FLNFs face many limitations in their immediate 
ecological niches to sustain unhindered BNF. The autotrophic FLNFs like 
cyanobacteria and oceanic heterotrophic diazotrophs have been well studied 
about their contrivances acclimated/adapted by these organisms to outwit 
the environmental constraints for functional diazotrophy. However, FLNF 
heterotrophs face more adversity in executing BNF under stressful estuarine/
marine/aquatic habitats.

Methods: In this study a large-scale cultivation-dependent investigation was 
accomplished with 190 NCBI accessioned and 45 non-accessioned heterotrophic 
FLNF cultivable bacterial isolates (total 235) from halophilic estuarine intertidal 
mangrove niches of Indian Sundarbans, a Ramsar site and UNESCO proclaimed 
World Heritage Site. Assuming ~1% culturability of the microbial community, the 
respective niches were also studied for representing actual bacterial diversity via 
cultivation-independent next-generation sequencing of V3-V4 rRNA regions.

Results: Both the studies revealed a higher abundance of culturable 
Gammaproteobacteria followed by Firmicutes, the majority of 235 FLNFs 
studied belonging to these two classes. The FLNFs displayed comparable 
selection potential in media for free nitrogen fixers and iron-oxidizing bacteria, 
linking diazotrophy with iron oxidation, siderophore production, phosphorus 
solubilization, phosphorus uptake and accumulation as well as denitrification.

Discussion: This observation validated the hypothesis that under extreme 
estuarine mangrove niches, diazotrophs are naturally selected as a specialized 
multidimensional entity, to expedite BNF and survive. Earlier metagenome data 
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from mangrove niches demonstrated a microbial metabolic coupling among C, 
N, P, S, and Fe cycling in mangrove sediments, as an adaptive trait, evident with 
the co-abundant respective functional genes, which corroborates our findings 
in cultivation mode for multiple interrelated metabolic potential facilitating BNF 
in a challenging intertidal mangrove environment.

KEYWORDS

biological nitrogen fixation, free-living heterotrophic diazotroph, estuarine mangrove 
ecosystem, Indian Sundarbans, stringent narrow niche, multidimensional 
specialization

1 Introduction

Biological N2 fixation (BNF; i.e., diazotrophy) is an important 
metabolic pathway that occurs in living organisms and contributes 
~88–101 Tg N year−1 to global natural ecosystems (Davies-Barnard 
and Friedlingstein, 2020). Symbiotic diazotrophs contribute ~56% 
while free-living N2 fixers (FLNF) contribute ~22–45% of it (Davies-
Barnard and Friedlingstein, 2020). Autotrophic cyanobacteria (blue-
green algae) are well-known FLNF. However, non-cyanobacterial 
diazotrophic bacteria and archaea, which are eco-physiologically 
variable and ubiquitous in natural habitats, also have a high potential 
to contribute to global BNF. Being largely dependent on heterotrophic 
nutrition, these diazotrophs are categorized as heterotrophic 
diazotrophs (Bombar et al., 2016). Based on metagenome data on 
diazotrophic populations from open oceans and seas, heterotrophic 
diazotroph non-cyanobacteria are more widespread than diazotrophic 
cyanobacteria (Delmont et  al., 2022), belonging to wide-ranging 
bacterial taxa (comprising Alphaproteobacteria, Betaproteobacteria, 
Deltaproteobacteria, Gammaproteobacteria, and Firmicutes) 
(Smercina et al., 2019).

In natural ecosystems, symbiotic and non-symbiotic diazotrophs 
face similar constraints that limit BNF efficiency as well as factors that 
positively regulate BNF activity (Smercina et al., 2019; Yang et al., 
2022). Among the limitations, individual deficiencies or 
co-deficiencies of Mo, Fe, P, or V in microhabitats primarily decrease 
BNF, while increased P, Fe, Mo, and V availability increase BNF 
(Smercina et al., 2019). Mo supplementation in multiple locations 
(from tropical forests to boreal environments) increased FLNF, while 
N supplementation completely suppressed FLNF (Dynarski and 
Houlton, 2018). Additionally, during BNF, Fe/P use efficiencies under 
P limitation or Fe/P co-limitation were improved by environmental 
sensing mechanisms in the marine diazotrophic cyanobacterium 
Crocosphaera watsonii (Yang et  al., 2022). On the other hand, 
bioavailable N (in the form of ammonium, glutamine, glutamate, or 
nitrate) decreased FLNF-mediated BNF by downregulating the nifA 
gene (which encodes a nif-specific regulatory protein) without 
affecting the activity of already-synthesized nitrogenase (the unique 
essential enzyme of BNF) in most diazotrophs (Smercina et al., 2019). 
N limitation was a pre-requisite for maintaining diazotrophy in 
surface waters, with physiological feedback inhibition of nitrogenase 
by dissolved inorganic N (such as ammonium or nitrate) causing 
non-diazotroph overpopulation (Mills et  al., 2004). In addition, 
despite the dynamic status of rhizospheric O2 or dissolved O2 (DO) in 
waterbodies, nitrogenase activity in aerobic organisms is often 
suppressed at high O2, as O2 irreversibly inhibits nitrogenase 
(Smercina et al., 2019). For heterotrophic FLNF, available C sources 

are also crucial for BNF. BNF is an energetically expensive process, 
heavily dependent on available ATP and its subsequent expenditure. 
Ideally, 16 ATPs need to be invested per N2 and 2H+ reduced to 2NH3 
by nitrogenase (Rascio and La Rocca, 2008). Thus, because of its high 
energy cost, BNF is only induced in the absence/depletion of all 
bioavailable N forms (Rascio and La Rocca, 2008). At the rhizospheric 
level, plant root exudates (including sugars, organic acids, and 
mucilage) or overall soil organic C content, can act as C sources for 
heterotrophic FLNF (Smercina et al., 2019). BNF by heterotrophic 
FLNF was positively associated with total organic C content (Smercina 
et al., 2019; Geisler et al., 2022), but non-diazotrophs may outcompete 
these heterotrophic FLNF in C- and N-replete niches (Sun et  al., 
2020). Also, the relative abundance of the nifH gene (which encodes 
the iron protein subunit of nitrogenase) in native niches was negatively 
associated with total N or total organic C content in the niche, 
indicating loss of the diazotrophic function in niches with high C and 
N availability (Sun et al., 2020).

FLNFs have evolved several biochemical/metabolic strategies to 
overcome adverse factors to continue cellular BNF uninterrupted. 
Under P limitation, diazotrophs upregulate pstS (which encodes a 
high-affinity phosphate transporter) and shift to using soluble P by 
upregulating phoA/B and phoX (to produce alkaline phosphatases) 
(Yang et al., 2022; Zhu et al., 2023). Fe limitation in diazotrophic 
photosynthetic cyanobacteria downregulates Fe-rich photosystem 
I  protein complexes, upregulates the chlorophyll-binding Fe-free 
protein IsiB (which forms light-harvesting antennae), and replaces the 
Fe-containing ferredoxin with the Fe-free flavodoxin IsiB for 
photosynthetic electron transfer (Yang et al., 2022; Zhu et al., 2023). 
The diazotrophic cyanobacterium Crocosphaera sp. overcomes Fe 
limitation by ensuring diurnal photosynthesis and nocturnal BNF, 
judiciously shuttling cellular Fe for the synthesis of Fe proteins 
required for both these metabolic processes (Yang et al., 2022). In 
addition, it adopts a strategy of rapid growth, reduced cell size, and a 
resource-competent phenotype in response to Fe/P co-limitation 
(Yang et  al., 2022). In filamentous free-living cyanobacteria, 
nitrogenase, which is sensitive to O2, is produced in O2-impermeable 
heterocysts, which thereby spatially separates nitrogenase from O2-
evolving photosynthesis (Kumar et  al., 2010). In unicellular 
Crocosphaera watsonii, nifH expression peaks at night, protecting 
nitrogenase from the O2 produced in daytime photosynthesis (Bombar 
et al., 2016). Marine diazotrophs may conduct BNF under high O2 by 
synthesizing extracellular organic polymer matrices to produce a 
pellicle-like structure or alginate capsule around their cells, as 
observed for non-marine Pseudomonas spp. and Azotobacter vinlandii 
(Bombar et al., 2016). Marine diazotrophs also form large aggregates 
of cells (>1 mm in diameter) as an innovative strategy to create low-O2 
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microhabitats near the center of the aggregates (Bombar et al., 2016; 
Geisler et al., 2022). These aggregates are typified by high labile C 
(originating from the hydrolysis of the aggregates’ polysaccharide 
matrix) and N limitation (Geisler et  al., 2022). Rhizospheric soil 
texture also influences BNF. BNF increases in rhizospheric soils with 
greater clay content, and >70% of the FLNF populations are located in 
micro-aggregates of soil particles (>50 mm in diameter). Clay soils 
(compared to sandy soils) supported nitrogenase activity to a greater 
degree by shielding FLNF microhabitats from external O2 (Gupta and 
Roper, 2010; Smercina et  al., 2019). In addition, regarding other 
relevant metabolic adaptations, several heterotrophic FLNF have 
evolved the following metabolically diverse pathways (besides aerobic 
respiration) to gain ATP for energy-demanding BNF: anoxygenic 
photosystem II, thiosulfate oxidation, dissimilatory nitrate reduction 
to ammonia, and dissimilatory sulfate reduction (Delmont et  al., 
2022). Even acidophilic lithoheterotrophic diazotrophic iron-
oxidizing bacteria (IOB; such as Acidithiobacillus ferrooxidans, 
Thiobacillus ferrooxidans, and Leptospirillum ferrooxidans) have been 
reported (Norris et al., 1995; Parro and Moreno-Paz, 2004). Nitrate-
reducing ferrous iron oxidation under both aerobic and anaerobic 
conditions indicates that denitrification is coupled with ferrous iron 
oxidation in these lithoheterotrophic IOB (which comprise up to 0.8% 
of all nitrate-reducing microbes) (Straub et al., 2001). Intriguingly, 
denitrification using NO3, NO2, or N2O as the terminal electron 
acceptor has been observed among heterotrophic diazotrophs 
(including Pseudomonas spp., Azospirillum spp., Bradyrhizobium spp., 
Rhizobium spp., and Rhodopseudomonas spp.) (Chan, 1985). This 
enigmatic co-occurrence of BNF and denitrification is advantageous 
for diverse heterotrophic diazotrophs in high-nitrate, low-O2 oceanic 
niches (Reeder, 2021; Reeder et al., 2022).

The intertidal mangrove ecosystem is a complex dynamic 
nutrient-limited ecosystem, largely influenced by the tidal flooding 
frequency, temperature, solar radiation, salinity, sediment texture, soil 
chemistry, and above all, fluctuating compositions of native nutrient-
cycler microbial communities. Intertidal non-rhizospheric and 
rhizospheric niches in mangroves are often N-, P-, and Fe-deficient 
anoxic niches rich in sulfides (Alongi et al., 1992, 2002; Alongi, 2010; 
Reef et al., 2010; Almahasheer et al., 2016). In the presence of O2, 
reactive iron binds to inorganic P, which is adsorbed to the sediment, 
limiting P availability and decelerating P release from sublittoral 
sediments (Alongi, 2010; Reef et al., 2010). Iron is also precipitated (in 
forms such as pyrite) with free sulfides, creating an iron-limited 
environment (Alongi, 2010). The high denitrification rates remove the 
nitrate and nitrite pools from the intertidal niches, while concurrent 
high ammonification and BNF rates lead to simultaneous ammonia-N 
enrichment (Alongi et  al., 2002; Reef et  al., 2010). NH4

+ is the 
dominant N-form in mangrove soils because of higher rates of 
ammonification to other N transformation processes existing in 
mangrove sediments (Reef et  al., 2010; Alongi, 2013, 2020). In 
addition, ammonium adsorption to the sediments decreases due to 
the higher affinity of other seawater cations to be adsorbed, resulting 
in the free ammonium-N being the principal available form of N in 
mangrove shoreline environments (Reef et al., 2010). In mangrove 
niches, a more or less balanced N-budget (Alongi et al., 1992; Alongi, 
2020) was demonstrated where net immobilization of NH4

+ in 
organic-N was found to be the largest, estimated as the difference 
between gross and net ammonification and nitrification and the 
maximum of N being stored in sediments. Denitrification occurs 

mostly from surface soils (5–20 cm) and is the largest loss of N, 
equating to 10–35% of total N input (Alongi, 2013, 2020) while BNF 
is found to be ≤5% of total N input (Alongi, 2013). In deep intertidal 
sediments (~1 m deep), sulfate-reducing bacteria reduce Fe to forms 
that are unsuitable for binding to P, leaving some soluble P available. 
Nevertheless, in deep anoxic rhizospheric sediments (~1 m deep), 
sulfate reduction coincides with active BNF, in addition to the BNF 
observed in shallow rhizospheric sediments (~5–20 cm deep) (Alongi 
et  al., 2002; Reef et  al., 2010). In addition, a high BNF rate via 
diazotrophs was also observed from the surface of logs, barks, tree 
stems, cyanobacterial mats, aboveground roots, fresh and senescent 
leaves, and litter (Alongi, 2013, 2020).

In such a complex niche of high stringency and dynamicity, the 
following three variable N transformation pathways may operate: net 
denitrification (depending on nitrate and nitrite availability) including 
anaerobic ammonium oxidation, net ammonification (by microbial 
decomposers acting on organic N of the detritus/litter pool or 
dissimilatory reduction of nitrates), and net active BNF (at both near-
surface and deeper regions of rhizospheric and non-rhizospheric 
niches in intertidal mangrove habitats and other associated micro-
niches referred to earlier) (Reef et al., 2010; Alongi, 2013, 2020).

This present study is centered on estuarine intertidal mangrove 
niches of Indian Sundarbans, a Ramsar site1 and UNESCO-proclaimed 
World Heritage Site.2 Indian Sundarbans mangrove niche exhibited a 
pattern of N-cycling very similar to mangrove sediments reported 
worldwide (Ray et al., 2014). The surface sediment (up to 60 cm depth) 
exhibited the highest availability of ammonium-N, followed by 
nitrates and nitrite-N, ammonium being 12–18 times more abundant. 
Sediment pore water also possessed ammonium-N as the most 
abundant N form. BNF in sediments was found to be  heavily 
dependent on diazotrophic bacteria, which showed higher BNF 
activity in October and April. Indian Sundarbans sediments are 
reported to be similarly N-deficient as observed across the study sites 
in Prentice, Lothian, Eco Camp, Bonnie camp, and Halliday island, 
having stored N-content even lower than those of mean marine 
sediments and Australian mangrove sediments (Ray et al., 2014). The 
characteristic traits of N-budget in Sundarban mangrove estuarine 
ecosystem can be stated as follows: (1) it acts as a sink for atmospheric 
N indicating net N biosphere-atmosphere exchange of different N 
forms; (2) it acts as a potential store for N-forms in sediments via 
absorption from tidal fluxes, retaining only 0.2% of the annual riverine 
transport; (3) major available N-sources are recycled within the 
biomass, sediments, litters, and atmosphere and the loss of N was 
found to be 22–23% of the inputs from the external sources; (4) BNF 
by diazotrophic bacteria (autotroph or heterotroph) had been an 
integral part of this N-cycling process in sediments (Ray et al., 2014).

The eastern part of Indian Sundarbans is protected under the 
Sundarbans Tiger Reserve3 and except for the campsites, other core 
areas are not accessible to researchers. Therefore, this study was 
restricted to the intertidal study sites of only the western part of the 
Indian Sundarbans for sediment core collections and evaluation of 
associated sedimentary geochemistry and prevailing hydrology along 
with both cultivation-dependent and cultivation-independent 

1 https://rsis.ramsar.org/ris/2370?language=en

2 https://www.unesco.org/en/mab/sunderban

3 https://sundarbantigerreserve.org/
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bacterial profiles in the sediments. In a cultivation-dependent analysis, 
we  isolated 299 bacterial isolates [all accessioned in the National 
Center for Biotechnology Information (NCBI) database] and 45 
non-accessioned isolates from below-ground estuarine mangrove 
niches from 2015 to 2020. The 299 accessioned bacterial isolates 
comprised 78 endophytes from mangrove root/pneumatophore 
endospheres (MRPE), 90 isolates from halophytic native grass 
rhizospheres in mangrove habitats (HNGR), 84 isolates from mangrove 
species rhizospheres (MR), and 47 isolates from cultivated rice 
rhizospheres (CRR) near Indian Sundarbans shoreline mangrove 
fringes (Supplementary Data). In settlement villages in the Indian 
Sundarbans, nearby lowland cultivated rice fields are juxtaposed with 
the shoreline mangrove fringes; they are almost confluent with the 
mangroves and are transitional regarding many parameters. CRRs have 
a high probability of having an estuarine mangrove niche edge effect. 
MRPE are hubs of endophytes that migrate from mangrove intertidal 
rhizospheric niches, epitomizing the root–rhizosphere interaction 
continuum. Hence, in addition to MR and HNGR, which are integral 
intertidal niches of estuarine mangrove habitats, we considered MRPE 
and CRR as relevant sources of culturable heterotrophic FLNF.

However, this cultivation-dependent study represented only 1% 
of the actual bacterial community composition for a particular niche 
(Bakken, 1997; Vieira and Nahas, 2005; Martiny, 2019). Hence, 
simultaneous cultivation-independent analyses of 16S rRNA gene 
abundances for the sediment cores were also undertaken from the 
HNGR, MR, and CRR study sites to demonstrate existing actual 
bacterial diversity and abundances (within 1–37%). This Next 
Generation Sequencing (NGS) of 16S rRNA profiling was based on 
using the primer pair 341F-785R (V3-V4) that was reported to work 
more efficiently over other short amplicons targeting different variable 
regions (V-regions) of 16S rRNA such as V1–V2, V1–V3, V4, V4–V5, 
V6–V8, and V7–V9 irrespective of the reference databases and 
bioinformatic settings on taxonomic assignment used (Klindworth 
et al., 2013; Thijs et al., 2017; Rausch et al., 2019; Abellan-Schneyder 
et al., 2021; Katiraei et al., 2022). The primer pair 341F-785R from the 
V3-V4 region was found to represent an unbiased concurrent highest 
coverage of all operational taxonomic units (OTUs) under the domain 
Bacteria (96.1%), across several microbiomes like human gut 
microbiome (Abellan-Schneyder et  al., 2021), for soil and plant-
associated bacterial microbiomes (Thijs et al., 2017) and 10 different 
holobiont microbiomes ranging from basal aquatic metazoans to 
marine and limnic cnidarians, standard vertebrate and invertebrate 
model organisms to Homo sapiens in addition to the representative 
plant model species wheat (Rausch et al., 2019). These findings formed 
the basis of available commercial kits for 16S rRNA profiling analysis 
using the V3-V4 primers for PCR amplicon generation (López-Aladid 
et al., 2023).

We hypothesize that the stringent narrow parameters of intertidal 
mangrove niches of Indian Sundarbans may select for native 
heterotrophic FLNFs with co-occurring diverse metabolic functions 
that could aid the BNF process, and may represent a strategy to 
overcome adversities and thereby maintain BNF uninterrupted. Our 
objective was to analyze all the developed cultivable bacterial isolates 
(299 accessioned and 45 non-accessioned isolates as mentioned 
earlier), selected in abiotically stressed/nutrient-constrained estuarine 
mangrove niches, and screen them initially for their BNF attributes 
and subsequently evaluate them for their multiple interrelated primary 
BNF-facilitating metabolic functions like P solubilization, siderophore 

production, iron oxidation, denitrification, soluble P uptake, and 
poly-P accumulation under optimal laboratory conditions. The 
co-occurrence of all these functions if observed in many isolates in 
this study, may not indicate a chance phenomenon, rather it could 
validate our above-stated hypothesis.

2 Materials and methods

2.1 Sampling of estuarine mangrove 
sediments and mangrove species roots/
pneumatophores from different study sites

Sediment cores (30 cm long and 4 cm wide) from depths of 
0–15 cm and 15–30 cm were collected from 13 sites (5–25 per site) of 
the western part of the Indian Sundarbans. There were four sediment 
types: mangrove species rhizospheres (MR), halophytic native grass 
(such as Porteresia coarctata, Myrostachya wightiana, Sporobolus 
virginicus, and Paspalum vaginatum) rhizospheres in mangrove 
habitats (HNGR), cultivated rice rhizospheres near mangrove habitats 
(CRR), and mangrove non-rhizosphere sediments (MNR) 
(Supplementary Data). The name of the sites and their location 
co-ordinates are detailed (Supplementary Data) as well as a map of the 
sites/points sampled has been included in the Supplementary Figure S1. 
However, analyses described in this study were mainly limited to the 
surface sediments (0–15 cm). Segments of roots and pneumatophores 
of several mangrove and mangrove-associate species were also 
collected from the referred study sites (Supplementary Data; 
Supplementary Figure S1) The samples were brought to the laboratory 
in sterile bags maintained at 4°C for analysis. Composite soil samples 
were obtained from depths of 0–30 cm for each of the four sediment 
types, and the samples were then subjected to next-generation 
sequencing (NGS) of the V3–V4 region of the 16S rRNA.

2.2 Physical and nutrient parameters of 
sediments

Electrical conductivity (Chemiline CL250, Labline Technology 
Pvt. Ltd., Ahmedabad, India) (Janzen, 1993; Rhoades, 1996), pH 
(HANNA HI98319), temperature (HANNA Soil Test HI98331), and 
soil texture estimations (sand%, silt%, and clay%) (Kettler et al., 2001) 
were majorly assessed from 0–15  cm sediment cores. Next, 
exchangeable Na+ and K+ contents were measured by subjecting 
air-dried soil to extraction with 1 N ammonium acetate solution (pH 
7.0) followed by incubation for 24 h for Na+ and K+ assessment using 
a flame photometer (Frontline, India) calibrated with 0–100 mg L−1 
standard NaCl and KCl solutions (Toth and Prince, 1949). Organic C 
was measured using the acidified dichromate digestion method (Datta 
et al., 1962). Ammonia-N was extracted from the soil using 2 M KCl 
(Dorich and Nelson, 1983) and assessed using the phenate method 
(Park et  al., 2009). Soluble P was extracted from the soil using a 
modified Morgan solution (McIntosh, 1969) and quantified using the 
molybdenum blue method (Krishnaswamy et al., 2009). Nitrate-N was 
extracted from the soil (Dorich and Nelson, 1983) and quantified 
using ultraviolet spectroscopy (Edwards et  al., 2001). All these 
methods were based on spectrophotometry using a SmartSpec Plus 
spectrophotometer (Bio-Rad, CA, United States).
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2.3 On-site hydrology assessment

The sites of on-site hydrology assessment are mentioned in 
Supplementary Data and Supplementary Figure S1. The salinity and 
pH of riverine water samples were tested using HANNA HI98319 and 
HI98107 portable meters, respectively. The salinity tester was 
calibrated using a 35.00 ppt (parts per thousand) calibration solution, 
while the pH meter was calibrated using pH 4.01 and pH 7.01 buffer 
solutions as per the manufacturer’s instruction before taking sample 
readings. Water samples’ turbidity was measured using the HANNA 
HI 98703 portable Turbidimeter. This instrument measures turbidity 
in the Nephelometric Turbidity Unit (NTU). This meter was calibrated 
as per the manufacturer’s manual using a four-step method with 
provided calibration solutions of 0.10 NTU, 15 NTU, 100 NTU, and 
750 NTU. Instruments were calibrated every time before taking any 
measurements to ensure accurate results. The dissolved oxygen levels 
of water samples were measured using the HANNA HI914604 
portable dissolved oxygen meter. The two-step calibration method 
(zero calibration, 0%, and slope calibration, 100%) was performed to 
calibrate the DO meter as per the manufacturer’s protocols.

2.4 Isolation via differential selection, 
identification, and colony-forming unit 
estimation of culturable native nutrient 
cycler bacteria

To isolate mangrove root endophytic bacteria from mangrove 
root/pneumatophore endospheres (MRPE), roots and pneumatophores 
were washed with tap water, cut into small pieces (2–5 mm) with a 
sterile blade, surface sterilized with 0.1% HgCl2, and inoculated in 
lysogeny broth overnight at 37°C (Boruah, 2020). The enriched 
culture was spread on YMI stringent minimal medium, i.e., iron-
oxidizing bacteria (IOB) selection medium (IOM), to select IOB 
(Ghosh et al., 2014). The enriched culture was also spread on FLNF 
selection medium (FLNFM) (Thatoi et al., 2012) simultaneously to 
select for FLNF. The selected single colonies were tested for purity by 
Gram staining (Bartholomew and Mittwer, 1952; Fall, 2000).

Similarly, to isolate bacteria from the four sediment types, serially 
diluted soil samples from 0 to 15 cm sediment cores were plated on 
IOM or FLNFM to establish pure cultures, which were repeatedly 
streaked onto the same media to confirm the metabolic identity as 
IOB or FLNF.

Genomic DNA was isolated (Moore et al., 1999,  2004; Mahansaria 
et al., 2015) from selected pure cultures from the CRR, MR, HNGR, 
MNR, and MRPE groups. Next, PCR amplification of partial 16S rRNA 
(1.5 kb amplicon size) was carried out using a standard procedure 
involving universal primers 27F and 1492R (Frank et  al., 2008; 
Galkiewicz and Kellogg, 2008). The amplicons were partially 
sequenced. The sequences were then subjected to BLAST search 
(using blastn suite of NCBI) for identification. They were then 
submitted to the NCBI database and granted accession numbers by 
NCBI (Supplementary Data).

For CFU estimation of various nutrient cyclers in the sediments, 
1 g soil was suspended in 10 mL sterile physiological saline (0.85% 
NaCl), serially diluted up to 105 times, and plated onto the following 
differential growth selection media for incubation for 8–10 days at 
30–32°C: media for ammonifying bacteria (AB) (Rakshit et al., 2017), 

nitrifying bacteria (NB) (Elbanna et  al., 2012), and denitrifying 
bacteria (DB) (Wu et  al., 2013), NBRIP medium for phosphate-
solubilizing bacteria (PSB) (Nautiyal, 1999), and Jensen’s medium for 
FLNF (Sahadevan et al., 2016).

2.5 Iron oxidation assay

Both IOM and FLFNM selected isolates (IOBs already repeatedly 
selected on IOB stringent minimal medium of Ghosh et al., 2014) 
were inoculated in the same medium at a pH of 6.0 (maintained 
throughout by 10 mM 2-(N-morpholino)ethanesulfonic acid (MES) 
buffer) in YMI broth with added 100 mg L−1 NO3

−-N. The isolates were 
left to grow anoxically (using liquid paraffin oil on top of the broth) at 
an initial DO of 0.05 mg L−1 or aerobically at an initial DO of 
6.85 mg L−1, undisturbed at 37°C. The IOB isolates were evaluated for 
iron oxide formation under both aerobic and anoxic conditions with 
100 mg L−1 NO3

−-N being added to the stringent minimal IOM at pH 
6.0 to observe nitrate-dependent oxidation of ferrous iron under both 
aerobic and anaerobic conditions, which has been reported for DB 
(Straub et al., 2001). Fe3+ produced by the isolates in the medium was 
confirmed by adding 1 M ammonium thiocyanate solution in a 3:1 
(v/v) ratio, which led to a brick-red precipitate (often within 15 min). 
The number of days required to detect Fe3+ (via oxidation of Fe2+) was 
recorded. DO levels were measured using a HANNA DO meter 
(model HI9146-04). The DO meter calibration was performed as per 
the manufacturer’s protocols and also detailed for this assay in the 
Supplementary material.

2.6 Acetylene reduction assays for the 
function of nitrogenase

Bacterial isolates repeatedly selected on FLNFM were inoculated 
in another nitrogen-free FLNFM (Watanabe et al., 1979; Baldani et al., 
2014) at pH 7.0 and incubated for 72 h at 30°C. Next, 100 μL of the 
bacterial isolates were added to gas chromatography vials (with cotton 
plugs) containing N-free semi-solid medium (0.385% agar) and 
incubated for 72 h at 30°C. For the acetylene reduction assays, 1 mL 
acetylene gas (1,000–2,000 mg L−1) was injected into each vial, which 
was sealed with a rubber septum in place of the cotton plug and 
incubated at 29°C for 24 h. Reduction of acetylene (C2H2) to ethylene 
(C2H4), indicative of a functional nitrogenase complex, was measured 
based on nmol of ethylene generated in 24 h; an ethylene standard was 
also used (Kifle and Laing, 2016). The assay involved using a gas 
chromatograph (Agilent 6000 series) fitted with an HP-5 ms Capillary 
Column (50 m × 0.53 mm × 10 μm) at run time of 10 min and with an 
oven temperature of 150°C. Additionally, 100 μL from the same 
culture tested in the acetylene reduction assays was spread onto 
FLNFM agar (Watanabe et al., 1979; Baldani et al., 2014) and CFUs 
were recorded.

2.7 Phosphate solubilization assay

FLNFM- or IOM-selected isolates were repeatedly selected in 
phosphate-solubilizing NBRIP broth (Nautiyal, 1999), involving 5-day 
incubation at 30°C. The supernatant was collected and soluble P was 
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quantified using the spectrophotometric molybdenum blue method, 
measuring the phosphomolybdate complex at 660 nm (Krishnaswamy 
et al., 2009) using a SmartSpec Plus spectrophotometer (Bio-Rad, CA, 
United States).

2.8 Siderophore production assay

FLNFM- or IOM-selected isolates were grown in lysogeny broth 
and then inoculated in standard iron-free succinate medium for 
24–30 h at 28°C. Next, 100 μL supernatant was mixed with 900 μL 
chrome azurol S (CAS) assay solution (Fe–CAS–surfactant ternary 
complex) (Andrews and Duckworth, 2016) and incubated for 1 h. The 
color changed from blue to yellow, and the absorbance was measured 
at 630 nm (model UV-1800, SHIMADZU EUROPA GmbH). 
Siderophore production% was estimated based on the absorption 
maxima shift, as follows: ((Ar  - As)/Ar) × 100, where Ar is the 
absorbance of the reference (CAS assay solution + uninoculated 
medium) and As is the absorbance of the sample (CAS assay solution 
+ cell-free supernatant) (Jenifer et al., 2015).

2.9 Denitrification assay

Among the screened 235 culturable heterotrophic FLNF isolates 
(190 accessioned and 45 non-accessioned), we  analyzed a 
representative subset of 24 accessioned isolates (belonging to a range 
of bacterial taxa) that were selected on both IOM and FLNFM. These 
24 bacterial isolates and control bacterial strains (E. coli K12 ER2925 
and E. coli K12 PR1031; New England Biolab) were inoculated in 
nitrate broth with NaNO3 equivalent to 100 mg L−1 NO3

−-N and an 
initial pH of 7.0. They were incubated at 37°C for 24 h, anoxically 
(using liquid paraffin oil on top of broth) at an initial DO of 0.07 mg L−1 
or aerobically at an initial DO of 6.78 mg L−1. The supernatant was 
spectrophotometrically (model UV-1800, SHIMADZU EUROPA 
GmbH) assessed for NO3

−-N at 420 nm (absorption peak of 
nitrosalicylic acid) (Cataldo et al., 1975). The DO levels were regularly 
measured using a HANNA DO meter (model HI9146-04).

2.10 P uptake, poly-P accumulation, and 
visualization of poly-P granules

To assess P uptake, the abovementioned 24 bacterial isolates and 
control bacterial strains (E. coli K12 ER2925 and E. coli K12 PR1031; 
New England Biolab) were inoculated in a medium containing 
500 mg L−1 PO4

3−-P in the form of di-potassium hydrogen phosphate 
(K2HPO4) with an initial pH of 7.0. They were left at 37°C for 24 h to 
grow anoxically (using liquid paraffin oil on top of the broth) at an 
initial DO of 0.07 mg L−1 or aerobically at an initial DO of 6.78 mg L−1. 
The supernatant was spectrophotometrically assessed (model 
UV-1800, SHIMADZU EUROPA GmbH) for PO4

3−-P using the 
molybdenum blue method at 660 nm (absorption peak of 
phosphomolybdate complex) (Krishnaswamy et al., 2009). The DO 
levels were regularly measured using a HANNA DO meter (model 
HI9146-04).

To assess poly-P accumulation, the 24 bacterial isolates were left 
to grow for 72 h in the abovementioned aerobic or anoxic medium. 

Next, the bacteria were sonicated and poly-P granules were 
extracted from the cells. They were quantified spectrophotometrically 
(model UV-1800, SHIMADZU EUROPA GmbH) at 630 nm by 
mixing the cell-free poly-P extracts, aqueous toluidine blue 
(30 mg L−1), and 0.2 M acetic acid in a 0.1:1:1 ratio (v/v/v) (Ray and 
Mukherjee, 2015a). The dry weights of cell masses were 
also recorded.

To visualize the poly-P granules extracted from the bacterial 
isolates, 4′, 6 –diamidino-2-phenylindoledihydrochloride (DAPI) 
staining was conducted followed by fluorescence microscopy 
(Dewinter OPTIMA-FL Upright Epifluorescence microscope), with 
excitation at 370 nm and emission at 526 nm (Ray and Mukherjee, 
2015b). For comparison, a 2 μg μl−1 solution of sodium phosphate 
glass type 45 (Sigma Aldrich) was visualized under the 
same conditions.

2.11 NGS analysis

The genomic DNA was extracted from CRR, MR, and HNGR soil 
samples using NucleoSpin Soil (MACHEREY-NAGEL) kit. A 
NanoDrop spectrophotometer at 260 and 280 nm was used to assess 
the quality of the metagenome. A Nextera XT Index Kit (Illumina 
Inc.) was used to prepare 2 × 300-bp MiSeq libraries. An Illumina 
MiSeq platform was used to generate FASTQ sequence files for further 
bioinformatic analyses. The DADA2 pipeline in R 4.2.2 was used to 
filter and trim the demultiplexed paired-end FASTQ files (Callahan 
et al., 2016), trimmed at position 20 in both the forward and reverse 
reads according to the quality profile. Chimeric sequences were 
removed. An amplicon sequence variant (ASV) sequence table was 
prepared, followed by taxonomic assignment using “silva_nr99_
v138.1” with a minimum bootstrap value of 80. The “ggplot2” package 
was used to visualize the relative abundance of bacterial taxa. The 
ampvis2 package was used to visualize the relative abundances of 
bacterial taxa (Andersen et al., 2018). All the NGS raw data presented 
in the manuscript were submitted to NCBI. BioProject IDs, BioSample 
IDs, and SRA IDs (FASTQ files) were granted by NCBI 
(Supplementary Data).

2.12 Statistical analyses and software

Map of study sites was generated through QGIS software (version 
3.28.13). All the experiments were carried out with three biological 
replicates and three technical replicates for each. The mean ± standard 
error was calculated for all analyses. Analysis of variance (ANOVA) 
along with Tukey’s honest significant difference (HSD) test were used 
to determine whether there were significant differences in variables of 
interest. Values designated with different letters are significantly 
different at the 5% level according to Tukey’s HSD test 
(Supplementary Data). Ridgeline plots were generated using the 
ggplot2 and ggridges packages in R. A heatmap was generated using 
ggplot2 packages. Bar plots and 3D diagrams were drawn in SigmaPlot 
15.0. Dot plots and circular bar plots were constructed using the 
ggplot2 package in R 4.2.2. Paired dot plots were prepared in 
GraphPad Prism 9. Scatter plots, scatter plots with 75% confidence 
ellipses, and Pearson’s correlation analysis on scatter plots were 
generated using the ggplot2 and ggpubr packages in R 4.2.2.
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3 Results and discussion

3.1 Characterizing narrow ranges of 
parameters in estuarine mangrove niches 
in the Indian Sundarbans

Major physical and nutrient parameters were compared across 
CRR, MR, MNR, and HNGR sediments, and clear trends (within narrow 
ranges) were detectable (Figure 1; Supplementary Data). While CRR 
had a broad pH distribution of ~6–8, MNR and HNGR had slightly 
alkaline pH, with pH peaking mostly >8 (Figure 1A). In contrast, the 
pH of MR was intermediate and restricted, at 7–8 (near neutral) 
(Figure 1A). Alkaline pH drives most of the soluble nutrients (such as 
Fe and P) to convert to insoluble forms in mangrove sediments, 
causing nutrient limitations (especially for FLNF) (Alongi, 2010; Reef 
et al., 2010). A regression tree analysis of conserved and reforested 
mangrove sites revealed pH was a major controller of BNF, which may 

be  influenced by tidal water temperature, DO, and organic acids 
released from detritus (Vovides et al., 2011). BNF has been reported 
to peak at pH 6.49; above this pH, nitrogenase activity was suppressed, 
with some enhancement at >28.6°C (Vovides et al., 2011). However, 
with increasing soil pH, the α-diversity of the resident diazotrophic 
community increased linearly in grassland soil of alpine meadows of 
the high-altitude Qinghai-Tibet Plateau (Wang et al., 2017). In this 
grassland soil, the relative abundances of three major diazotrophs 
(FLNF Azospirillum sp., FLNF Bradyrhizobium sp., and symbiotic 
diazotroph Mesorhizobium sp.) increased across a pH gradient of 7–8, 
revealing that pH fluctuations may influence the abundances of at least 
these major resident diazotrophic species (Wang et al., 2017; Smercina 
et al., 2019). At pH 7–8 compared to 5–7, there was more clustering 
of diazotroph taxa (Wang et al., 2017).

Electrical conductivity (EC) depends on the total labile ionic 
species and is related to salinity. It strongly fluctuated within 7–9 dS 
m−1 for MR and MNR, sometimes up to 11 dS m−1 for MNR (Figure 1B), 

FIGURE 1

Ridgeline plots representing distribution of different physical and chemical criteria of sediments across Cultivated Rice Rhizosphere, Mangrove 
Rhizosphere, Mangrove Non-rhizosphere and Halophytic Grass Rhizosphere. (A) pH. (B) Conductivity. (C) Na+/K+ ratio. (D) Sand%. (E) Clay%. 
(F) Nitrate-N (mg Kg−1). (G) Organic carbon%. (H) Ammonia-N (mg Kg−1). (I) Soluble-P (mg Kg−1). Here n  =  25.
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depending on the duration and frequency of submergence in 
hypersaline (~18–45 dS m−1) (Supplementary Data) estuarine tidal 
water (Chowdhury et al., 2019). HNGR exhibited a somewhat lower 
range of EC (~3–6 dS m−1) (Figure 1B). As expected, the range of EC 
for salt-sensitive CRR was 0.2–2 dS m−1 (Figure 1B). Increasing salinity 
in mangrove niches limits both P and N availability, as previously 
observed by our group (Chowdhury et  al., 2019). Microbial 
hydrolyzing enzyme activities responsible for P and N release in 
mangrove niches also decreased with increasing salinity (Batra and 
Manna, 1997). In degraded mangroves, salinity apparently controlled 
the activity of diazotrophic bacteria. At lower salinity (<47.6%), 
nitrogenase activity increased, though increased to some extent at low 
pH (Vovides et al., 2011).

The sediment cores’ temperature profile across different study sites 
(Supplementary Data; Supplementary Information) also revealed 
interesting trends. It demonstrated ~ ± 0.5–1°C variation between 
pre-monsoon and monsoon temperatures at 15 and 30 cm depths 
within broadly ~29–33°C range (Supplementary Data). In contrast, 
post-monsoon sediment temperatures showed a plummet of ~7–10°C 
from pre-monsoon and monsoon temperatures across study sites at 
both depths. Soil temperature is supposed to vary both temporally 
(seasonally, even from month to month) and spatially across the sites. 
Sediment temperatures reported earlier from Indian Sundarbans from 
a different set of study sites were demonstrated to be 17.8 ± 6.6°C at 
pre-monsoon, 24.4 ± 2.9°C at monsoon and 13.0 ± 5.7°C at post-
monsoon across 0–60 cm vertical depth (Ray et al., 2014). Although 
these records seemed less comparable with our data, maybe because 
of representing crude averages across a broad range, a high diazotroph 
bacterial abundance in sediments was reported in October and April 
(during the post and pre-monsoon sediment temperature regime) 
while the lowest abundance of the same was observed in July (at 
monsoon sediment temperature), in the same study (Ray et al., 2014). 
N2 fixation was experimentally demonstrated to be  temperature-
dependent in Mediterranean macrophyte meadow for both bare and 
vegetated sediments (Garcias-Bonet et al., 2019), where the optimal 
temperature for BNF was shown to be 31°C with a sharp decrease at 
33°C. In seagrass rhizosphere sediment N2 fixation rates in vegetated 
and bare sediments were optimal at 28.5°C and decreased further at 
both lower and higher temperatures (Garcias-Bonet et  al., 2018). 
Similarly, N2 fixation evaluated via acetylene reduction assay (ARA) 
from biological soil crusts of different successional stages showed a 
steady increase up to 15–20°C, then started plateauing and declined 
at 30–35°C (Zhou et al., 2016). The saturation effect of BNF at higher 
temperatures was attributed to the inability of the diazotrophs to grow 
at higher temperatures.

The surface hydrological profile across the study sites 
(Supplementary Data; Supplementary Information) was also recorded. 
It demonstrated a sharp fall in EC during monsoon, the highest drop 
in temperature post-monsoon, the pH showing little variation across 
seasons (ranging ~7.3–8.3), DO ranging between ~6.2–8.7 ppm 
seasonally and the turbidity being the highest (198.6 NTU in August–
September) during monsoon due to obvious sediment transport from 
intertidal mudflats. Earlier research (Dutta et al., 2017), conducted at 
similar study sites of the western part of the Indian Sundarbans (along 
the Saptamukhi riverine estuary) corroborated our observations that 
seasonal pH difference was not significant (~8.1–8.17) with observed 
DO level in estuarine surface and sub-surface waters being quite high, 
indicating a well-mixed oxygen-rich water column. A similar decline 

in salinity at monsoon and temperature at post-monsoon was 
observed also with pre-monsoon and monsoon water temperatures 
ranging between ~28–30°C (Dutta et al., 2017). Another study from 
the Jharkhali estuary (a part of the Hooghly-Matla estuary) in the 
eastern part of the Indian Sundarbans (Chaudhuri et  al., 2012), 
validated the same hydrological criteria, with the lowest water surface 
temperature in post-monsoon (21.5°C in January), pH least variable 
(~8–8.15), salinity being the lowest at monsoon (12.6 PSU in 
October), DO ranging between ~6.5–9.8 ppm, with maximum 
turbidity observed at monsoon (125 NTU in October). Mangrove 
study sites in Mexico observed the influence of pore-water salinity and 
pH on sediment nitrogen fixation (Vovides et al., 2011). In this arid 
region during the summer months (July–September), at an average 
temperature of 30.5°C, with 90% rainfall, and with highest surface and 
subsurface freshwater inputs, a higher amount of organic acids 
released from detritus, altogether lowered the pH and salinity in 
sediment as well as in pore-water, and nitrogen fixation rates via 
culturable heterotrophic diazotrophs was found to be greater during 
this time (Vovides et al., 2011). The research involving sea surface 
water warming effect on N2 fixation rates of marine macrophytes in 
the Mediterranean Sea (Garcias-Bonet et al., 2019) demonstrated that 
average summer sea surface temperature ranging between 22.92°C 
and 29.08°C (recorded during 2013–2017) was correlated with the 
observed optimum temperature of N2 fixation at 31°C, in vegetated 
macrophyte meadows, and was concluded that the forecasted warming 
might increase the N2 fixation rate causing higher productivity in 
Mediterranean macrophytes.

The extremely high Na+/K+ ratios of 5–7 in HNGR were indicative 
of lower intertidal locations that were diurnally inundated with 
hypersaline (~18–45 dS m−1) (Chowdhury et  al., 2019; 
Supplementary Data) tidal water (Figure 1C). For MR and MNR, the 
Na+/K+ ratio peaked at ~3–5, and for CRR, the ratio was ~2–3 
(Figure  1C). Exchangeable Na+ was clearly predominant, as an 
inherent component of estuarine mangrove sediments.

HNGR sediments were 11–12% sand, while CRR, MR, and MNR 
sediments had a rather low sand content of 3–6% (Figure 1D). CRR 
and HNGR sediments had similar clay contents of ~35–40% 
and ~ 32–35%, respectively (Figure 1E). MNR sediments had ~20–40% 
clay content while MR sediments had a wide range (~20–65% with 
major peaks at ~20–40% and ~ 60–65%) (Figure 1E). Increased clay 
content with adequate organic C availability is presumed to raise the 
probability of FLNF colonization (with increased nitrogenase activity) 
at microaerobic and anaerobic microsites formed by clay particle and 
organic C aggregation (Gupta and Roper, 2010; Smercina et al., 2019). 
Both sand and clay percentages have a significant predictive power for 
BNF (by both symbiotic diazotrophs and FLNF) (Davies-Barnard and 
Friedlingstein, 2020). However while clay positively correlated with 
FLNF activity, sandy soils were not preferred for the same (Gupta and 
Roper, 2010).

Nitrate-N was notably low (1–2 mg kg−1) in MR, MNR, and HNGR, 
while it was 4–10 mg kg−1 in CRR sediment sampled after rice 
harvesting (Figure  1F). In contrast, MR had higher ammonia-N 
(generally being ~5–6 mg kg−1) while CRR, MNR, and HNGR had 
1–4 mg kg−1 (Figure 1G). Mangrove niches are deficient in nitrate-N 
due to higher net denitrification in the sediments (Alongi et al., 2002; 
Alongi, 2013, 2020); it has repeatedly been reported that ammonia-N 
is the primary N source in mangrove habitats, especially in MR (Alongi 
et al., 2002; Reef et al., 2010; Alongi, 2013, 2020).
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In the MR, MNR, and HNGR sediments, the organic C content 
was high (~1–2%) because of its integral association with 
carbohydrate-rich organic matter resulting from detritus/litter in 
mangrove-related sediments (Figure 1H). The organic C content in 
CRR (~1–1.5%) was comparable (Figure 1H). FLNF have a positive 
association with diverse and complex organic C dissolved in the soil, 
while symbiotic diazotrophs receive simple C nutrients directly 
from their host plants (Smercina et  al., 2019). C sources in 
rhizospheres are invaluable to heterotrophic FLNF in rhizospheres 
as they allow ATP to be obtained through respiration for effective 
BNF (Dynarski and Houlton, 2018). A statistical model indicated 
that soil organic C weakly predicted BNF (Davies-Barnard and 
Friedlingstein, 2020).

All four sediment types had a similar distribution of soluble P 
(~4–12 mg kg−1, mostly ~6–9 mg kg−1) (Figure 1I). Soluble P (rather 
than N) availability in rhizospheric niches is a well-known driver of 
FLNF (Smercina et al., 2019). P limitation in niches with FLNF is 
more common in tropical areas. Multivariate linear regression 
indicated that P supplementation increased BNF (as high as 25-fold) 
by increasing niche net primary productivity and substrate C/N ratio 
(Dynarski and Houlton, 2018). BNF and net primary productivity 
were both negatively associated with substrate N concentrations; BNF 
responses to N or N + P supplementation were negatively associated 
with the substrate N/P ratio (Dynarski and Houlton, 2018). In natural 
soil environments, soluble P availability depends primarily on 
microbial P mobilization via either organic-P mineralization (by 
releasing phosphatases) or bound inorganic-P solubilization (by 
releasing protons in the form of organic acids for acidification) 
(Widdig et  al., 2019). N supplementation reduced the relative 
abundance of PSB, changed the PSB compositional profile, and 
augmented phosphatase activity, whereas P supplementation had no 
effect. Thus, N supplementation can shift the soil P mobilization 
routes from P solubilization to P mineralization (Widdig et al., 2019). 
In N-deficient mangrove niches, PSB may have an indispensable role 
in soluble P availability. Our comprehensive analysis of mangrove 
rhizospheric/non-rhizospheric niches demonstrated that, despite 
having greater clay% and high soil organic C (two favorable criteria 
for heterotrophic FLNF), the niches are quite challenging and 
stringent for heterotrophic FLNF, primarily because of the alkaline pH 
trend, higher temperature at pre-monsoon and monsoon, high 
salinity, and high Na+/K+ ratio, with available P and N deficiency in 
mangrove habitats, as observed in this study. BNF in mangrove niches 
was found to be  inversely proportional to the available N/P ratio 
(Howarth and Marino, 1988; Vovides et al., 2011). High N and low P 
in the niche suppressed BNF, while low N and high P enhanced 
BNF. Hence, the estuarine mangrove littoral environment in the 
Indian Sundarbans, with its high pH, high temperature, high salinity, 
high Na+/K+ ratio, and unfavorable N/P ratio, represents a hostile 
narrow niche for BNF (Figure 1).

3.2 Heterotrophic nutrient cyclers’ 
abundances across narrow mangrove 
niche parameters

Interestingly, the CFU counts of various nutrient cyclers (AB, NB, 
DB, PSB, and FLNF) from the four sediment types on various 
differential growth selection media (Figure 2; Supplementary Data) 

did not accord wholly with the mangrove niche nutrient parameters 
depicted in Figure 1.

AB had the highest CFU count among all the decomposer types 
assessed. MNR had the widest CFU range for AB (Figure 2A), but 
ammonia-N was highest in MR (Figure 1H). This might be because MR 
may be an ideal niche for FLNF, based on the CFU count (Figure 2E). 
Combining the AB and FLNF activity in MR may explain the higher 
ammonia-N (Figure 1H), corroborating the previous findings of a net 
high ammonification potential of mangrove niches (Alongi et  al., 
2002; Reef et al., 2010; Alongi, 2013, 2020).

Similarly, the low CFU count of NB (Figure 2B), particularly in 
CRR, did not accord with the high nitrate-N in CRR (Figure 1F). This 
might relate to inorganic N-fertilizer addition, or any other 
anthropogenic inputs of inorganic-N, to the CRR niche. The CFU 
count of DB peaked in CRR, (Figure 2C), which may be associated with 
the high nitrate-N in CRR (Figure 1F). The hardly detectable nitrate-N 
in MR, MNR, and HNGR (Figure 1F) may be related to the lower CFU 
counts of NB (Figure  2B) and DB (Figure  2C) in these niches, 
concurring with the higher net denitrification potential of mangrove 
niches (Alongi et al., 2002; Reef et al., 2010; Alongi, 2013, 2020).

The CFU count of PSB was higher in CRR than in the other three 
sediment types (Figure  2D) whereas soluble P distribution was 
comparable in all sediment types (Figure 1I). It can be assumed that 
PSB in the three sediment types with high salinity (MR, MNR, and 
HNGR) exhibited enhanced P solubilization efficiency in order to 
compensate for the low CFU count of PSB, increasing soluble 
P-release. This intriguing observation validated previous findings that 
the P solubilization efficiency of PSB increased with increasing salinity 
(Srinivasan et al., 2012).

CFU counts of FLNF were more widely distributed in MR and CRR 
compared to MNR and HNGR (Figure 2E), indicating that the former 
two are more appropriate for FLNF colonization. Interestingly, the 
CFU abundance distribution width overlap for both PSB and FLNF 
for all mangrove-related rhizosphere types (MR, MNR, and HNGR) was 
significantly evident (Figures 2D,E) except for the CRR. This indicates 
the possible co-occurrence/positive correlation of PSB and FLNF in 
estuarine mangrove niches (Figure 2).

3.3 Bacterial abundances in mangrove 
niches: cultivation-independent vs. 
cultivation-dependent analyses

Cultivation-independent analyses of 16S rRNA abundances 
(based on NGS of the 16S rRNA V3–V4 region) in the HNGR, MR 
and CRR were used to assess bacterial diversity and abundances 
(>5% in Figure 3 and < 5% in Supplementary Figure S2). V3-V4 
primer pair-based analyses generated 99,523–259,157 raw reads 
and 3,065–45,119 filtered reads analyzed across the SRA data under 
each bioproject (Supplementary Data; Supplementary Table S1) 
representing the actual bacterial diversity prevailing in the 
respective rhizospheres. Anaerolineae (~9.2–15.7%), 
Planctomycetes (~6.1–18.2%), Gammaproteobacteria (~9–14.1%), 
Alphaproteobacteria (~8–11.5%), and Phycisphaerae (a class 
belonging to the phylum Planctomycetota; 2.1–9.8%) had high 
relative abundances in both HNGR (PRJNA809777, PRJNA809772, 
PRJNA809778, and PRJNA809773) and MR (PRJNA801402, 
PRJNA809522, PRJNA809522, PRJNA801402, PRJNA801402, and 
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PRJNA801402) (Figure 3; Supplementary Figure S2). There was a 
high relative abundance of Anaerolineae (~12.1–16.1%) and lower 
relative abundances of Planctomycetes (~1.4–4.4%), 
Gammaproteobacteria (~4.6–7.2%), Alphaproteobacteria (~3.9–
9.3%), and Phycisphaerae (0.3–2%) in CRR (PRJNA824796, 
PRJNA824796, and PRJNA824796). Bacilli was moderately high in 
HNGR (~6–9%) and CRR (~6.2–6.6%), but relatively low in MR 
(~0.8–3.5%). Actinobacteria was relatively low in HNGR (~0.5–
1.8%) and MR (~0.2–2.2%), and in CRR (~0.4–3.4%), except in one 
abnormal biosample (~37.1%). Cyanobacteria had an abundance of 
13.1% in one MR biosample and 15.4% in one CRR biosample, with 
the remainder ranging within 0.2–5.1%. Other classes had very low 
relative abundances for all biosamples (Supplementary Figure S2).

When the class abundances from the cultivation-independent 
analysis observed, were compared to the classes of the 299 accessions 
from the cultivation-dependent analysis (Figure  4), which were 
obtained from CRR (47 accessions, accession numbers MT145945–
MT145991), MRPE (78 accessions, accession numbers MT421976–
MT422053), HNGR (90 accessions, accession numbers MT145456–
MT145545), and MR (84 accessions, accession numbers MH910698–
MH910745, MH910747–MH910768, MH910775, MH910778, and 
MH910785–MH910796), the results were found to be highly similar, 
validating each other.

In the cultivation-independent analysis, the class Anaerolineae, 
phylum Planctomycetota, class Gammaproteobacteria, and class 
Alphaproteobacteria were the most abundant bacteria in both HNGR 
and MR. The former two are rarely reported to be culturable, while 
many of the latter two are highly culturable. In the cultivation-
dependent analysis, there were many Gammaproteobacteria isolates 
in MR and HNGR (61.9% [52 isolates] and 63.3% [57 isolates], 
respectively) but fewer Alphaproteobacteria isolates (5.9 and 1.1%, 
respectively) (Figure  4). Due to the high culturability of 
Gammaproteobacteria, there were many Gammaproteobacteria 
isolates in CRR and MRPE (59.5% [28 isolates] and 62.8% [49 isolates], 
respectively), but very few Alphaproteobacteria isolates (4.2% [2 
isolates] and 0%, respectively) (Figure 4).

In the cultivation-independent analysis, Bacilli (another 
frequently culturable class) had moderately high relative abundances 
in all groups and, in the cultivation-dependent analysis, 21% (10 
isolates), 37% (29 isolates), 26.6% (24 isolates), and 19% (16 isolates) 
were cultured from CRR, MRPE, HNGR, and MR, respectively 
(Figure 4). Despite the low relative abundances, there were cultured 
Actinobacteria isolates from CRR (14.9%, 4 isolates), HNGR (8.8%, 8 
isolates), and MR (13%, 11 isolates), but not from MRPE (Figure 4).

In summary, the cultivation-independent vs. cultivation-
dependent analyses unequivocally established high relative 

FIGURE 2

Ridgeline plots showing distribution analysis of Colony Forming Unit (CFU) of major nutrient cycling bacteria from Cultivated Rice Rhizosphere, 
Mangrove Rhizosphere, Mangrove Non-rhizosphere and Halophytic Grass Rhizosphere. (A) CFU of Ammonifying Bacteria (AB). (B) CFU of Nitrifying 
Bacteria (NB). (C) CFU of Denitrifying Bacteria (DB). (D) CFU of Phosphate Solubilizing Bacteria (PSB). (E) CFU of Free Living Nitrogen Fixing Bacteria 
(FLNF). Here n  =  25.
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abundances of Gammaproteobacteria and Bacilli (both of which have 
high culturability) in the estuarine mangrove niches. The high 
culturability and high abundance of Gammaproteobacteria were 
related, very much in agreement with the high culturability of marine 
Proteobacteria genera reported by previous researchers (Ye et  al., 
2016; Zhang W. et al., 2019; Zhang J. et al., 2019).

The findings of previous cultivation-independent analyses of 
samples from estuarine/riverine mangrove ecosystems in the Indian 
Sundarbans in the last two decades (Ghosh et al., 2010; Basak et al., 
2015a,b, 2016; Chakraborty et al., 2015; Ghosh and Bhadury, 2018; 
Biswas and Mukherjee, 2019; Dhal et al., 2020) are similar to our 
observations in many respects. There were eight major phyla in 
mangrove sediments from the Indian Sundarbans, comprising 
Proteobacteria, (alpha, beta, gamma, and delta), Flexibacteria 
(Cytopahga-Flexibacteria-Bacteroides [CFB] group), Actinobacteria, 
Acidobacteria, Chloroflexi, Firmicutes, Planctomycetes, and 
Gemmatimonadetes, and the class Gammaproteobacteria mostly 
dominated the sequenced library clones (Ghosh et al., 2010). Many of 
the Gammaproteobacteria sequences resembled sulfur oxidizers while 
the Deltaproteobacteria sequences showed major similarities to sulfur- 
and sulfate-reducing bacteria (Ghosh et al., 2010). In spatiotemporal 
analyses of 16S rRNA pyrosequencing results based on mangrove 
sediments, Proteobacteria was found to be  abundant, including 
Deltaproteobacteria, Alphaproteobacteria, and Gammaproteobacteria 
(Basak et al., 2015a). An analysis of the bacterial community profile of 
mangrove sediments from variable depths of the Indian Sundarbans 
(using 16S rRNAamplicon sequencing) further reported that 
Proteobacteria and Firmicutes were the most abundant bacterial 

phyla, with abundance varying by depth (Basak et  al., 2015b). A 
similar analysis of bacterial diversity at Indian Sundarbans sites 
exposed to anthropogenic activities revealed associations between 
environmental pollution and the diversity of bacterial isolates with 
genes for hydrocarbon degradation and heavy metal tolerance (based 
on 16S rRNA libraries) (Chakraborty et  al., 2015). An analysis of 
sediments from pristine mangroves of Dhulibhashani in the Indian 
Sundarbans (based on 16S rRNA amplicon sequencing data) showed 
that Proteobacteria was the dominant phylum among the 44 phyla 
identified, and there were high abundances of Bacteroidetes, 
Acidobacteria, Firmicutes, Actinobacteria, Nitrospirae, Cyanobacteria, 
Planctomycetes, and Fusobacteria (Basak et  al., 2016). A study of 
surface waters near Sagar Islands in the Sundarbans mangrove 
environment (using 16S rRNA clone library and Illumina MiSeq 
approaches) reported that Proteobacteria of two major classes 
(Gammaproteobacteria and Alphaproteobacteria) exhibited similar 
dominance in monsoon vs. post-monsoon seasons (Ghosh and 
Bhadury, 2018). The Proteobacteria-dominated sites were associated 
with uncultured Planctomycetes and Chloroflexi (for N cycling) 
(Ghosh and Bhadury, 2018). Sphingomonadales, Chromatiales, 
Alteromonadales, Oceanospirillales, and Bacteroidetes sequence 
richness (which contribute to coastal C cycling) was also identified 
(Ghosh and Bhadury, 2018). The large increases in the abundances of 
Firmicutes and Desulfovibrio in the topmost water layers in the 
monsoon seasons indicated the resuspension of sediment-inhabiting 
bacteria in the topmost water layers (Ghosh and Bhadury, 2018). 
These cultivation-independent analyses indicated that there are 
seasonal fluctuations, such as low Proteobacteria abundances in 

FIGURE 3

(A) Halophytic Grass Rhizosphere. (B) Mangrove Rhizosphere. (C) Cultivated Rice Rhizosphere. Heatmap displaying top 7–10 bacterial classes (Y-axis) 
defined at 3 different estuarine mangrove-related rhizospheres from Indian Sundarbans (labeled in columns). The relative abundance is shown in a  >  5% 
scale with three color variants. Read higher abundances in red gradient and lower abundances in blue gradient. The heatmap was built on different 
Biosample reads under different NCBI Bioprojects involving mangrove-related rhizosphere types (X-axis).
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surface sediments in monsoon seasons and higher abundances in 
subsurface sediments in post-monsoon seasons. In another study of 
Sundarbans mangroves, Gammaproteobacteria and 
Deltaproteobacteria were the two most abundant classes, with the 
latter related to anaerobic sediments enriched with sulfate-reducing 
bacteria (Biswas and Mukherjee, 2019). An analysis of coastal waters 
of Matla and Thakuran rivers at Maipith in the Indian Sundarbans 
(involving 16S rRNA amplicon sequencing) indicated the dominance 
of halophilic marine bacteria from the family Flavobacteriaceae (Dhal 
et  al., 2020). In eutrophic open marine water zones, the families 
Oceanospirillaceae and Spongiibacteraceae (encompassing bacteria 
known for marine hydrocarbon degradation) were found (Dhal et al., 
2020). The family Rhodobacteraceae and domain Archaea were also 
dominant in both riverine aquatic environments (Dhal et al., 2020).

Although only 0.1–1.0% of environmental bacteria are culturable 
(Zeyaullah et al., 2009), there are many studies involving culturing 
bacteria from Sundarbans mangrove sediments (Ramanathan et al., 
2008; Barua et al., 2012; Das et al., 2012; Dhal et al., 2020; Pallavi 
et al., 2023). Three estuarine sites in the Indian Sundarbans (Canning, 
Jharkhali, and Pakhiraloy) exhibited high CFU counts of PSB, FLNF, 
and cellulose-degrading bacteria (Ramanathan et  al., 2008). In 
Sundarbans mangrove sediments from three pristine mangrove sites 
(Patharpratima, Lothian Island, and non-rhizospheric zones of the 
Saptamukhi estuarine mouth), the dominant culturable nutrient 

cyclers were cellulose-degrading bacteria, sulfate-reducing bacteria, 
NB, PSB, and FLNF, which exhibited seasonal and spatial variations 
(Das et  al., 2012). Two salt-tolerant diazotrophic species 
(Agrobacterium SUND_BDU1 and Bacillus sp. SUND LM2, Can4, 
and Can6) were isolated from Sundarbans mangrove sediments and 
applied to agricultural fields to substitute chemical fertilizers (Barua 
et al., 2012). Of 156 bacterial isolates from Sundarbans mangrove 
sediments, 20 had high salt tolerance and four genera/species 
(Arthrobacter spp., Pseudomonas plecoglossicida, Kocuria rosea, and 
Bacillus spp.) exhibited P and Zn solubilization, indole acetic acid 
production, and siderophore and ammonia release (Pallavi et al., 
2023). These strains were evaluated for plant growth promotion after 
application on pea plants growing under high salinity (Pallavi et al., 
2023). However, none of these cultivation-dependent studies was 
validated based on cultivation-independent bacterial abundances at 
the same mangrove sites.

3.4 Comparison of four BNF-facilitating 
functions of FLNFM- vs. IOM-selected 
isolates

High cultivability and a large no. of FNFLM-selected isolates 
(142) comparable with a large no. of IOM-selected ones (93) among 

FIGURE 4

Bar diagrams displaying the no. of cultivable bacterial isolates developed and accessioned in NCBI, depicted class-wise (Y-axis) for 4 different 
mangrove-related rhizospheres/root sources (X-axis). (A) Cultivated Rice Rhizosphere. (B) Mangrove Root endophytes. (C) Halophytic Grass 
Rhizosphere. (D) Mangrove Rhizosphere.
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the 235 pure isolates (comprising 190 accessioned and 45 
non-accessioned isolates) developed in this study and their 
common high P-solubilization rate (60–127 μg mL−1) and high 
siderophore synthesis ability (40–91%) in most of the isolates 
observed (Supplementary Data) was found to be quite intriguing 
and led us to undertake the subsequent comparative analyses. One 
plausible justification for linking FNFLM and IOM-selected isolates 
via siderophore production was that nitrogenase being an iron-
intensive enzyme complex, having both Fe and Mo-Fe protein and 
Fe-Mo cofactor components (Boyd et al., 2015), the FLNF as well 
as symbiotic diazotrophs, acquires the oxidized form of iron Fe3+, 
produced by IOBs, via an intact siderophore system that makes iron 
bioavailable (Fe3+, usually an insoluble form at physiological pH) 
(Neilands, 1995). On the other hand, the P-solubilization trait of 
FLNF increases the chance of adequate availability of soluble P 
especially in P-deficient mangrove habitats (Alongi, 2018). 
Therefore, under laboratory conditions, 142 FLNFM-selected 
isolates and 93 IOM-selected isolates were evaluated further for 
four BNF-facilitating functions (log10CFU on FLNFM, P 
solubilization [P release in μg mL−1], siderophore production, and 
time to iron oxidation [number of days required for iron oxide 
precipitate to be  visualized]) (Supplementary Data; 
Supplementary Information).

FLNF was selected by repeated streaking and recording of the 
log10CFU on FLNFM and acetylene reduction assays for the function 
of nitrogenase. Heterotrophic IOBs were selected on a minimal 
C-supplemented medium with ferrous salt (at a constant sub-neutral 
pH of 6.0) to observe biological iron oxidation. Efficient IOB-formed 
iron oxide precipitates rapidly, while less efficient IOB took longer to 
form visible iron oxide precipitates in the medium. Interestingly, most 
of the IOBs were found to flourish on FLNFM. This led us to 
investigate whether the abovementioned four major BNF-facilitating 
functions were also common for all FLNFM- and IOM-selected 
isolates in this study (Figure 5). We found that all four functions were 
present for many of the 235 isolates.

Of the 142 FLNFM-selected isolates, 68.3% were good 
P-solubilizers (P-release >60 μg mL−1), while of the 93 IOM-selected 
isolates, only 47.3% were good P-solubilizers (Figure 5). Regarding 
siderophore production, the FLNFM-selected isolates were less 
efficient (69.7% had <80%) than the IOM-selected isolates (33.3% had 
>90, 33.3% had 80–90, and 33.3% had <80%) (Figure 5). Similarly, 
29.7, 32.4, and 37.8% of 74 IOM-selected isolates took <18, 18–23, 
and > 23 days, respectively, to form iron oxide precipitate, whereas 
58.3% of the 36 FLNFM-selected heterotrophs took >23 days 
(Figure  5). Intriguingly, the IOM-selected isolates had higher 
log10CFU on FLNFM, with 34.2% of the 79 IOM-selected isolates and 
only 23.2% of the 56 FLNFM-selected isolates having a value >90 × 108 
(Figure 5). Based on this analysis, IOM-selected heterotrophs were 
better at the four BNF-facilitating functions, at least under 
laboratory conditions.

Scatter plots were constructed of pairs of BNF-facilitating 
functions (Figure  6) for different smaller subsets of total isolates 
(n = 135, 109, 110, and 235) of the FLNFM- and IOM-selected isolates 
(Figures  6A–F). Most of the FLNFM- or IOM-selected 
Gammaproteobacteria exhibited high values for all four functions 
under laboratory conditions (Figures 6A–F). This visualization might 
appear biased because, out of the 190 accessioned isolates in the 
analysis, 116 (~61%) were Gammaproteobacteria (compared to 50 

were Bacilli, ~26.3%; 17 were Actinobacteria, ~9%; and 7 were 
Alphaproteobacteria, ~3.7%).

On the same scatter plots, 75% confidence ellipses were 
individually added for FLNFM- and IOM-selected isolates, with the 
outliers outside the ellipses (Supplementary Figures S3A–F). Each 
FLNFM-selected isolates’ ellipse was wider and largely overlapped the 
corresponding IOM-selected isolates’ ellipse 
(Supplementary Figures S3A–F). Regarding log10CFU on FLNFM vs. 
P solubilization, more FLNFM-selected isolates exhibited high P 
solubilization (Supplementary Figure S3A). Regarding log10CFU on 
FLNFM vs. siderophore production, more IOM-selected isolates 
exhibited high siderophore production but they had a wide range of 
log10CFU on FLNFM (Figure 7B). Regarding log10CFU on FLNFM vs. 
time to iron oxidation, more IOM-selected isolates exhibited moderate 
time to iron oxidation, while FLNFM-selected isolates exhibited wide 
variability (Supplementary Figure S3C). Regarding time to iron 
oxidation vs. P solubilization, most IOM-selected isolates exhibited 
moderate P solubilization and moderate time to iron oxidation, while 
most FLNFM-selected isolates exhibited high P solubilization and 
variable time to iron oxidation (Supplementary Figure S3D). 
Interestingly, regarding P solubilization vs. siderophore production, 
the IOM- and FLNFM-selected isolates formed two distinct clusters, 
with most of the former exhibiting low P solubilization and high 
siderophore production while the latter exhibited high P solubilization 
and low siderophore production (Supplementary Figure S3E). 
Regarding time to iron oxidation vs. siderophore production, again 
the FLNFM-selected isolates formed a wider ellipse, with wide ranges 
of siderophore production and time to iron oxidation. In contrast, the 
IOM-selected isolates’ ellipse was small and encompassed by the 
FLNFM-selected isolates’ ellipse, demonstrating higher siderophore 
production and moderate time to iron oxidation 
(Supplementary Figure S3F).

The same smaller subsets of total isolates (n = 135, 109, 110, and 
235) of the FLNFM- and IOM-selected isolates were then subjected to 
Pearson’s correlation analysis in R (Supplementary Figure S4). There 
was a significant positive correlation (R = 0.28, p = 0.0012) between 
log10CFU on FLNFM and P solubilization (Supplementary Figure S4A), 
a non-significant and weak positive correlation (R = 0.091, p = 0.29) 
between log10CFU on FLNFM and siderophore production 
(Supplementary Figure S4B), and a significant negative correlation 
(R = −0.22, p = 0.019) between log10CFU on FLNFM and time to iron 
oxidation (Supplementary Figure S4C). There was a non-significant 
and weak negative correlation (R = −0.13, p = 0.18) between time to 
iron oxidation and P solubilization (Supplementary Figure S4D), a 
significant negative correlation (R  = −0.16, p = 0.016) between P 
solubilization and siderophore production (Supplementary Figure S4E), 
and a non-significant and very weak negative correlation (R = −0.054, 
p = 0.58) between time to iron oxidation and siderophore production 
(Supplementary Figure S4F).

Based on these in-depth comparisons of the four BNF-facilitating 
functions between IOM- and FLNFM-selected isolates, the following 
clear trends are apparent: (a) FLNF with moderate-to-high log10CFU 
on FLNFM were efficient P-solubilizers, regardless of selection on 
FLNFM or IOM, (b) moderate-to-high log10CFU on FLNFM was 
associated with high siderophore production, again regardless of 
selection on FLNFM or IOM, (c) IOM selection yielded moderate-to-
high log10CFU on FLNFM, moderate P-solubilizers, and moderate 
time to iron oxidation (<25 days), and (d) IOM selection was closely 
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associated with high siderophore production 
(Supplementary Figures S3A–F, S4A–F). All these trends regarding 
co-occurrences of the four BNF-facilitating functions possessed by 
many of the 235 diazotrophic isolates, selected on stringent IOM and 
FLNFM under laboratory conditions, validated our hypothesis that 
heterotrophic FLNF with multi-metabolic BNF-facilitating functions 
were selected in hostile estuarine mangrove niches.

3.5 Comprehensive analyses of 24 FLNFM- 
and IOM-selected isolates from mangrove 
niches

Further analyses of multiple diverse metabolic functions 
(including the four major BNF-facilitating functions) were carried out 
under laboratory conditions for a subset of 24 heterotrophic, 
diazotrophic, accessioned bacterial isolates (11 Gammaproteobacteria, 
7 Bacilli, 4 Actinobacteria, and 2 Alphaproteobacteria, belonging to 
18 genera) that were isolated from the five estuarine mangrove niches 
considered in this study (CRR, MR, MNR, HNGR, and MRPE) 
(Supplementary Data). The isolates were Brachybacterium aquaticum 

CD6, Curtobacterium sp. PS25, Glutamicibacter arilaitensis CD22, 
Micrococcus yunnanensis APS6, Aneurinibacillus sp. MSO2, Bacillus 
altitudinis XYL1, Bacillus licheniformis DNB1, Bacillus oceanisediminis 
BCY3, Bacillus sp. SAN1, Bacillus thuringiensis CRL3, Staphylococcus 
epidermis DAL6, Rhizobium sp. FNF10, Rhizobium sp. FNF3, 
Acinetobacter johnsonii SIO1, Acinetobacter sp. SN3, Aeromonas 
allosaccharophila DAL2, Citrobacter freundii ERS1, Enterobacter 
roggenkampii RIO6, Pantoea agglomerans RPS2, Pseudocitrobacter 
faecalis HRR5, Pseudomonas fluorescens AFN1, Serratia marcescens 
RSO8, Shewanella seohaensis SSO7, and Vibrio parahaemolyticus ANI4.

All 24 of the isolates were positive for both P solubilization and 
the acetylene reduction assay for the functional nitrogenase 
(Supplementary Figures S5A,B). Including these 24 isolates, a total of 
84 accessioned FLNFs selected on FLNFM repeatedly, were tested for 
ARA (Supplementary Data) that demonstrated production of nmol of 
ethylene in the range of 0–19.216 ± 0.23 per 24 h (observed RT range 
of ethylene was 3.945–4.0717 min). Some of the Gammaproteobacteria 
isolates exhibited very high P solubilization and acetylene reduction 
abilities (Supplementary Figure S5). The two Alphaproteobacteria 
(Rhizobium) isolates exhibited very high log10CFU on FLNFM, while 
the Gammaproteobacteria, Bacilli, and Actinobacteria exhibited wide 

FIGURE 5

Circular grouped bar diagram representing percentage proportion of stringent (minimal) Iron Oxidation Medium (IOM) selected and Free Living 
Nitrogen Fixing Medium (FLNFM) selected bacterial isolates performing P-solubilization (<40, 40–60, >60, μg mL−1), siderophore production (<80%, 
80–90, >90%), Colony Forming Unit (CFU) counts (×108) 100 μL−1 on FLNF medium (<50, 50–90, >90) and Incubation period for Iron Oxide (IO) 
precipitation (<18, 18–22, >23 in days). The dotted lines are the 4 segments of each parameter.
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ranges (Supplementary Figure S6A), displaying high log10CFU on 
FLNFM was not always overlapping with high values from ARA 
assays. Most of the 24 isolates were high siderophore producers 

(>75%) (Supplementary Figure S6B). There were 6 non-IOB, with no 
visible iron oxide precipitate forming within the maximum 42 days of 
observation (Supplementary Data). The remaining 18 isolates formed 

FIGURE 6

Scatter plot of individual bacterial isolates designated class-wise with different colored dots depicting BNF-related multi-functions. (A) Log10CFU on 
FLNF medium and the P-solubilization, n  =  135. (B) Log10CFU on FLNF medium and Siderophore%, n  =  135. (C) Log10CFU on FLNF medium and 
Incubation period (days) for IO precipitation, n  =  109. (D) The incubation period (days) for IO precipitation and P-solubilization, n  =  110. 
(E) P-solubilization and Siderophore%, n  =  235. (F) The incubation period for IO precipitation and Siderophore%, n  =  110. Each dot represents an 
individual isolate.
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visible iron oxide precipitate under aerobic (DO of 6.85 mg L−1) and/
or anoxic (DO of 0.05 mg L−1) conditions (Supplementary Figure S7) 
and under both aerobic and anoxic conditions after 100 mg L−1 NO3-N 
was added to the stringent minimal IOM at pH 6.0 to cause nitrate-
dependent oxidation of ferrous iron under both aerobic and anaerobic 
conditions, which has been reported for DB (Straub et al., 2001).

The iron oxide precipitate formation was found to be coupled to 
denitrification, with all 24 isolates being good denitrifiers 
(Supplementary Figure S8B). The 24 isolates were evaluated for soluble 
P uptake and denitrification (Supplementary Figures S8A,B). Soluble 
P uptake was generally lower (below ~20%) while denitrification was 
mostly high (~70–99% over 24 h) under both aerobic (DO of 
6.78 mg L−1) and anoxic (DO of 0.07 mg L−1) conditions. Most of the 
24 isolates (except 1–2 isolates) had similar soluble P uptake and 
denitrification under aerobic vs. anoxic conditions 
(Supplementary Data; Supplementary Figures S8A,B). Two control 
laboratory strains (E. coli K12 ER2925 and E. coli K12 PR1031) were 
utilized for the P uptake and denitrification experiments, as these are 
known denitrifiers with very low P uptake ability (Mukherjee 
et al., 2019).

After 72 h of P uptake, accumulated poly-P was extracted from the 
isolates and quantified. The two Actinobacteria isolates 
(Brachybacterium aquaticum CD6 and Curtobacterium sp. PS25) were 
good poly-P accumulators (~0.4–0.5 mg g−1 of dry weight of cells), 
while the remainder of the isolates exhibited comparatively lower 
poly-P accumulation (<0.2 mg g−1 of dry weight of cells) 
(Supplementary Figure S8C). Most isolates (except 1–2) showed a 
negligible difference in poly-P accumulation under aerobic vs. anoxic 
conditions (Supplementary Figure S8C). Under both aerobic and 
anoxic conditions, most isolates (except for the two Actinobacteria 
isolates) did not exhibit concurrence between efficient P uptake and 
greater poly-P accumulation (Supplementary Figures S9A,B). 

Extracted poly-P granules from the 24 isolates were stained with DAPI 
and visualized under a fluorescent microscope after 72 h of incubation 
(Figure 7). To visually confirm the appearance of the accumulated 
poly-P granules, they were compared to the appearance of a standard 
poly-P compound (sodium phosphate glass 45; Sigma Aldrich), which 
was used to prepare a standard curve.

We hypothesized that this metabolic versatility of diazotrophic 
denitrifiers is equivalent to “cryptic BNF.” The metabolic versatility 
allows the nitrogenase to function as a hydrogenase to yield H2, which 
is used to reduce NO3

− to N2; this N2 can be fixed by the nitrogenase, 
making the whole internal BNF process undetectable (cryptic BNF). 
Thus, these diazotrophs reduce the high NO3

− concentration dissolved 
in O2-minimum zones (OMZs) of oceans and use nitrogenase as a free 
hydrogen producer, while cryptic BNF and denitrification both can 
concur (Reeder, 2021). The intriguing set of manifestations (such as 
high diversity of diazotrophs with low BNF in OMZs of oceans, 
positive correlations of NO3

− and NH4
+ with diazotrophic operational 

taxonomic units in OMZs, and assimilation of NO3
− being 

energetically unfavorable at low O2) points to at least a spatial coupling 
between denitrification and diazotrophs’ habitats in OMZs, if not a 
coupling of denitrification and BNF in OMZs (Reeder et al., 2022).

Poly-P granules (volutin granules) are straight-chain polymers of 
tens to hundreds of phosphate residues linked with energy-intensive 
phosphoanhydride bonds. Microorganisms store excess cellular 
soluble P in this insoluble form, which allows them to use poly-P as a 
nutrient and an energy supply under P-deficient conditions. 
Polyphosphate kinases and exopolyphosphatases are key enzymes, 
located in the same operon, that are responsible for poly-P synthesis/
storage and energy release via poly-P degradation, respectively 
(Achbergerová and Nahálka, 2011). The biological component in P 
cycling is based on C/N/P ratio of cells, where this C/N/P ratio is 
influenced by Poly-P storage and degradation (Akbari et al., 2021). 

FIGURE 7

The DAPI stained images of extracted Poly-P granules under a fluorescence microscope, excitation at 370  nm, emission at 526  nm. (A) Stock Poly-P 
granules (2  μg  μl−1) sodium phosphate glass 45 (Sigma Aldrich). (B) Extracted Poly-P (0.0410  μg  μl−1) from Acinetobacter johnsonii strain SIO1 grown 
under anoxic condition. (C) Extracted Poly-P (0.0216  μg  μl−1) from Escherichia coli strain K12 PR 1031 grown under anoxic condition (control). 
(D) Extracted Poly-P (0.0158  μg  μl−1) from Pseudomonas fluorescens strain AFN1 grown under aerobic condition. (E) Extracted Poly-P (0.0154  μg  μl−1) 
from Staphylococcus epidermis strain DAL6 grown under aerobic condition. (F) Extracted Poly-P (0.0137  μg  μl−1) from Serratia marcescens strain RSO8 
grown under anoxic condition. Blue spots are DAPI stained Poly-P granules in aggregated forms as observed both from stock Poly-P (A) and extracted 
Poly-P from bacterial isolates (B–F), indicated with red arrows.
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Poly-P storage in diazotroph bacterial cells as observed (Figure 7), 
could be an important strategy in stringent mangrove niches like 
Sundarbans for their survival, an alternative source of energy to 
perform metabolic functions under P-limitation. Similar observations 
by other researchers also established an abundance of P-accumulating 
bacteria in adverse mangrove niches. When 134 sludge samples from 
the mangrove wetlands in Dongzhaigang, Hainan Island in China 
were screened for polyphosphate accumulation, 185 isolates of 
polyphosphate accumulating organisms (PAOs) were obtained with 
42 PAOs exhibiting 20–80% P-removal, which signified phosphorus 
removal as a natural mechanism preventing eutrophication in water 
bodies (Wu et al., 2016). Spartina alterniflora invasion was found to 
be associated with the simultaneous significant abundance of sulfate 
reduction genes, sulfur oxidation genes, and polyphosphate kinase 
(ppk) genes, at 25–50 cm depth of mangrove sediment, establishing a 
strong positive correlation between P and S co-bioconversion, as a 
unique adaptive trait of avoiding excessive P deposition in marshes 
causing eutrophication via sulfur metabolism-linked biological P 
removal (Mo et al., 2023). An obvious metabolic coupling between 
BNF and P-accumulation/solubilization was observed in 
S. alterniflora-invaded subtropical mangrove niches in the Beibu Gulf 
of China (Zhang et al., 2022). One hundred and eight reconstructed 
genomes associated with N2 fixation and P-accumulation/
solubilization, assigned majorly Gammaproteobacteria and 
Deltaproteobacteria for this N-P coordinated metabolism. In addition, 
N2 fixation, sulfate reduction, iron reduction to a form unable to bind 
P, and P-solubilization, thus increasing available P in sediment, all 
attributes displayed by the same bacterial genome, corroborated 
coupling between the C, N, P, S, and iron cycles mediated by these 
organisms in mangrove sediments.

The presence of poly-P in diazotrophs coupled with denitrification 
might be considered an additional adaptive strategy for heterotrophic 
diazotrophs to conduct BNF in P-deficient mangrove niches. It has 
long been known that there are many aerobic bacterial denitrifiers 
(such as Acinetobacter spp., Pseudomonas spp., Agrobacterium spp., 
Pasteurella spp., Sphingomonas spp., Hydrogenophaga spp., Citrobacter 
spp., and Xanthomonas spp.), many of which are diazotrophs. Aerobic 
bacterial denitrifiers can accumulate large amounts of poly-P 
(~0.3–27 mg g−1 of dry weight), confirming that poly-P accumulation 
and denitrification can be carried out by the same bacteria (Jørgensen 
and Pauli, 1995). In addition, Rhizobium leguminosarum, an important 
symbiotic diazotroph, was found to be a good poly-P accumulator, 
and poly-P storage and degradation efficiently contributed to 
symbiotic BNF (Akbari et al., 2021). Pseudomonas stutzeri ADP-19, a 
diazotroph was characterized by the simultaneous removal of nitrogen 
and phosphorus by a novel aerobic denitrifying phosphorus-
accumulating mechanism leading to excessive poly-P accumulation 
(Li et al., 2021). Poly-P granules were also visible in all growth phases 
of Rhizobium fredii KR23, another symbiotic diazotroph, when labeled 
with anti-lipopolysaccharide-gold complex (Yang and Lin, 1998). The 
diazotrophic aerobic denitrifiers Pseudomonas stutzeri YG-24 and 
Agrobacterium sp. LAD9 exhibited simultaneous aerobic 
denitrification and P uptake, to provide energy for heterotrophic BNF 
(Gaimster et  al., 2018). Furthermore, 25 aerobic denitrifier 
P-accumulator bacterial strains that use NO3

--N as an electron 
acceptor exhibited denitrification with simultaneous uptake of 
excessive P under aerobic conditions (Li et al., 2019). Many of these 
strains belonged to five genera (Aeromonas, Citrobacter, Pseudomonas, 

Acinetobacter, and Delftia), many of which are known diazotrophs (Li 
et  al., 2019). They had a P uptake rate of up to 82.32% and a 
simultaneous denitrification rate of up to 73.73% (Li et al., 2019).

The association of BNF with other metabolic pathways was evident 
from many other earlier researches. In the mangrove sediment 
microbiome, the high frequency of Chloroflexi and Nitrospirae was 
justified as an adaptive characteristic of sulfide-rich mangrove habitat, 
demonstrating the coupling of carbon, nitrogen, and sulfur cycles (Lin 
et al., 2019). While the N-cycle operates via ammonification and DNRA 
to NH4

+-N, to conserve N, it is linked to dissimilatory sulfate reduction 
and polysulfide formation, and 36 bacterial species were identified, as 
“potential biogeochemical linkers,” 40 and 15% belonging to 
Deltaproteobacteria and Gammaproteobacteria, respectively (Lin et al., 
2019). The coupling of soil N and P was demonstrated by N addition in 
Songnen Meadow Steppe in northeast China, increasing available N, 
and the N:P ratio, however decreasing considerably total P and available 
P (Zhang et  al., 2013). Apart from sulfur-reducing bacteria (SRB), 
sulfur-oxidizing bacteria (SOB) were described as integral components 
of mangrove sediment microbiome, and SOB like Thiobacillus 
denitrificans can utilize nitrate as an oxidant in deeper sediments where 
oxygen was limited (Kashif et al., 2023). The abundance of two well-
known diazotroph genera Pseudomonas and Acinetobacter spp. was 
reported in rhizosphere soil with high P accumulation and a strong 
correlation with P-accumulating trait with high P-solubilization and 
siderophore production (Srivastava et al., 2022). Four PGPR bacterial 
strains such as Providencia rettgeri P2, Advenella incenata P4, 
Acinetobacter calcoaceticus P19, and Serratia plymuthica P35 were 
reported as good P-solubilizers with simultaneous BNF potential (Li 
et  al., 2020). Evaluation of three PGP strains (Pantoa HRP2, 
Enterobacter SSP2, Pseudomonas JRP22) of P-solubilizers promoting 
the growth of Chinese fir seedlings, displayed simultaneous nitrogenase 
activity and high siderophore production ability (Chen et al., 2021).

Despite this culture-based approach established 235 isolates as 
heterotrophic FLNF out of the 299 isolates, most of these FNF species 
identified in our NGS analyses, demonstrated a very low relative 
abundance for them in mangrove-related rhizospheres 
(Supplementary Data). One possible explanation might be  the 
unfavorable resource-limited stringent niches and competitive multi-
species/multi-trophic interactions prevailing in these estuarine niches 
challenging the survivability and growth of the resident FNF 
community (Fierer and Lennon, 2011; Faust and Raes, 2012; Weiss 
et al., 2016). In laboratory-based cultures under optimum conditions 
and adequate resources, in pure form, in the absence of any 
competition, these isolates exhibited the highest fitness to demonstrate 
growth on FLNFM and subsequently yielded positive results in ARA 
confirmatory test (Acetylene Reduction Assay).

Our comprehensive analysis of the subset of 24 heterotrophic 
diazotrophs from hostile high-salinity estuarine mangrove niches in 
the Indian Sundarbans confirmed that in addition to demonstrating 
the four BNF-facilitating functions, namely, log10CFU on FLNFM 
(along with acetylene reduction assay for the function of nitrogenase), 
P solubilization, siderophore production, and iron oxidation 
(visualized by iron oxide formation), these isolates are capable of 
denitrification coupled to BNF under both anoxic and aerobic 
conditions, soluble P uptake, and efficient poly-P accumulation. 
Co-occurrence of all these diverse metabolic traits by the same 
heterotrophic diazotrophs indicates the facilitation of functional BNF 
in hostile estuarine mangrove environments.
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4 Conclusion

A new ecological concept posits that all microbes evolve in a 
particular niche that shapes their microbiome, with microbes adopting 
either multidimensional specialization or multidimensional 
generalization (Hernandez et al., 2023). From the present lab-based 
study, it can be concluded that the stringent and narrow parameters of 
various intertidal estuarine mangrove niches drove the 
multidimensional specialization of the heterotrophic diazotroph 
communities. Multidimensional specialists face more environmental 
constraints during their evolution and are less resilient and less 
common compared to their generalist counterparts (Hernandez et al., 
2023). The extreme nature of the estuarine mangrove-related 
rhizospheric sediment parameters (related to pH, salinity, temperature, 
soil texture, dynamic relative abundances of bacterial taxa, deficiencies 
in N, P, and Fe, presence of sulfides, and anoxicity) structured the 
heterotrophic diazotroph communities, which exhibited diverse 
metabolic functions that aid BNF. The culturable heterotrophic 
diazotrophs specialized in diazotrophy concurrent with P solubilization, 
iron oxidation, siderophore production, denitrification, P uptake, and 
poly-P accumulation, gradually developing a multidimensional 
specialization. The results established that the selection of the 
heterotrophic diazotrophs on stringent IOM was similarly pertinent (in 
terms of selecting isolates with many efficient metabolic functions) to 
the selection on FLNFM. These selected culturable diazotrophs may act 
as potential biogeochemical linkers, mediating coupled C, N, P, S, and 
Fe cycling as an adaptive strategy, which was also validated by earlier 
researchers from large-scale structured genomic/metagenomic data 
analyses exhibiting co-occurrence of respective functional genes in 
resident microbes/mangrove sediments. The abovementioned 
metabolic functions that aid BNF in hostile mangrove niches may 
promote mangrove growth if degraded nutrient-deficient mangrove 
rhizospheres were enriched with these diazotrophic multidimensional 
specialists as part of mangrove restoration initiatives. These diazotrophs 
could also be evaluated as prospective biofertilizers for agriculture in 
near-mangrove cultivated lands.
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Diel vertical migration rates of the 
dinoflagellate species 
Margalefidinium polykrikoides in a 
lower Chesapeake Bay tributary
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Leah Gibala-Smith 2, Kathryn Mogatas 2, Peter Bernhardt 2 and 
Margaret R. Mulholland 2

1 National Oceanography Centre, Southampton, United Kingdom, 2 Department of Ocean and Earth 
Sciences, Old Dominion University, Norfolk, VA, United States

Margalefidinium polykrikoides is a mixotrophic dinoflagellate harmful algal bloom 
(HAB) species that blooms annually in the lower Chesapeake Bay. M. polykrikoides 
undertakes a diel vertical migration (DVM) which may give it a competitive advantage 
over purely phototrophic organisms who cannot access deeper nutrient pools 
and allow it to form large toxic blooms. Laboratory-based estimates of M. 
polykrikoides’ DVM rates suggest that it is one of the fastest known dinoflagellate 
swimmers and understanding this behavior is likely important for modeling and 
predicting M. polykrikoides blooms. However, to date, no field-derived estimates 
of M. polykrikoides’ DVM rates have been made in the Chesapeake Bay. In this 
study, we conducted four targeted field experiments to investigate the DVM of 
M. polykrikoides in the Lafayette River, a sub-tributary of the Chesapeake Bay. 
Vertical profiles of chlorophyll a fluorescence collected at least every 2  h over 
diel periods were used to track the DVM of M. polykrikoides during blooms. The 
maximum observed DVM rate for M. polykrikoides was 2.5  m  h−1, with mean DVM 
rates around 1.3  m  h−1 for both ascents and descents. As in studies from other 
regions, our results show that M. polykrikoides’ ascent to/descent from the surface 
initiates before sunrise/sunset, suggesting phototaxis is not the primary trigger of 
their DVM. However, unlike in other studies where M. polykrikoides was observed 
to modulate its DVM to avoid excessively warm temperatures (≥30°C), we do not 
observe active thermotaxic avoidance, despite ambient temperatures exceeding 
their optimal threshold.

KEYWORDS

diel vertical migration, harmful algal blooms, dinoflagellates, swimming speed, 
mixotrophic phytoplankton

1 Introduction

Harmful algal blooms (HABs) are increasing in their frequency and duration throughout 
the Chesapeake Bay and globally (Hallegraeff, 2003; Mulholland et al., 2009, 2018). HAB 
events can result in the introduction of toxins into the water column, cause reductions in 
dissolved oxygen (DO) as they decay and impact pH levels, all leading to significant losses to 
aquaculture, recreational and commercial fisheries, and the tourism industry (Harding et al., 
2009; Mulholland et al., 2009; Friedland et al., 2011; Reece et al., 2012). In the Chesapeake Bay, 
in particular, HABs are predicted to become larger and more frequent due to climate change 
(Najjar et al., 2010). HAB related impacts on the shellfish industry on the east coast of the 
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United States, including the Chesapeake Bay, are likely to grow as this 
industry is projected to increase in economic value and geographic 
expanse over the next decade (Hudson, 2019). As a result, there is a 
strong need to better understand not only the environmental drivers 
of HABs but also the ecological and physiological capabilities of HAB 
organisms that allow them to outcompete other phytoplankton and 
form toxic blooms in the environment.

Margalefidinium polykrikoides (formerly Cochlodinium 
polykrikoides) is a mixotrophic dinoflagellate HAB species that has 
bloomed nearly annually in the lower Chesapeake Bay since at least 
1986 (Marshall and Egerton, 2009; Mulholland et al., 2018). Blooms 
of M. polykrikoides can persist from weeks to months and extend from 
the York River to the coastal waters off Virginia Beach, VA, 
United States (Morse et al., 2013; Mulholland et al., 2018; Xiong et al., 
2022). Due to their spatial heterogeneity and ephemeral nature, the 
magnitude, frequency, and duration of these blooms are likely under-
represented by routine water quality monitoring programs that sample 
monthly at fixed stations (e.g., the Chesapeake Bay Monitoring 
Program), contributing to the difficulty in studying and understanding 
their dynamics.

Most dinoflagellate HAB species have complicated life cycles and 
employ a variety of behaviors and metabolisms that are thought to 
enhance their growth and competitive abilities (Kudela et al., 2008; 
Hansen, 2011). As mixotrophs, organisms that use both 
photoautotrophy and heterotrophy to acquire carbon, it has been 
hypothesized that by undertaking a diel vertical migration (DVM), 
M. polykrikoides can take advantage of high light levels near the 
surface during the day to support photosynthetic carbon acquisition 
while accessing inorganic and organic nutrient pools near the bottom 
at night, giving them a competitive advantage over strictly 
phototrophic organisms (Hansen, 2011). M. polykrikoides’ growth 
rates are strongly controlled by temperature, and laboratory studies 
have shown that their specific growth rate drops off steeply at 
temperatures above their thermal optimum range of 21–26°C (Kim 
et al., 2004). Recent work has further suggested that M. polykrikoides 
may modulate their vertical migration rates in response to thermotaxic 
stimuli to adjust their position in the water column to avoid thermal 
stress (hot or cold), and thereby maintain a thermally optimal position 
in the water column for growth (Lim et al., 2022). In estuarine systems 
like the lower Chesapeake Bay where strong thermal stratification 
develops in the summer months when blooms are most likely to form, 
this combination of vertical migration and thermotaxis may provide 
an additional competitive advantage over other phytoplankton species 
that cannot regulate their thermal environment by migrating through 
the water column.

A lab-based study estimated M. polykrikoides’ mean swimming 
speed at 3.82 m h−1 (Jeong et al., 1999), making them one of the fastest 
known swimmers among mixotrophic dinoflagellate species. 
Although field estimates of M. polykrikoides DVM rates, ranging from 
0.47 to 4 m h−1, have been made in Korean coastal waters (Park et al., 
2001; Kim et al., 2010; Lim et al., 2022), no such estimates have been 
made for the strain of M. polykrikoides found in the Chesapeake Bay. 
In this study, we  derived M. polykrikoides’ DVM rates from data 
collected during four separate 24-h experiments at a time series site in 
the Lafayette River, a sub-tributary of the Lower Chesapeake Bay. In 
the following sections, we  describe our field site and sampling 
methods, our method for estimating M. polykrikoides DVM rates from 
sequential fluorescence profiles, we  report estimates of 

M. polykrikoides’ maximum and mean DVM rates and discuss them 
in the context of the environmental conditions in the water column.

2 Methods

2.1 Study site

The Lafayette River, a sub-tributary of the lower James River in the 
lower Chesapeake Bay, is known to be a hotspot for M. polykrikoides 
bloom initiation (Morse et al., 2013; Mulholland et al., 2018). A time 
series site in the Lafayette River at the Norfolk Yacht and Country 
Club (NYCC; Figure  1), has been used for weekly to sub-daily 
sampling each summer (June to September) since 2012, to target the 
onset, proliferation, and decline of summer HABs, particularly 
M. polykrikoides. The average water depth at NYCC is 6 m, and it has 
a 1–2 m tidal range. As part of the routine time series sampling, water 
column profile data are collected and water samples are collected for 
several analyses, including chlorophyll a (hereafter abbreviated to 
Chl-a) concentration and phytoplankton identification and cell 
enumeration. In addition to the routine sampling, four separate “Diel 
Studies,” designed to capture and quantify the vertical migration 
patterns and rates of M. polykrikoides were undertaken during the 
summers of 2016 and 2021 when M. polykrikoides was greater than 
80% of the total phytoplankton biomass. The data from the routine 
sampling were used to track the temporal progression of 
M. polykrikoides populations and to target the timing of the Diel 
Studies. The methods for all sampling and analyses are described in 
detail in the following sections. All times given are local, UTC – 4 h, 
and dates are reported in DD/MM/YYYY format.

2.2 Diel Studies

The Diel Studies were short time series experiments designed to 
observe and quantify the DVM rate of M. polykrikoides in the field. 
Diel Studies were only conducted when a bloom of M. polykrikoides 
was observed to be  in progress at NYCC, when M. polykrikoides 
biomass accounted for over 80% of the total phytoplankton biomass. 
To characterize the phytoplankton community, whole water samples 
were collected around 12:00 local time from 0.25 m below the surface 
in 50 mL conical centrifuge tubes using a Masterflex peristaltic pump 
and polyethylene tubing. Samples were preserved using 2% acid Lugol’s 
solution for later identification and enumeration of phytoplankton 
cells by light microscopy on a Nikon TS100 inverted microscope under 
brightfield illumination in the Phytoplankton Analysis Laboratory at 
Old Dominion University, hereafter referred to as the ODU Phyto Lab. 
Sample bottles were gently inverted 10 times before a Palmer Maloney 
Counting Cell was loaded with 0.1 mL of Lugol’s preserved whole 
water sample and allowed to settle for about 3–5 min. An initial scan 
at low magnification was conducted to ensure no bubbles were within 
the chamber, and that phytoplankton cells were settled properly in the 
viewing plane. Full taxonomic enumerations of each chamber were 
performed in a transect fashion while avoiding the loading channels 
(LeGresley and McDermott, 2010) under 300× magnification by the 
ODU Phyto Lab. This method was specifically chosen in order to 
enumerate phytoplankton from a wide range of size classes. Although 
a smaller magnification could be used to enumerate M. polykrikoides, 
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the higher magnification aids in the enumeration of smaller cells in the 
densely populated and diverse samples from the estuarine environment 
of the Chesapeake Bay (Karlson et al., 2010). The carbon biomass for 
each taxa observed was calculated using the accepted Chesapeake Bay 
Program biovolumes and carbon conversions estimated for each 
species enumerated (Interstate Commission on the Potomac River 
Basin, 2008). At the same time, additional whole water samples 
(25–50 mL) were filtered onto Whatmann GF/F filters for Chl-a 
analysis. Chl-a concentrations were measured fluorometrically using 
the non-acidification method on a Turner 10-AU fluorometer after 
extraction in acetone (Welschmeyer, 1994) and the Chl-a data were 
used to calibrate the YSI fluorescence profiles (see 
Supplementary Figure S1). All discrete Chl-a samples were analyzed 
within 2 weeks of their collection.

A total of four Diel Studies were completed, three in 2016 and 
one in 2021, over the following dates and start/end times: 12:00 
16/08/2016 to 17:00 17/08/2016 (DS1, 29 h); 12:00 22/08/2016 to 
16:00 23/08/2016 (DS2, 28 h), and 16:30 09/09/2016 to 16:00 
10/09/2016 (DS3, 23.5 h); 12:00 06/08/2021 to 09:00 07/08/2021 
(DS4, 21 h). Each Diel Study was conducted over a period of 
roughly 24 h but ranged in duration from 21 to 29 h. During each 
Diel Study vertical profiles of temperature, salinity and Chl-a 
fluorescence were collected at 1–2 hourly intervals using a YSI 
Model 6600 sonde. Additionally, during DS1, DS2, and DS3, a 
subset of water samples were collected from a range of depths to 
characterize the phytoplankton community, albeit at a lower vertical 
and temporal resolution than the YSI profiles. This sampling 
scheme allowed us to resolve both vertical and temporal variability 
in water column conditions over the daily cycle.

2.3 Determining DVM rates

Previous studies have estimated DVM rates by tracking the 
relative abundance of M. polykrikoides with depth over the diel cycle 
(Park et  al., 2001; Kim et  al., 2010). Since the abundance of 

M. polykrikoides varies spatially as a result of biological and physical 
processes unrelated to DVM, by tracking the maximum relative 
abundance with respect to depth, we can track the DVM behavior of 
M. polykrikoides independently of variations due to spatial 
heterogeneity. However, unlike previous studies, here we use Chl-a as 
a proxy for M. polykrikoides biomass and track the relative 
concentration of Chl-a with depth, defined by Equation 1. Using 
Chl-a as a proxy allows for greater depth resolution and a larger 
number of replicate studies as it greatly reduces the labor required to 
analyse the data from each Diel Study. Although Chl-a is representative 
of the entire photoautotrophic community, Diel Studies were only 
undertaken during periods when M. polykrikoides accounted for the 
majority (>80%) of the total phytoplankton biomass. This allowed for 
the use of Chl-a as a good proxy for M. polykrikoides abundance. 
Further, we assume that the DVM behavior of M. polykrikoides is the 
same for any given water parcel in the vicinity of the study site, so that 
even if water parcels are moving through the fixed point in space 
where the sampling occurs, the timing and rate of M. polykrikoides 
DVM should be relatively invariant. Given these assumptions and 
constraints, we use the Chl-a concentration at any given depth relative 
to the total depth integrated Chl-a to track the vertical migration of 
M. polykrikoides over the course of the Diel Studies:

 

( ) ( )

0

-

- .
CHL d

Chl a z
Rel z

Chl a dz
=

∫  
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where the RelCHL(z) is the proportion of total depth-integrated Chl-a 
at depth z. DVM rates, wDVM (m h−1), were calculated from the change 
in zMAX, the depth where the maximum value of RelCHL was identified 
between adjacent time points, ∆zMAX (m), over the length of time 
between adjacent time points, ∆t (hr):
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FIGURE 1

Map of the larger Chesapeake Bay region (A) indicating the lower Chesapeake Bay study region with a white rectangle and a white cross showing the 
location of the Norfolk Yacht and Country Club (NYCC) time series site, located on the Lafayette River, where the Diel Studies were conducted. A 
closer view of the study region (B) with a white circle indicating the Lafayette River and a white cross indicating the location of the NYCC site. In both 
panels, the background colormap shows the surface chlorophyll a concentration (mg  m−3; MODIS Terra Level 2) on 22/8/2016, when DS2 was 
conducted. Note the logarithmic color scale.
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Chl-a data were averaged into 0.2 m bins and the frequency of 
sampling ranged from 1 to 2 h. The method presented here to estimate 
DVM rates relies on being able to identify a Chl-a maximum at some 
depth in the water column. When it is not possible to unequivocally 
identify a Chl-a maximum, such as when the water column is very 
well mixed, this method cannot be applied. To systematically identify 
periods when Chl-a was homogeneously distributed throughout the 
water column, we calculated the coefficient of variation of Chl-a for 
each of the Diel Study profiles. Here the coefficient of variation of 
Chl-a quantifies the relative degree of dispersion of the Chl-a values 
measured along each profile with respect to the mean, so when its 
value is low, the variability of Chl-a with depth is low. We identified 
profiles where the coefficient of variation of Chl-a was ≤5% and 
excluded those low variability profiles from our calculations of wDVM 
in order to minimize errors or biases that might be introduced by 
using data where no clear Chl-a maximum could be identified.

3 Results

3.1 Environmental conditions during Diel 
Studies

During each of the studies, the water column temperatures were 
clearly influenced by the diel cycle of heating and cooling (Figure 2), 
with the highest surface temperatures observed after noon and with 
their deepest penetration into the water column occurring later in the 
day. Water column temperatures were coolest in the early morning, 
although some variability was observed, likely due to differences in the 
tidal cycle and wind conditions between each of the studies. Water 
temperatures were most elevated during DS1 (Figure 2A), with water 

temperatures in the top 1 m exceeding 32°C in the late afternoon 
(16:00–17:00) on the first and second days of the study and reaching 
a maximum observed temperature of 32.3°C at 16:00 on 17/08/2016. 
The lowest water temperatures during DS1 were around 28.9°C and 
only found below 4.4 m depth on the morning of 17/08/2016 (08:00–
10:00). Water temperatures during DS2 (Figure 2B) followed a similar 
pattern to DS1, but were cooler, with a maximum temperature of 
29.6°C, and warm waters (>29.5°C) extending as deep as 3.6 m depth 
on 22/08/2016 (18:00). The minimum temperature observed during 
DS2 was 28.0°C and only seen below 4 m depth on the morning of 
23/08/2016 (08:00). DS3 (Figure 2C) and DS4 (Figure 2D) both had 
much cooler water temperatures overall, with their maximum 
observed temperatures of 27.7°C and 27.4°C, respectively, both cooler 
than the lowest temperatures observed during DS1 and DS2. The 
lowest temperatures observed during DS3 and DS4, again were 
similar, at 26.6°C and 25.7°C, respectively. During each of the studies, 
we  observed a period of relative water column temperature 
homogeneity, generally during the morning, coinciding with the 
lowest temperatures. This period was considerably longer during DS2 
(Figure 2B) compared to the other studies, with relatively lower and 
more consistent temperatures with depth from 00:00 to 12:00. The 
widest range of temperatures was observed during DS1 at 3.4°C, and 
the lowest range of temperatures was observed during DS3 at 
1.1°C. DS2 and DS4, despite the difference in the overall temperatures 
during the studies, had a similar range at 1.6°C and 1.7°C, respectively.

The Lafayette River is tidal, resulting in regular sub-daily 
variability in salinity at NYCC during the Diel Studies (Figure 3). 
We observed alternating periods of high/low salinity associated with 
high/low tides. The relatively fresher waters were concentrated near 
the surface, with higher salinity waters extending through the full 
depth of the water column, and sometimes persisting in the deeper 

FIGURE 2

Water column temperature (°C) at NYCC during the Diel Studies, each shown on a separate panel: (A) DS1, (B) DS2, (C) DS3 and (D) DS4. The timing of 
each CTD cast is indicated as a cross (x) on the upper x-axis for reference, and all times are given as local times. Note the different color scales for 
each individual panel.
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waters during periods of low tide, for example during the first half of 
both DS3 and DS4 (Figures 3C,D). We observed very similar patterns 
in salinity during DS1 and DS3 with salinity maxima of 23.9 PSU and 
23.1 PSU, respectively, and salinity minima of 21.1 PSU and 21.5 PSU, 
respectively. DS2 had the highest salinities (Figure  3B), with a 
maximum of 25.2 PSU observed primarily lower in the water column, 
but extending to the surface at 12:00 on 23/08/2016, the second day 
of DS2. By contrast, we observed the lowest salinities during DS4 
(Figure 3D), with a salinity maximum of 22.3 PSU observed below 
4 m depth at 15:00 on 6/08/2021, the first day of the study. The salinity 
minimum during DS4 was 14.9 PSU at the surface at 08:00 on 
7/08/2021, the second day of the study, this was likely a shallow lens 
caused by a surface input of fresh water. Apart from this extreme low 
salinity feature, low salinities <20 PSU were observed in the top 1 m 
of the water column below the fresh lens and during the subsequent 
profile at 09:00. The widest range of salinity was observed during DS4 
at 8.7 PSU. DS1 had an intermediate range of salinity at 2.8 PSU. DS2 
and DS3 had a relatively lower range of salinity at 1.8 PSU and 1.6 
PSU, respectively.

3.2 Margalefidinium polykrikoides 
abundance during the Diel Studies

The Diel Studies were timed to coincide with periods during 
which M. polykrikoides blooms were present in the water column at 
NYCC. Daily abundances of phytoplankton were enumerated as part 
of the routine sampling at NYCC, and from that data, the proportion 
of the total phytoplankton biomass, as a function of carbon, 
represented by M. polykrikoides was estimated (Table 1). In most cases 
the abundance of M. polykrikoides was near or above 1,000 cells mL−1, 
and M. polykrikoides accounted for over 80% of the total phytoplankton 

biomass, except for the second day of DS2 (23/08/2016), when 
M. polykrikoides abundance was only 530 cells mL−1, and it accounted 
for 73.2% of total phytoplankton biomass in the surface. However, on 
the first day of DS2 (22/08/2016) when the study was initiated, 
M. polykrikoides abundance was above 10,000 cells mL−1 and it 
accounted for over 94% of the total phytoplankton biomass. Similarly, 
on the first day of DS3 (9/09/2016 at 16:00), M. polykrikoides 
abundance was only 890 cells mL−1, but it accounted for 84.8% of the 
total phytoplankton biomass, well above the 80% cutoff. For DS4, 
we report M. polykrikoides abundance data collected 4 days prior to, 
and 2 days after, the Diel Study was completed, and in both cases 

FIGURE 3

Water column salinity (PSU) at NYCC during the Diel Studies, each shown on a separate panel: (A) DS1, (B) DS2, (C) DS3 and (D) DS4. The timing of 
each CTD cast is indicated as a cross (x) on the upper x-axis for reference, and all times are given as local times. Note the different color scales for 
each individual panel.

TABLE 1 M. polykrikoides abundance and percentage of the total 
phytoplankton biomass from samples taken at 12:00 (local time) and 
0.25  m depth at NYCC during the each of the Diel Studies.

Diel 
Study

Date M. 
polykrikoides 
abundance 
(cells mL−1)

M. polykrikoides 
% of total 

phytoplankton 
biomass

DS1 16/8/2016 2,380 84.7

17/8/2016 2,180 84.3

DS2 22/8/2016 10,950 94.5

23/8/2016 530 73.2

DS3* 9/9/2016 890 84.8

10/9/2016 3,320 93.1

DS4+ 2/8/2021 930 94.5

9/8/2021 1,130 94.3

* for DS3, the sample on 9/9/2016 was taken at 16:00 (local time) and not 12:00 as for the 
other samples; + for DS4, which was undertaken from 6/8/2021 to 7/8/2021, the reference 
phytoplankton samples were obtained 4 days prior to, and 2 days after, the diel study was 
completed.
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M. polykrikoides accounted for >94% of the total phytoplankton 
biomass. Based on the M. polykrikoides abundances and percentage of 
total biomass prior to and after DS4 as well as spot checks of the 
community composition undertaken with a PlanktoScope imaging 
microscope in the field, we are confident that M. polykrikoides was 
dominant during DS4. Unfortunately, we did not fully analyze the 
PlanktoScope image data, and so cannot provide abundance data from 
the spot checks.

3.3 Variability in Chl-a and RelCHL 
distributions

Temporal changes in the vertical distribution of both Chl-a 
(Figure 4) and RelCHL (Figure 5) were observed in each of the Diel 
Studies. Broadly, we observed the highest Chl-a concentrations in the 
surface waters during the daytime, with the pattern reversing 
overnight when the highest Chl-a concentrations tended to be found 
near the bottom (Figure 4). Across all the Diel Studies, the highest 
Chl-a concentrations were observed during DS1, when they reached 
455.4 μg L−1 in surface waters around 17:00 on the first day of the 
study. This was an extreme high concentration, but Chl-a 
concentrations >200 μg L−1 were found to be associated with the near 
surface and near bottom Chl-a maxima throughout DS1. The 
minimum observed Chl-a concentration during DS1 was 12.0 μg L−1 
in near bottom waters around 10:00 on the second day of the study 
(Figure 4A). Similar Chl-a maxima and minima were observed during 

the other three Diel Studies, with minima of 9.0 μg L−1, 9.7 μg L−1 and 
3.7 μg L−1 and maxima of 108.9 μg L−1, 92.2 μg L−1 and 116.5 μg L−1 for 
DS2, DS3, and DS4, respectively (Figures 4B–D). As with DS1, the 
maximum Chl-a values for each study were associated with daytime 
near surface or nighttime near bottom maxima.

Diel patterns in the vertical distribution of Chl-a were more easily 
observed in the temporal evolution of RelCHL, and the variation in zMAX 
during the Diel Studies (Figure 5). In most cases, high RelCHL values 
and zMAX were found near the bottom at night and in the early morning 
hours, in the surface and near surface waters between early morning 
and early afternoon, and in mid-depth waters and near the bottom in 
the late afternoon and evening. This variation in the depth distribution 
of RelCHL and zMAX over the daily cycle reflected M. polykrikoides’ daily 
vertical migration since M. polykrikoides vastly dominated the 
phytoplankton community when these studies were undertaken 
(Table 1). In most cases, we observed the onset of high RelCHL values 
in the surface waters (<2 m) as early as 09:00, persisting in the 
top 1-2 m of the water column until at least 16:00. Between 16:00 and 
20:00, the highest values of RelCHL were observed at intermediate 
depths between the surface and the bottom, with high RelCHL values 
found mostly at the bottom from around 20:00 to 04:00 the following 
day. Based on these consistent patterns in the depth distribution of 
RelCHL and zMAX over the daily cycle, we  broadly defined 
M. polykrikoides’ ascent window as 04:00 to 09:00, and their descent 
window as 16:00 to 20:00. Although this diel pattern was relatively 
consistent across all four Diel Studies, we particularly highlight the 
absence of a clear ascent pattern in RelCHL during DS3 (Figure 5C), 

FIGURE 4

Water column chlorophyll a concentrations (μg  L−1) at NYCC during the Diel Studies, each shown on a separate panel: (A) DS1, (B) DS2, (C) DS3 and 
(D) DS4. The timing of each CTD cast is indicated as a cross (x) on the upper x-axis for reference, and all times are given as local times. Note the 
logarithmic color scale.
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where zMAX remains confined to the top 1 m of the water column from 
approximately 00:00 to 16:00 on 10/09/2016 when the study ended.

We examined the samples taken during DS1, DS2 and DS3 to 
determine whether there was a relationship between Chl-a 
concentration and either the abundance of M. polykrikoides 
(Supplementary Figure S1A) or its percentage of the total biomass 
(Supplementary Figure S1B) and did not find any strong correlation 
between Chl-a concentration and either of these metrics of 
M. polykrikoides. However, when we  examined the relationship 
between RelCHL and the relative depth abundance of M. polykrikoides 
(Figure  6) we  found a strong positive relationship reflected by a 
statistically significant (p < 0.01) Spearman rank correlation of r = 0.74. 
This strongly supports the use of RelCHL as a proxy for the vertical 
position of M. polykrikoides during bloom conditions.

3.4 Estimated Margalefidinium 
polykrikoides DVM rates

M. polykrikoides DVM rates, wDVM, for each of the Diel Studies 
were estimated based on the temporal evolution of zMAX, the depth 
of the highest RelCHL, over the duration of each of the studies. Using 

Equation 2 we  calculated a mean and maximum wDVM for each 
ascent/descent window in each Diel Study (Table 2). The mean wDVM 
was determined by averaging all values of wDVM between the time 
point where M. polykrikoides was last observed at the surface/
bottom, and the next time point where M. polykrikoides was 
observed at the bottom/surface. The maximum wDVM was simply the 
highest observed ascent/descent rate between adjacent profiles 
during any given Diel Study, although in cases like DS2 when the 
ascent was only resolved by two sequential profiles, we  did not 
report a maximum wDVM. The mean wDVM for ascents ranged from 
1.2 m h−1 for DS1 to 1.3 m h−1 for DS2 and DS4 (no ascent was 
observed in DS3), and for descents ranged from 1.2 m h−1 for DS1 
and DS3, to 2.2 m h−1 for DS4. The maximum wDVM for ascents 
ranged from 2.4 m h−1 for DS1 to 2.5 m h−1 for DS4, and for descents 
ranged from 1.4 m h−1 for DS1 and DS2 to 3.2 m h−1 for DS4. Given 
the relatively small number of replicates, 3 ascents (2 for maximum 
wDVM) and 4 descents, we cannot unequivocally say whether the 
mean or maximum ascents or descents were consistently faster. 
We also note that the fastest mean and maximum wDVM values were 
observed during DS4, which had relatively higher resolution 
temporal sampling at 1.0 ± 0.2 h between casts compared to 
1.9 ± 0.5 h, 1.6 ± 0.5 h and 2.1 ± 0.8 h for DS1, DS2 and DS3, 
respectively.

FIGURE 5

Relative Chl-a (RelCHL) concentrations observed at NYCC during the Diel Studies, each shown on a separate panel: (A) DS1, (B) DS2, (C) DS3 and 
(D) DS4. The ascent and descent windows are indicated as gray dashed and dotted lines, respectively. The depth at which the maximum relative 
chlorophyll concentration is observed (zMAX) is shown for each profile as a filled black circle, or as a black cross in cases when the coefficient of 
variation of the profile was <5%, indicating a relatively homogeneous chlorophyll distribution with depth. The zMAX associated with homogeneous 
profiles are not used in the calculation of maximum or mean DVM rates. All times are given as local times.
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3.5 Presence of other vertically migrating 
dinoflagellates

The method presented here relies on M. polykrikoides being the 
dominant phytoplankton species present in the water column. Other 
vertically migrating dinoflagellate species such as Akashiwo sanguinea 
and Gymnodinium sp. also bloom in the Chesapeake Bay during the 
summer months, however they typically do not bloom at the same 
time as M. polykrikoides (Mulholland et al., 2018). An examination of 
the surface and water column phytoplankton community composition 
data collected before, after and during the Diel Studies (provided in 
Section S1 of Supplementary material) confirm that although other 
vertically migrating dinoflagellate species were present during the Diel 
Studies, they generally accounted for a very small proportion (<20%) 
of the total phytoplankton biomass, were at much lower abundances 
than M. polykrikoides and where depth-resolved data were available, 
were offset in time and depth from the bulk of the M. polykrikoides 
depth-resolved biomass.

4 Discussion

This study provides the first field estimates of M. polykrikoides 
DVM rates in the Chesapeake Bay, and our results from four 
individual field studies conducted during different months and years 
suggest that the DVM behavior of M. polykrikoides during blooms 
does not vary considerably. We found little variation in mean DVM 
rates (Table  2), and although there was more variability in the 
maximum observed DVM rates, this may be  due in part to the 
temporal resolution of the observations as some profiles, where no 
distinct Chl-a maximum could be identified, were excluded from our 
calculations. When the length of time between profiles is reduced, it 
is possible to resolve increasingly faster rates. The bulk of previous 
studies that have quantified and described M. polykrikoides DVM rates 
and behavior in the field were undertaken in Korean coastal waters 

(Park et al., 2001; Kim et al., 2010; Lim et al., 2022), and we summarize 
their findings, along with our own results, in Table  3. As in the 
previous studies, our range of mean ascent rates are relatively 
constrained to a tight range of values, and overall, our estimated mean 
ascent rates are lower than those from previous studies. We note that 
the water depth at our estuarine study site, 6 m, is considerably 
shallower than the Korean coastal sites which ranged from 12 to 20 m 
depth. Given the shorter distance to travel between the bottom and 
the surface, it is possible that the M. polykrikoides strain found in the 
Chesapeake Bay may swim more slowly, on average, to reach the 
surface. If this is the case, then it may be that M. polykrikoides’ DVM 
is timed to bring them into surface waters during a specific window of 
time, which can be reached by swimming more slowly over a shallower 
water column. Since M. polykrikoides’ initial departure from the 
bottom waters consistently occurred before sunrise, generally at 
around 04:00, our results suggest that their ascent is not triggered by 
light, agreeing with previous work (Lim et al., 2022). However, light 
levels or sun angle may play a role in regulating ascent rates once they 
are moving through the water column, since we did find that the rate 
of ascent varied during the ascent window. This is particularly evident 
during DS4, when the rate of ascent appeared to slow after an initially 
fast ascent from 04:00 to 05:00 (Figure 5D). Unfortunately, we did not 
measure surface or ambient light levels during the Diel Studies, but 

TABLE 2 M. polykrikoides estimated DVM ascent and descent rates (m  h−1) 
for each of the Diel Studies.

Diel 
study

Ascent rate (m  h−1) Descent rate (m  h−1)

Maximum Mean Maximum Mean

DS1 2.4 1.2 1.4 1.2

DS2 * 1.3 1.4 1.4

DS3 Ascent not observed 2.2 1.2

DS4 2.5 1.3 3.2 2.2

In each case we report the maximum observed DVM rate and the mean DVM rate over the 
ascent/descent window. Where the mean DVM estimates are only based on 2 data points, as 
in the ascent window of DS2, we do not report a maximum DVM rate (indicated by an 
asterisk).

TABLE 3 Ranges of M. polykrikoides’ mean ascent and descent rates 
(m  h−1) derived from field data reported in this and previous published 
studies.

Ascent 
rate 

(m  h−1)

Descent 
rate (m  h−1)

Location Water 
depth 

(m)

This study 1.2–1.3 1.2–2.2 Chesapeake Bay, 

United States

6

Park et al. 

(2001)

3 4 Namhae Bay, East 

China Sea, Korea

15–20

Kim et al. 

(2010)

1.7–2.2 1.4–1.8 Ganggu, East 

Japan Sea, Korea

15

Lim et al. 

(2022)

1.41–1.67 0.47–2.49 Site T, 

Tongyeong, 

Korea

12–15

We report the data with the number of significant figures given in the original publication 
from which it was derived.

FIGURE 6

Relationship between RelCHL, the Chl-a concentration relative to 
depth integrated Chl-a, and the relative abundance of M. 
polykrikoides with respect to depth for each profile. The data used 
for this plot were collected only during DS1, DS2, and DS3 from a 
subset of depths and time points during the Diel Studies. We found a 
significant (p  <  0.01) positive Spearman Rank correlation (r  =  0.74) 
between these two variables.
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we have obtained data on the sunrise, sunset and solar noon times 
along with the day lengths, which are given in Supplementary Table S1. 
Although the overall day length varied by 1 h and 13 min across the 
studies, the solar noon times were relatively invariant with a range of 
only 9 min between the earliest and latest. DS4 had the earliest sunrise 
(06:14) and the longest day length (13 h and 50 min) of the Diel 
Studies, and so it is possible that during DS4, the resident 
M. polykrikoides’ population slowed their morning ascent rate to 
account for the longer period between sunrise and solar noon 
compared to the other Diel Studies. Sunrise times varied by 28 min, 
and sunset times varied by 46 min across the Diel Studies and so 
sampling at higher temporal frequency would be needed to identify 
their impact on the timing of M. polykrikoides’ DVM. The range of 
previously reported descent rates was very wide, ranging from 
0.47 m h−1 to 4 m h−1, and our descent rates all fall within that range. 
Previous work has suggested that M. polykrikoides’ descent rates are 
higher than their ascent rates thanks to the effect of gravity (Park et al., 
2001), however our results do not unequivocally support that 
hypothesis. Our highest reported maximum DVM rate (3.2 m h−1) was 
recorded during a descent, however the range of mean and maximum 
descent rates observed during our study (Table 2) are not significantly 
different from the ascent rates. We suggest that as with the ascents, the 
depth of the water column is likely playing a role in modulating 
M. polykrikoides’ swimming speed, driving the similar ascent and 
descent rates observed at NYCC, as well as explaining the generally 
lower values than observed in deeper coastal settings. Although this 
study represents a larger number of replicate DVM rate estimates from 
the field (3 ascents, 4 descents) than previous ones, this number is still 
too small to state with any certainty that the range of descent rates are 
significantly higher than the ascent rates.

A significant anomaly in our results was the failure to detect a 
DVM ascent signal during DS3 (Figure 5C). Rather than observing a 
clear signal of high RelCHL persisting at depth from the evening 
through to the following early morning, our estimates of zMAX jumped 
from the bottom to the surface between 22:00 and 00:00 and remained 
near the surface for the remainder of DS3. This signal is also clear in 
the distribution of Chl-a during DS3 (Figure 4C), with higher Chl-a 
concentrations found in the surface compared to depth from 00:00 
onwards. It is unlikely that this is due to water column mixing since 
we do not see a corresponding signal in either temperature (Figure 2C) 
or salinity (Figure 3C), and the wind speeds were < 10 m s−1 (reported 
for the nearby Norfolk Naval Air Station, data provided by NOAA) 
during the study.

Water temperatures during DS1 were well above M. polykrikoides’ 
optimal thermal range of 21–26°C (Kim et al., 2004), and were higher 
than 30°C, a threshold for “unfavorable” thermal conditions (Lim 
et al., 2022). However, unlike in the field study reported in Lim et al. 
(2022) where M. polykrikoides remained up to 5 m below the surface 
to avoid high surface temperatures, we observed no evidence that 
M. polykrikoides modulated their DVM to avoid the hottest surface 
waters during DS1, which reached a high of 32.3°C (Figure  2A). 
During DS1, the water temperature throughout the water column was 
well above M. polykrikoides’ thermal optimum, and for periods of 
several hours at a time was “unfavorable” based on the 30°C threshold. 
As a result, there was no thermal refuge available to migrate to. 
We propose two explanations for this apparent difference. Firstly, that 
the shallower waters at NYCC likely influence and constrain 

M. polykrikoides’ DVM behavior, and that with no thermal refuge 
available, there is no benefit to moving deeper into the water column 
during periods when light is available for photosynthesis. Secondly, 
that the strain of M. polykrikoides found at NYCC is better adapted to 
the higher temperatures that are common to this estuarine system in 
the summer when it blooms, and so their thermal optimum and 
“unfavorable” threshold are both higher than those reported in 
the literature.

As discussed above, our estimates of M. polykrikoides DVM rates, 
derived using Chl-a fluorescence profiles rather than cell counts, are 
broadly comparable to those found in previous field studies based on 
cell counts (Park et  al., 2001; Kim et  al., 2010; Lim et  al., 2022). 
However, we aim to highlight here what we see as the advantages and 
limitations of using Chl-a fluorescence profiles rather than cell counts 
for this purpose. The robustness of any estimate of DVM rates will 
depend on the resolution of the data across the following dimensions: 
length (i.e., depth), time and taxonomic resolution. The use of cell 
counts to estimate DVM rates provides very high taxonomic 
resolution, as the abundance of the species of interest can be isolated 
from any other constituents of the phytoplankton community also 
present in the water column. The trade-off, however, is likely to 
be lower resolution in both length and time, as collecting whole water 
samples for later identification imposes limitations on the number of 
samples that can be collected and processed. Profiles of fluorescence 
can provide very high resolution in depth. In this study we binned and 
averaged data over 0.2 m bins, thus giving an uncertainty of +/− 0.1 m 
on our DVM rate estimates. The vertical resolution of sampling in 
studies based on cell counts was in some cases variable, ranging from 
1 m near the surface to 5 m at depth (Park et al., 2001; Kim et al., 
2010), or constant at 6 m between samples (Lim et al., 2022). Such 
coarse resolution in vertical sampling results in large uncertainties in 
the derived DVM rates. For field sites such as ours, where the water 
depth is relatively shallow, more highly resolved depth measurements 
allow for more precise estimates of DVM rates, and better resolution 
of patterns in DVM behavior. The trade-off of lower taxonomic 
resolution when using fluorescence profiles can be mitigated, as in this 
study, by only undertaking studies to derive DVM rates when the 
migrating species of interest is significantly dominant in the 
community. This in turn limits the periods during which such studies 
can be undertaken using fluorescence and will not provide useful 
information on DVM behavior when a bloom is in the process of 
initiating or when it is in decline. However, the use of phytoplankton 
imaging instruments (e.g., FlowCam, Imaging Flow CytoBot, 
PlanktoScope) for phytoplankton identification and quantification 
could be used to enable an increase in both taxonomic and temporal 
resolution in future studies of dinoflagellate DVM, allowing for a 
larger number of replicate estimates of DVM rates during a broader 
range of conditions including bloom initiation and decline.

5 Conclusion

Here we  have reported the first field-derived estimates of 
M. polykrikoides DVM rates for the Chesapeake Bay. We have shown that 
during bloom conditions, Chl-a fluorescence can be employed as a proxy 
for the biomass of the dominant species to investigate their vertical 
distribution and its evolution over the daily cycle. We envisage that by 
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using profiles of fluorescence rather than cell counts from a limited 
number of depth points, a larger number of more precise DVM rate 
estimates can be made over the course of a bloom, particularly if a 
profiling mooring can be deployed in a known bloom initiation hotspot 
such as the Lafayette River, our study site. We found no evidence of 
thermotaxic influence on M. polykrikoides’ DVM rates at our study site 
despite differing temperature ranges across our four Diel Studies, and 
temperatures during DS1 exceeding M. polykrikoides’ ideal thermal niche.

M. polykrikoides annually forms large toxic blooms in the 
Chesapeake Bay, and efforts to monitor, predict and mitigate its 
harmful effects on the ecosystem rely on developing a better 
understanding of its behavior. It is widely believed that 
M. polykrikoides’ daily migrations up and down the water column give 
it a competitive advantage over other phytoplankton species, allowing 
it to massively outcompete them and generate wide-ranging and long-
lasting blooms. Existing coupled physical-biological models used for 
HAB modeling and prediction (Hofmann et al., 2021; Xiong et al., 
2022) currently do not resolve M. polykrikoides’ ecologically important 
pattern of DVM behavior. The DVM rate estimates derived as a result 
of this study provide invaluable ground-truth data to develop and 
improve model parameterizations for M. polykrikoides’ daily 
migrations based on replicated field observations.

Data availability statement

The data used in this study have been deposited in the Zenodo 
data repository and can be freely accessed from the following link: 
https://doi.org/10.5281/zenodo.13986851.

Author contributions

SC: Conceptualization, Data curation, Formal analysis, Funding 
acquisition, Investigation, Methodology, Project administration, 
Supervision, Visualization, Writing – original draft, Writing – review 
& editing. JC: Data curation, Formal analysis, Funding acquisition, 
Investigation, Writing – original draft, Writing – review & editing. 
ME: Data curation, Investigation, Writing – review & editing. LG-S: 
Data curation, Investigation, Methodology, Supervision, Writing – 
review & editing. KM: Data curation, Investigation, Writing – review 
& editing. PB: Data curation, Investigation, Supervision, Writing – 
review & editing. MM: Conceptualization, Funding acquisition, 
Methodology, Project administration, Supervision, Writing – original 
draft, Writing – review & editing.

Funding

The author(s) declare that financial support was received for the 
research, authorship, and/or publication of this article. This work was 
supported by grants from a Hampton Roads Sanitation District Grant 
to S.C and M.R.M; a NOAA ECOHAB grant (NA18NOS4780176) to 
M.R.M; and a Department of Defense National Defense Science and 
Engineering Fellowship to J.B.C.

Acknowledgments

The authors wish to thank the past and present members of the 
Clayton and Mulholland Labs who participated in collecting samples 
and conducting the Diel Studies during the summers of 2016 and 2021 
for their assistance.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member 
of Frontiers, at the time of submission. This had no impact on the peer 
review process and the final decision.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fmicb.2024.1378552/
full#supplementary-material

References
Friedland, K. D., Lynch, P. D., and Gobler, C. J. (2011). Time series mesoscale response 

of Atlantic menhaden Brevoortia tyrannus to variation in plankton abundances. J. Coast. 
Res. 277, 1148–1158. doi: 10.2112/JCOASTRES-D-10-00171.1

Hallegraeff, G. M. (2003). “Harmful algal blooms: a global overview” in Manual on 
harmful marine microalgae, vol. 33, 1–22.

Hansen, P. J. (2011). The role of photosynthesis and food uptake for the growth of 
marine mixotrophic dinoflagellates. J. Eukaryot. Microbiol. 58, 203–214. doi: 10.1111/j.
1550-7408.2011.00537.x

Harding, J. M., Mann, R., Moeller, P., Hsia, M. S., Road, F. J., and Carolina, S. (2009). 
Mortality of the veined rapa whelk, Rapana venosa, in relation to a bloom of 
Alexandrium monilatum in the York River, United States. J. Shellfish Res. 28, 363–367. 
doi: 10.2983/035.028.0219

Hofmann, E. E., Klinck, J. M., Filippino, K. C., Egerton, T., Davis, L. B., Echevarría, M., 
et al. (2021). Understanding controls on Margalefidinium polykrikoides blooms in the 
lower Chesapeake Bay. Harmful Algae 107:102064. doi: 10.1016/j.hal.2021.102064

Hudson, K. (2019). Virginia shellfish aquaculture situation and outlook report: results 
of the 2018 Virginia shellfish aquaculture crop reporting survey. VIMS Marine Resource 
Report No. 2019–8. Gloucester Point, VA: Virginia Sea Grant. 20.

Interstate Commission on the Potomac River Basin (2008). Methodology applied in 
the calculation of Chesapeake bay Program phytoplankton composite metrics and index 
of biotic integrity (PIBI). Chesapeake Bay Program.

Jeong, H. J., Shim, J. H., Kim, J. S., Park, J. Y., Lee, C. W., and Lee, Y. (1999). Feeding 
by the mixotrophic thecate dinoflagellate Fragilidium cf. mexicanum on red-tide and 
toxic dinoflagellates. Mar. Ecol. Prog. Ser. 176, 263–277. doi: 10.3354/meps176263

251

https://doi.org/10.3389/fmicb.2024.1378552
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.5281/zenodo.13986851
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1378552/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1378552/full#supplementary-material
https://doi.org/10.2112/JCOASTRES-D-10-00171.1
https://doi.org/10.1111/j.1550-7408.2011.00537.x
https://doi.org/10.1111/j.1550-7408.2011.00537.x
https://doi.org/10.2983/035.028.0219
https://doi.org/10.1016/j.hal.2021.102064
https://doi.org/10.3354/meps176263


Clayton et al. 10.3389/fmicb.2024.1378552

Frontiers in Microbiology 11 frontiersin.org

Karlson, B., Cusack, C., and Bresnan, E. (2010). Microscopic and molecular methods 
for quantitative phytoplankton analysis. UNESCO. doi: 10.25607/OBP-1371

Kim, Y. S., Jeong, C. S., Seong, G. T., Han, I. S., and Lee, Y. S. (2010). Diurnal vertical 
migration of Cochlodinium polykrikoides during the red tide in Korean coastal sea 
waters. J. Environ. Biol. 31, 687–693

Kim, D. I., Matsuyama, Y., Nagasoe, S., Yamaguchi, M., Yoon, Y. H., Oshima, Y., et al. 
(2004). Effects of temperature, salinity, and irradiance on the growth of the harmful red 
tide dinoflagellate Cochlodinium polykrikoides Margalef (Dinophyceae). J. Plankton Res. 
26, 61–66. doi: 10.1093/plankt/fbh001

Kudela, R. M., Ryan, J. P., Blakely, M. D., Lane, J. Q., and Peterson, T. D. (2008). Linking 
the physiology and ecology of Cochlodinium to better understand harmful algal bloom 
events: a comparative approach. Harmful Algae 7, 278–292. doi: 10.1016/j.hal.2007.12.016

LeGresley, M., and McDermott, G. (2010). “Counting chamber methods for 
quantitative phytoplankton analysis  - haemocytometer, palmer-Maloney cell and 
Sedgewick rafter cell,” In: Microscopic and Molecular Methods for Quantitative 
Phytoplankton Analysis. eds B. Karlson, C. Cusack and E. Bresnan. Paris, UNESCO: 
Intergovernmental Oceanographic Commission, 55.

Lim, Y. K., Kim, J. H., Ro, H., and Baek, S. H. (2022). Thermotaxic diel vertical 
migration of the harmful dinoflagellate Cochlodinium (Margalefidinium) polykrikoides: 
combined field and laboratory studies. Harmful Algae 118:102315. doi: 10.1016/j.
hal.2022.102315

Marshall, H. G., and Egerton, T. A. (2009). Increasing occurrence and development 
of potentially harmful algal blooms in Virginia tidal rivers, pp. 89–101. In: Conference 
proceedings: Water resources in changing climates. Virginia Tech water research 
conference, Richmond, VA: Virginia Water Resources Research Center.

Morse, R. E., Mulholland, M. R., Hunley, W. S., Fentress, S., Wiggins, M., and 
Blanco-Garcia, J. L. (2013). Controls on the initiation and development of blooms of the 

dinoflagellate Cochlodinium polykrikoides Margalef in lower Chesapeake Bay and its 
tributaries. Harmful Algae 28, 71–82. doi: 10.1016/j.hal.2013.05.013

Mulholland, M. R., Morse, R. E., Boneillo, G. E., Bernhardt, P. W., Filippino, K. C., 
Procise, L. A., et al. (2009). Understanding causes and impacts of the dinoflagellate, 
Cochlodinium polykrikoides, blooms in the Chesapeake Bay. Estuar. Coasts 32, 734–747. 
doi: 10.1007/s12237-009-9169-5

Mulholland, M. R., Morse, R. E., Egerton, T., Bernhardt, P. W., and Filippino, K. C. 
(2018). Blooms of dinoflagellate mixotrophs in a lower Chesapeake Bay tributary: 
carbon and nitrogen uptake over diurnal, seasonal, and interannual timescales. Estuar. 
Coasts 41, 1744–1765. doi: 10.1007/s12237-018-0388-5

Najjar, R., Pyke, C., Adams, M. B., Breitburg, D., Hershner, C., Kemp, W. M., et al. 
(2010). Potential climate-change impacts on the Chesapeake Bay. Estuar. Coast. Shelf Sci. 
86, 1–20. doi: 10.1016/j.ecss.2009.09.026

Park, J. G., Jeong, M. K., Lee, J. A., Cho, K. J., and Kwon, O. S. (2001). Diurnal vertical 
migration of a harmful dinoflagellate, Cochlodinium polykrikoides (Dinophyceae), 
during a red tide in coastal waters of Namhae Island, Korea. Phycologia 40, 292–297. doi: 
10.2216/i0031-8884-40-3-292.1

Reece, K. S., Vogelbein, W. K., and Carnegie, B. B. (2012). Assessing the impacts of 
emerging harmful algal bloom species on shellfish restoration and aquaculture in 
Chesapeake Bay. Final report.

Welschmeyer, N. A. (1994). Fluorometric analysis of chlorophyll a in the presence of 
chlorophyll b and pheopigments. Limnol. Oceanogr. 39, 1985–1992. doi: 10.4319/
lo.1994.39.8.1985

Xiong, J., Shen, J., Qin, Q., Tomlinson, M. C., Zhang, Y. J., Cai, X., et al. (2022). 
Biophysical interactions control the progression of harmful algal blooms in Chesapeake 
Bay: a novel Lagrangian particle tracking model with mixotrophic growth and vertical 
migration. Limnol. Oceanogr. Lett. 8, 498–508. doi: 10.1002/lol2.10308

252

https://doi.org/10.3389/fmicb.2024.1378552
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.25607/OBP-1371
https://doi.org/10.1093/plankt/fbh001
https://doi.org/10.1016/j.hal.2007.12.016
https://doi.org/10.1016/j.hal.2022.102315
https://doi.org/10.1016/j.hal.2022.102315
https://doi.org/10.1016/j.hal.2013.05.013
https://doi.org/10.1007/s12237-009-9169-5
https://doi.org/10.1007/s12237-018-0388-5
https://doi.org/10.1016/j.ecss.2009.09.026
https://doi.org/10.2216/i0031-8884-40-3-292.1
https://doi.org/10.4319/lo.1994.39.8.1985
https://doi.org/10.4319/lo.1994.39.8.1985
https://doi.org/10.1002/lol2.10308


+41 (0)21 510 17 00 
frontiersin.org/about/contact

Avenue du Tribunal-Fédéral 34
1005 Lausanne, Switzerland
frontiersin.org

Contact us

Frontiers

Explores the habitable world and the potential of 

microbial life

The largest and most cited microbiology journal 

which advances our understanding of the role 

microbes play in addressing global challenges 

such as healthcare, food security, and climate 

change.

Discover the latest 
Research Topics

See more 

Frontiers in
Microbiology

https://www.frontiersin.org/journals/Microbiology/research-topics

	Cover
	FRONTIERS EBOOK COPYRIGHT STATEMENT
	Women in aquatic microbiology: 2023
	Table of contents
	Sub-MIC antibiotics influence the microbiome, resistome and structure of riverine biofilm communities
	1. Introduction
	2. Materials and methods
	2.1. Experimental design
	2.2. Microscopic analysis
	2.2.1. Confocal laser scanning microscopy
	2.2.2. Protozoa enumeration
	2.3. Metagenomic analysis
	2.3.1. DNA extraction and whole genome sequencing
	2.3.2. Data normalization
	2.3.3. Taxonomic profiling
	2.3.4. Resistome analysis
	2.3.5. Functional prediction
	2.4. Statistical analysis

	3. Results
	3.1. Structural biofilm composition
	3.2. Microbiome of riverine biofilm communities
	3.3. Biofilm community resistome and virulome trends
	3.4. Biofilm community functional capacity
	3.5. Microbiome and resistome relationship

	4. Discussion
	4.1. Sub-MICs antibiotic affects the structure of riverine biofilm communities
	4.2. Microbiome composition shifts due to sub-MIC antibiotic exposure
	4.3. Comparisons of microbial reference databases
	4.4. Resistome composition enhanced after sub-MIC antibiotic exposure
	4.5. Broader microbial functional impacts
	4.6. Microbiome and resistome linkages post-antibiotic exposure

	5. Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References

	Indole-3-acetic acid as a cross-talking molecule in algal-bacterial interactions and a potential driving force in algal bloom formation
	1. Introduction
	2. Algal–bacterial interactions in the phycosphere
	3. What are the sources of indole-3-acetic acid (IAA) in the phycosphere?
	3.1. Pathways of IAA biosynthesis in microalgae
	3.2. Pathways of IAA biosynthesis in microalgae-associated bacteria

	4. The role of IAA as a signaling molecule affecting algal–bacterial relationships and regulating algal growth
	5. IAA’s Potential role in algal blooms
	6. Outlook
	Author contributions
	References

	Transition from stromatolite to thrombolite fabric: potential role for reticulopodial protists in lake microbialites of a Proterozoic ecosystem analog
	1. Introduction
	2. Materials and methods
	2.1. Lake and platform biogeochemistry
	2.2. Microbialite sampling
	2.3. Isolation of organisms
	2.4. rDNA sequencing
	2.5. Fine-scale distributions and microbialite fabrics
	2.6. Microfabric disruption experiment
	2.7. Micro-CT scanning and alignments

	3. Results
	3.1. Lake and platform biogeochemistry
	3.2. Platform microbialite appearance
	3.3. Dead-Man platform benthos
	3.3.1. Metazoa
	3.3.2. Photosynthetic organisms
	3.3.3. Microbial eukaryotes
	3.4. Free-form reticulate protist taxonomic affinities
	3.5. Sub-millimeter distributions
	3.5.1. Fabric preservation
	3.5.2. Documentation of free-form reticulate protist-like specimens in life position
	3.5.3. Distributions in microbialites over time
	3.6. Microbialite microfabric disruption experiment

	4. Discussion
	4.1. Seasonality of lake geochemistry
	4.2. Microbialite structure over time
	4.3. Green Lake eukaryotes
	4.4. GL free-form reticulate protist identification and phylogeny
	4.5. GL free-form reticulate protist: a candidate for microbialite fabric disruptor?
	4.6. Laminae disruption
	4.7. Do the DMP stromatolites accrete?

	5. Conclusion
	Data availability statement
	Author contributions
	References

	Warming modulates the photosynthetic performance of Thalassiosira pseudonana in response to UV radiation
	1. Introduction
	2. Materials and methods
	2.1. Culture of diatoms
	2.2. UV radiation treatment
	2.3. Fluorescence measurement
	2.4. Protein measurement
	2.5. Superoxide dismutase and catalase activities
	2.6. Statistical analysis

	3. Results
	4. Discussion
	5. Conclusion
	Data availability statement
	Author contributions
	References

	Depth-driven patterns in lytic viral diversity, auxiliary metabolic gene content, and productivity in offshore oligotrophic waters
	1. Introduction
	2. Materials and methods
	2.1. Sampling
	2.2. Assessment of physical and chemical variables
	2.3. Assessment of viral and bacterial abundances
	2.4. Assessment of viral and bacterial production rates
	2.5. Assessment of viral metagenomic content
	2.6. Statistics

	3. Results
	3.1. Physical, chemical and biological features of the sampling area
	3.2. Viral and bacterial abundances and production rates
	3.3. Viral community composition
	3.4. Viral AMG content
	3.4.1. Amino acid metabolism AMGs
	3.4.2. Carbohydrate metabolism AMGs
	3.4.3. Metabolism of cofactors and vitamins AMGs
	3.4.4. Energy metabolism AMGs
	3.4.5. Lipid metabolism AMGs
	3.4.6. Glycan biosynthesis and metabolism AMGs

	4. Discussion
	4.1. Same lysis rate at all depths—different taxa and AMGs involved
	4.2. Diversion of host metabolism toward gluconeogenesis, fatty-acid and glycan biosynthesis and metabolism, and sulfur relay may support lytic activity in the deep EMS
	4.3. Change of amino-acid frequency aids adaptation to the cold in the deep
	4.4. Surface (5 m) vs. subsurface (50 and 75 m) patterns in AMG content
	4.5. Conclusion

	Data availability statement
	Author contributions
	References

	Fluorescence-based primary productivity estimates are influenced by non-photochemical quenching dynamics in Arctic phytoplankton
	1 Introduction
	2 Theory: effects of NPQ relaxation on ETR estimates
	3 Materials and methods
	3.1 Field sampling
	3.2 Photophysiology and NPQ relaxation kinetics
	3.3 Photosynthetic electron transport rates
	3.4 Statistical analysis

	4 Results and discussion
	4.1 NPQ relaxation kinetics
	4.2 Correlation between and FV/FM during NPQ relaxation and implications for ETR estimates
	4.3 Environmental and taxonomic controls on NPQ relaxation kinetics and ETR estimates
	4.3.1 Svalbard coastal oceanography and photophysiology
	4.3.2 Canadian Arctic oceanography and photophysiology

	5 Conclusion
	Data availability statement
	Author contributions
	References

	Growth of freshwater cyanobacterium Aphanizomenon sp. ULC602 in different growing and nutrient conditions
	1 Introduction
	2 Materials and methods
	2.1 Bacteria and chemicals
	2.2 Experiment design
	2.2.1 Effects of growing conditions
	2.2.2 Effects of nutrients
	2.3 Chlorophyll-a assay
	2.4 Flow cytometry analysis
	2.5 Confocal microscopy observation
	2.6 Statical analysis

	3 Results
	3.1 Growth measurement
	3.2 Effects of growing conditions on the production of Chlo-a
	3.3 Effects of nutrients

	4 Discussion
	5 Conclusion
	Data availability statement
	Author contributions
	References

	UV radiation and temperature increase alter the PSII function and defense mechanisms in a bloom-forming cyanobacterium Microcystis aeruginosa
	1 Introduction
	2 Materials and methods
	2.1 Culture conditions
	2.2 Radiation treatments
	2.3 Measurement of chlorophyll fluorescence
	2.4 Immunoblotting for PsbA protein
	2.5 Determination of catalase (CAT) and superoxide dismutase (SOD) activities
	2.6 Microcystins (MCs) measurement
	2.7 Statistical analysis

	3 Results
	4 Discussion
	5 Conclusion
	Data availability statement
	Author contributions
	References

	Critical factors driving spatiotemporal variability in the phytoplankton community structure of the coral habitat in Dongshan Bay, China
	1 Introduction
	2 Materials and methods
	2.1 Study areas
	2.2 Sampling and environmental factor analysis
	2.3 Phytoplankton and zooplankton identification and counting
	2.4 Statistical analysis

	3 Results
	3.1 Community composition and structure of phytoplankton
	3.2 Cluster analysis and ecological indices of phytoplankton
	3.3 Abundance of phytoplankton
	3.4 Environmental factors

	4 Discussion
	4.1 The response of phytoplankton community structures to current
	4.2 The response of phytoplankton abundance variation to chemical factors
	4.3 The response of the phytoplankton community to biotic factors

	5 Conclusion
	Data availability statement
	Author contributions
	References

	Proteomics analysis reveals differential acclimation of coastal and oceanic Synechococcus to climate warming and iron limitation
	1 Introduction
	2 Materials and methods
	2.1 Strains and experimental conditions
	2.2 Physiology sampling procedures
	2.3 Protein extraction and identification
	2.4 Functional annotation and data preparation
	2.5 Proteome differential abundance analysis
	2.6 Statistical analyses and visualizations

	3 Results
	3.1 Physiological responses of each strain to temperature and Fe treatments
	3.2 Overall trends in the global proteomes
	3.3 General proteomic responses to warming, Fe limitation, and their concurrence
	3.4 Prominent cellular functions in response to each scenario
	3.5 Proteins responding to Fe limitation and its concurrence with warming
	3.6 Recurring Fe response proteins and their relationship with temperature

	4 Discussion
	4.1 Opposite interactive effects of temperature and Fe limitation between strains
	4.2 Oceanic YX04-1 synergistically modifies photosynthesis under warm, Fe limited conditions
	4.3 Oceanic YX04-1 enacts a more robust stress response
	4.4 Key warming and Fe response proteins

	5 Conclusion
	Data availability statement
	Author contributions
	 References

	Transcriptomic analysis of nitrogen metabolism pathways in Klebsiella aerogenes under nitrogen-rich conditions
	1 Introduction
	2 Materials and methods
	2.1 Bacterium and media
	2.2 Experimental design and sample collection
	2.3 RNA extraction, library construction, and sequencing
	2.4 Sequencing data quality control and sequence alignment analysis
	2.5 Function annotation
	2.6 Differentially expressed gene identification and functional enrichment
	2.7 Verification of real-time quantitative PCR
	2.8 Statistical analysis

	3 Results
	3.1 Nitrogen balance analysis
	3.2 RNA sequencing and transcriptome annotation
	3.3 DEG and gene co-expression cluster analysis
	3.4 Nitrate assimilation, arginine metabolism, glutamate metabolism, and ammonia assimilation under nitrogen-rich conditions

	4 Discussion
	5 Conclusion
	Data availability statement
	Author contributions
	References

	Ocean acidification and food availability impacts on the metabolism and grazing in a cosmopolitan herbivorous protist Oxyrrhis marina
	Introduction
	Materials and methods
	Species and pre-acclimation
	Experimental design
	Determination of physiological and biochemical parameters
	Cell counting and specific growth rate
	Ingestion rate
	Bacterial abundance
	Respiration rate
	POC, PON, and POP
	Dissolved organic carbon
	Seawater carbonate chemistry
	Statistical analysis

	Results
	Specific growth rate
	Respiration rate
	Ingestion rate
	Quotas of POC, PON, and POP

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References

	Salinity tolerance and desalination properties of a Haematococcus lacustris strain from eastern Hungary
	1 Introduction
	2 Materials and methods
	2.1 Strain, culturing conditions, and experimental design
	2.2 Culture growth measurements
	2.3 Conductivity, chloride, and nutrient content (nitrate and phosphate) measurements
	2.4 Analysis of pigment composition
	2.5 Statistical analysis

	3 Results
	3.1 Growth and salt tolerance
	3.2 Growth and tolerance of drying out
	3.3 Cell type proportions
	3.4 Conductivity reduction and chloride removal
	3.5 Nitrate and phosphate removal
	3.6 Pigment content and composition

	4 Discussion
	4.1 Growth of the cultures
	4.2 Cell type proportions
	4.3 Conductivity and chloride content changes
	4.4 Nutrient removal
	4.5 Pigment composition changes

	5 Conclusion
	Data availability statement
	Author contributions
	References

	Uncovering the role of oxygen on organic carbon cycling: insights from a continuous culture study with a facultative anaerobic bacterioplankton species (Shewanella baltica)
	1 Introduction
	2 Methods
	2.1 Experimental set-up
	2.1.1 Chemostats
	2.1.2 Nitrous oxide determination

	2.2 Measurements and computations
	2.2.1 Bacterial abundance
	2.2.2 Oxygen
	2.2.3 Nutrients
	2.2.4 Nitrous oxide
	2.2.5 Particulate organic carbon and particulate nitrogen
	2.2.6 Dissolved organic carbon and total dissolved nitrogen
	2.2.7 Dissolved carbohydrates and amino acids
	2.2.8 Nitrogen and carbon turnover
	2.2.9 Degradation Index

	2.3 Statistical analysis and creation of figures

	3 Results
	3.1 Experimental conditions and nutrient dynamics in chemostats with varied oxygen levels
	3.2 Oxygen-dependent nitrogen turnover rates and denitrification
	3.3 Oxygen-dependent carbon turnover under high and low nitrogen conditions: Implications for DOC and POC dynamics
	3.4 Differential carbon and nitrogen turnover responses to oxygen reduction under low and high nitrogen conditions
	3.5 Oxygen-dependent dynamics of organic matter composition under low and high nitrogen conditions

	4 Discussion
	4.1 Bacterial carbon utilization and nitrogen loss dynamics at different oxygen concentration
	4.2 Impact of electron acceptor availability on cell growth and carbon turnover
	4.3 Implications for carbon cycling in oxygen minimum zones

	5 Summary and conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References

	Changes in size-dependent Chlorophyll a concentration and group-specific picophytoplankton abundance in short-term nutrient-addition experiments in the Equatorial Eastern Indian Ocean
	1 Introduction
	2 Materials and methods
	2.1 Nutrient-addition experiments
	2.2 Sample analysis
	2.3 Statistical analysis

	3 Results
	4 Discussion
	4.1 Size-dependent changes in phytoplankton in short-term incubation
	4.2 Divergent responses of different picophytoplankton in short-term incubation
	4.3 Implications for long-term responses of phytoplankton to nutrient disturbance

	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References

	Nitrogen uptake rates and phytoplankton composition across contrasting North Atlantic Ocean coastal regimes north and south of Cape Hatteras
	1 Introduction
	2 Materials and methods
	2.1 Hydrographic measurement
	2.2 Nutrient analyses
	2.3 Particulate nitrogen measurement
	2.4 Short-term nitrogen uptake incubations
	2.5 Nitrogen uptake rate calculations
	2.6 Phytoplankton pigment and community structure determination
	2.7 Data analysis

	3 Results
	3.1 Study region and hydrography
	3.2 Chl and nutrient distributions
	3.3 Absolute and specific N uptake rates in the euphotic zone
	3.4 Phytoplankton community composition in the euphotic zone

	4 Discussion
	4.1 N uptake rates with respect to ambient P concentrations
	4.2 Phytoplankton community composition and nutrient availability
	4.3 Correlations between N uptake rates and environmental factors

	5 Conclusion
	Data availability statement
	Author contributions
	 References

	Estuarine mangrove niches select cultivable heterotrophic diazotrophs with diverse metabolic potentials—a prospective cross-dialog for functional diazotrophy
	1 Introduction
	2 Materials and methods
	2.1 Sampling of estuarine mangrove sediments and mangrove species roots/pneumatophores from different study sites
	2.2 Physical and nutrient parameters of sediments
	2.3 On-site hydrology assessment
	2.4 Isolation via differential selection, identification, and colony-forming unit estimation of culturable native nutrient cycler bacteria
	2.5 Iron oxidation assay
	2.6 Acetylene reduction assays for the function of nitrogenase
	2.7 Phosphate solubilization assay
	2.8 Siderophore production assay
	2.9 Denitrification assay
	2.10 P uptake, poly-P accumulation, and visualization of poly-P granules
	2.11 NGS analysis
	2.12 Statistical analyses and software

	3 Results and discussion
	3.1 Characterizing narrow ranges of parameters in estuarine mangrove niches in the Indian Sundarbans
	3.2 Heterotrophic nutrient cyclers’ abundances across narrow mangrove niche parameters
	3.3 Bacterial abundances in mangrove niches: cultivation-independent vs. cultivation-dependent analyses
	3.4 Comparison of four BNF-facilitating functions of FLNFM- vs. IOM-selected isolates
	3.5 Comprehensive analyses of 24 FLNFM- and IOM-selected isolates from mangrove niches

	4 Conclusion
	Data availability statement
	Author contributions
	References

	Diel vertical migration rates of the dinoflagellate species Margalefidinium polykrikoides in a lower Chesapeake Bay tributary
	1 Introduction
	2 Methods
	2.1 Study site
	2.2 Diel Studies
	2.3 Determining DVM rates

	3 Results
	3.1 Environmental conditions during Diel Studies
	3.2 Margalefidinium polykrikoides abundance during the Diel Studies
	3.3 Variability in Chl-a and RelCHL distributions
	3.4 Estimated Margalefidinium polykrikoides DVM rates
	3.5 Presence of other vertically migrating dinoflagellates

	4 Discussion
	5 Conclusion
	References

	Back Cover


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




