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In the context of global warming, changes in phytoplankton-associated bacterial
communities have the potential to change biogeochemical cycling and food webs in
marine ecosystems. Skeletonema is a cosmopolitan diatom genus in coastal waters
worldwide. Here, we grew a Skeletonema strain with its native bacterial assemblage
at different temperatures and examined cell concentrations of Skeletonema sp. and
free-living bacteria, dissolved organic carbon (DOC) concentrations of cultures, and
the community structure of both free-living and attached bacteria at different culture
stages. The results showed that elevated temperature increased the specific growth
rates of both Skeletonema and free-living bacteria. Different growth stages had a
more pronounced effect on community structure compared with temperatures and
different physical states of bacteria. The effects of temperature on the structure of
the free-living bacterial community were more pronounced compared with diatom-
attached bacteria. Carbon metabolism genes and those for some specific amino acid
pathways were found to be positively correlated with elevated temperature, which may
have profound implications on the oceanic carbon cycle and the marine microbial
loop. Network analysis revealed evidence of enhanced cooperation with an increase
in positive interactions among different bacteria at elevated temperature. This may help
the whole community to overcome the stress of elevated temperature. We speculate
that different bacterial species may build more integrated networks with a modified
functional profile of the whole community to cope with elevated temperature. This
study contributes to an improved understanding of the response of diatom-associated
bacterial communities to elevated temperature.

Keywords: global warming, Skeletonema, free-living bacteria, attached bacteria, interaction network

INTRODUCTION

Human activities have resulted in increasing atmospheric concentrations of greenhouse gases; and
as a result, the global ocean temperature has been rising since the mid-20th century. The surface
ocean temperature may increase a further 1–3◦C by the end of this century (Pörtner et al., 2019).
Elevated ocean temperatures may greatly influence oceanic biogeochemical processes and pose
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threats to marine food webs and ecosystems (Edwards and
Richardson, 2004; Sarmento et al., 2010). Observations have
confirmed that increased ocean temperatures may greatly affect
marine organisms such as microorganisms. Metagenomic data
collected across the globe in the Tara Oceans project (Sunagawa
et al., 2015) showed that temperature is the main driver of
variation in oceanic microbial community structure.

Phytoplankton and heterotrophic bacteria are the two most
important groups of microorganisms in the ocean, playing
indispensable roles in oceanic ecosystems. Phytoplanktons are
important primary producers and play a central role in oceanic
food chains. The dissolved organic carbon (DOC) released by
marine phytoplankton is an important source of the oceanic
DOC reservoir, which can be actively taken up by heterotrophic
bacteria in seawater (Thornton, 2014; Moran, 2015). The DOC
released by phytoplankton can be transferred to higher trophic
levels through the microbial loop, released into CO2, and
converted into more refractory carbon (Azam, 1998; Jiao et al.,
2010). It has been reported that 2–50% of fixed carbon by
phytoplankton is released as DOC into seawater (Thornton,
2014). Meanwhile, bacteria support the growth of phytoplankton
by providing vitamins, organic acids, and growth factors
(Seymour et al., 2017). The DOC composition and concentration
in seawater are substantially determined by the phytoplankton
species, growth stages of phytoplankton, and environmental
conditions (Norrman and Zweifel, 1996; Barofsky et al., 2009;
Thornton, 2014). Different heterotrophic bacterial species also
have different capabilities in terms of utilizing specific substances
released from phytoplankton (Riemann et al., 2000; Horn, 2011).
The transfer of organic carbon from phytoplankton to bacteria
may occur through two different routes: via the DOC released
by phytoplankton into the surrounding water and its uptake
by free-living bacteria, and through bacteria that are physically
attached to the phytoplankton taking up the DOC directly
from phytoplankton cells (Grossart and Simon, 2007; Mével
et al., 2008). Although some recent studies have demonstrated
that communities of free-living and attached bacteria were
only slightly different, they have generally been considered to
have many distinct characteristics (Hu et al., 2020). Compared
with free-living cells, attached bacteria generally have stronger
capability for involvement in biofilm development, having
higher extracellular enzymatic activity and stronger chemotactic
behavior (Tout et al., 2015; Dang and Lovell, 2016). Due to
their closer physical proximity to the phytoplankton allowing
more reliable uptake of substances released by attached bacteria
are believed to have stronger physical and metabolic interaction
with phytoplankton compared to free-living bacteria (Rooney-
Varga et al., 2005; Arandia-Gorostidi et al., 2017). Thus, attached
bacteria are thought to gain an ecological advantage compared
with their free-living counterparts (Grossart et al., 2007; Arandia-
Gorostidi et al., 2017).

Some studies have indicated that elevated temperature has
differential effects on free-living and attached bacteria, and
that elevated temperature led to a significant increase in
cell abundance of attached bacteria and significantly higher
DOC incorporation by attached bacteria compared with their
free-living counterparts (Arandia-Gorostidi et al., 2017, 2020).

However, there is still a lack of studies on the changes in
bacterial community structure and functional profile in response
to elevated temperature. These could help us better understand
the strategies of free-living and attached bacteria coping with
elevated temperature.

Diatoms, an important group of phytoplankton, have a
complex evolutionary history marked by extensive horizontal
gene transfer from bacteria, indicating their possible co-evolution
(Armbrust et al., 2004; Bowler et al., 2008; Mock et al., 2017).
Skeletonema is a typical centric diatom genus, with a wide
distribution from Arctic and Antarctica to tropical waters that
can form extensive blooms in the coastal regions (Johansson
et al., 2019a). Due to the ecological importance of Skeletonema,
Skeletonema marinoi has been proposed as a new genetic model
for chain-forming diatoms (Johansson et al., 2019b). It is difficult
to separate Skeletonoma from its associated bacteria, which
may be because of sensitivity to antibiotics (Johansson et al.,
2019b) and potentially close interactions between Skeletonema
and heterotrophic bacteria, as described in Synechococcus (Zheng
et al., 2018). A previous study has shown pronounced growth
enhancement of S. marinoi by heterotrophic bacteria at a
lower temperature (8◦C) but not at higher temperatures (16
and 24◦C) in experiments that involved culturing different
bacterial species isolated from S. marinoi culture with non-axenic
S. marinoi. However, changes in community composition of
native heterotrophic bacteria, which may have potentially close
interactions with S. marinoi in the culture, were not investigated
(Johansson et al., 2019b). In order to better understand the
strategies of bacteria in response to elevated temperature, it is
important to explore the effects of elevated temperature on native
free-living and attached diatom-associated bacteria.

In this study, we cultured a recently isolated non-axenic
Skeletonema sp. at different temperatures, without eliminating
native heterotrophic bacteria. (1) We compared the effects of
elevated temperatures on the Skeletonema sp. and free-living
bacteria in terms of specific growth rate. (2) We attempted
to explore the potential impacts of elevated temperature on
the carbon fluxes and carbon partitioning in Skeletonema sp.
culture by measuring DOC concentrations. (3) We examined the
composition of diatom-attached bacteria and free-living bacteria
at different stages such as initial growth, early exponential
growth, and early decline stage at 20, 25, and 30◦C. (4) We then
considered the impacts of elevated temperature on the free-living
and attached bacteria in the context of community structure,
predicted functional profiles, and network configurations. Given
the importance of this particular diatom species globally and the
potential importance of bacterial interactions, this study aims to
contribute to better understanding of the response of the diatom
associated-bacterial community to elevated temperatures.

MATERIALS AND METHODS

Skeletonema sp. Isolation and Growth
Conditions
The experimental population of Skeletonema sp. used in
this study was isolated from the coastal water of Xiamen,

Frontiers in Marine Science | www.frontiersin.org 2 July 2021 | Volume 8 | Article 626207

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-626207 July 13, 2021 Time: 16:51 # 3

Deng et al. Diatom-Associated Bacteria at Elevated Temperature

China (24.57◦N, 118.12◦E), on March 29, 2018 and preserved
in Microalgae Culture Center of Diatom Lab, Life Science
School, Xiamen University, China (MMDL 506572). There were
8 months of culturing between Skeletonema sp. isolation and
the start of the experiment. This Skeletonema sp. strain was
maintained in an f/2 + Si medium under low light conditions
(20◦C, 12 h light: 12 h dark photoperiod with an irradiance
of 75 µmol photons m−2 s−1 from LED-light panels). The
Skeletonema sp. culture maintained at low light conditions was
transferred to standard conditions (20◦C, 12 h light: 12 h dark
photoperiod with an irradiance of 150 µmol photons m−2 s−1)
for a week. The Skeletonema sp. with native bacteria assemblage
was then cultured at 20, 25, and 30◦C for 3 days. After 3 days of
acclimation, Skeletonema sp. was cultured in 1 L polycarbonate
bottles containing 700 mL artificial seawater (salinity 35h) with
six replicates at 20, 25, and 30◦C with initial concentration
1 × 104 cells/mL. The specific growth rates of Skeletonome sp.
and free-living bacteria were calculated, respectively. For the
growth rate calculation of Skeletonema sp., first, we identified
the exponential phases of cultures at different temperatures.
Then, we calculated the specific growth rate using the following
formula: µ = (Ln C2 - Ln C1)/(t - t1). µ is the specific growth
rate (day−1), and C1 and C2 are the cell concentrations in the
exponential phase at times t1 and t2, respectively. Days 0–6 for
T30 and T25, days 0–8 for T20 were identified as exponential
phases. The specific growth rates of free-living bacteria under
different temperatures were calculated based on the bacterial cell
concentrations on days 0 and 14.

Skeletonema sp. and Bacterial Cell
Counting
The Skeletonema sp. cells were counted under a light microscope
(Eclipse E100, Nikon, Tokyo, Japan) using a plankton counting
chamber every 2 days. After filtration through a 20-µm net, the
samples were stained for bacterial cell enumeration. Bacterial cell
concentrations were measured every 2 days by flow cytometry
(CytoFLEX, Beckman Coulter, Brea, CA, United States) equipped
with 488-nm excitation laser and forward scatter, side scatter,
and four fluorescence channel (525/40BP, 585/42BP, 690/50BP,
and 780/50BP) detectors. 10,000 × SYBR Green I dye was
diluted 100 times with 0.22 µm filtered DMSO and stored
at 4◦C, and 200 µL of each sample was stained with SYBR
Green I at 1 × final concentration for 15 min in the dark.
At least 30,000 measurements were collected for each sample
and analyzed using the CytExpert software. The bacteria were
enumerated by plotting side scatter versus green fluorescence,
and green fluorescence versus red fluorescence after staining
with SYBR green I.

DOC Measurements
Dissolved organic carbon concentrations were measured on
day 4, 8, and 12 during the cultivation, and 20-mL culture
from each sample filtered through a 0.2-µm polycarbonate
filter (Millipore, Burlington, MA, United States) was used for
DOC measurement. The DOC concentrations were measured by
high-temperature catalytic oxidation (HTCO) using a Shimadzu

TOC-VCPH (Shimadzu, Kyoto, Japan) analyzer with the TOC-
control software; and a 7-µm pore size GF/F membrane (25 mm
diameter, Whatman, Maidstone, United Kingdom) and 40-mL
glass vials (CNW, Dusseldorf, Germany) were combusted in
a muffle furnace at 450◦C for 4 h. In order to avoid carbon
contamination, all glass materials and filters were washed
with acid, rinsed with RO-water and Milli-Q water, and pre-
combusted as described above. Each sample, 4 mL, was filtered
with GF/F filters and diluted to 40 mL with Milli-Q water, and
then placed in 40-mL glass vials and stored at −20◦C. Before
sample measurement, a standard curve was established using
potassium hydrogen phthalate and tested with low carbon water
and deep seawater. The samples were thawed and acidified with
phosphoric acid to adjust the pH to 2–3 before analysis.

Bacteria Collection, DNA Extraction, and
PCR Amplification
A 100-mL culture was taken from each sample on day 4, 8,
and 14. Two replicates from each treatment were combined
into one replicate with 200 mL in order to get enough
material for bacteria DNA extraction. Sequential size fractionated
filtration (2- and 0.2-µm polycarbonate filters) with peristaltic
pump was performed to filter the culture collected from
each combined replicate. The samples collected with 0.2-µm
and 2-µm polycarbonate filters (Millipore, Burlington, MA,
United States) were washed with phosphate-buffered saline
and then centrifuged at 9,600 g to obtain cell pellets. The
bacteria collected with 0.2- and 2-µm polycarbonate filters
were considered as free-living bacteria and attached bacteria,
respectively. A previously described DNA extraction protocol
(Francis et al., 2005) was utilized with some modifications.
One milliliter of hot (∼70◦C) lysis buffer (100 mM Tris,
40 mM EDTA, 100 mM NaCl, 1% SDS) with 10-µL lysozyme
(100 mg/mL) was used to wash the samples from filters, and
5-µL RNase A (10 mg/mL) was then added and incubated
at 37◦C for 5 min. Proteinase K 20 L was added and mixed
gently. GB solution 220 µL was added from the bacteria DNA
extraction kit (Tiangen DP302, Tiangen, Sichuan, China) and the
instructions in the kit were followed for DNA extraction. Primers
were 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R
(5′-GGACTACHVGGGTWTCTAAT-3′), targeting the V3–V4
hypervariable regions of the bacterial 16S rRNA gene. The PCR
amplification conditions were as follows: initial denaturation at
95◦C for 3 min, 27 cycles of denaturation at 95◦C for 30 s,
annealing at 55◦C for 30 s extension at 72◦C for 45 s, and then
final extension at 72◦C for 10 min. PCR products were purified
using a AxyPrepDNA gel extraction kit (Axygen, Union City,
CA, United States) from 2% agarose gel after electrophoresis.
DNA library was constructed following the MiSeq Reagent Kit
preparation guide (Illumina, San Diego, CA, United States).

16S rRNA Sequencing and
Bioinformatics Analysis
The sequencing was conducted using an Illumina MiSeq PE300
platform (Shanghai Majorbio Bio-pharm Technology Co. Ltd.,
Shanghai, China) after purification and quantification of PCR
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products. The sequencing data have been uploaded in NCBI
(project ID: PRJNA706479). Raw fastq sequences were quality-
filtered by fastp (v0.19.6) and merged by FLASH (v1.2.7) before
analysis. The filtered reads were imported to QIIME 2 (released
on 2020/11/1), and DADA2 (released on 2020/11/1) was used
to de-noise sequences, resulting in high-resolution amplicon
sequence variants (ASVs). For taxonomic classification, we used
the SILVA database1 with 97% identity. Sample 4_30_3_2 was
considered as abnormal based on rank-abundance curve and
beta analysis compared with other samples. In the following
analysis, chloroplast sequences and sequences from 4_30_3_2
were removed. Alpha diversity was estimated using Mothur 1.30.
Beta diversity was analyzed with QIIME 2. The aligned ASVs were
used to construct a phylogenetic tree using the neighbor joining
algorithm with 1,000 bootstraps in IQ-TREE. Jaccard distance
matrixes were used to calculate beta diversity and were visualized
by non-metric multidimensional scaling (NMDS) analysis. We
used redundancy analysis (RDA) to attribute the causes of
variation within the bacterial communities, such as bacterial
fractions (free-living or attached bacteria), temperatures, and
cultivation stages. Beta diversity linear regression analysis with
different variables by Bray–Curtis distance was carried out in
R. We performed linear discriminant analysis effect size (LEfSe)
analysis to identify taxa differentially abundant cultured in
different samples.2 First, a non-parametric factorial Kruskal–
Wallis sum-rank test was performed to detect features with
significant differential abundance. Second, linear discriminant
analysis (LDA) was conducted to calculate the effect size of
each feature. Alpha-value for the factorial Kruskal–Wallis test
among classes = 0.05; Alpha value for the pairwise Wilcoxon
test between subclasses = 0.05; non-negative threshold on
the logarithmic LDA score for discriminative features = 2.
Phylogenetic Investigation of Communities by Reconstruction of
Unobserved States (PICRUSt2) (Douglas et al., 2020) was used
to predict the functional profiles of bacterial communities on the
basis of the bacterial community. Spearman correlation analysis
was performed to detect the correlation between variables and
bacterial taxa or functional profiles.

Ecological Network Construction and
Analysis
In order to investigate the potential differential effects of
temperatures on bacteria network interaction of free-living and
attached bacteria regardless of cultivation stages, the sequencing
data from different temperatures were combined and analyzed.
The sequences were divided into six groups: 02t20 (free-
living bacteria at 20◦C), 02t25 (free-living bacteria at 25◦C),
02t30 (free-living bacteria at 30◦C), 2t20 (attached bacteria at
20◦C), 2t25 (attached bacteria at 25◦C), and 2t30 (attached
bacteria at 30◦C). Ecological network construction and analyses
were performed based on the relative abundance of ASVs in
different samples with three biological replicates. The similarity
matrices of the relative abundance of ASVs of different groups
were created using Spearman correlation coefficient across time

1https://www.arb-silva.de/documentation/release-138/
2http://huttenhower.sph.harvard.edu/galaxy/

points with biological replicates by a random matrix theory
(RMT)-based approach in R studio. The “psych” and “qvalue”
packages were used to calculate r-value, p-value, and q-value.
Cut-off values were determined according to | r| > 0.6,
p < 0.01, and q < 0.05 to construct network structure. The
bacteria network interaction was then visualized using Cytoscape.
Topological property parameters of interaction networks were
derived from Cytoscape.

Statistics and Analysis of Data
One-way ANOVA was performed for testing the significant
differences between different temperature treatments. The
Turkey test was performed when the variance was homogeneous,
while the unmet test was performed when the variance was
uneven. Statistical significance was determined at the level of
p-value less than 0.05. Two-way ANOVA was performed for
DOC concentration interaction analysis (different temperatures
and incubation stages were used as two factors). To detect the
statistical differences between groups of alpha diversity index, we
performed non-parametric Kruskal–Wallis rank tests.

RESULTS

Growth of Skeletonema sp. and
Free-Living Bacteria at Different
Temperatures
As shown in Figure 1A, significant differences among cell
abundances of Skeletonema sp. at different time points were
detected. At 30◦C, the cell abundance of Skeletonema sp.
reached a peak earlier with the lowest maximum cell abundance.
In contrast, the maximum cell abundance of Skeletonema
sp. was highest with a postponed cell abundance peak at
2◦C. At 30◦C, Skeletonema sp. cell concentration began to
decrease rapidly after reaching the maximum value on day 6
[(13.633 ± 1.975) × 104 cells/mL], while the cell concentration
at 25◦C began to decline rapidly after reaching the maximum
value on day 8 [(17.05 ± 2.884) × 104 cells/mL]. In contrast,
the cell concentration of culture at 20◦C reached a maximum
value on day 8 [(23.217 ± 2.221) × 104 cells/mL] and gradually
decreased. No significant differences between maximum cell
abundance at 25 and at 30◦C were detected. However, significant
differences between maximum cell abundance at 20 and 30◦C
(p = 0.005), and 20 and 25◦C (p = 0.04) were detected. In
a word, elevating temperature from 20 to 25◦C significantly
accelerated the onset of Skeletonema sp. cell abundance peak
and decreased the maximum cell abundance. The specific
growth rate of Skeletonema sp. was 0.793 ± 0.106 (day−1)
at 30◦C,0.723 ± 0.035 (day−1) at 25◦C, and 0.619 ± 0.044
(day−1) at 20◦C. The specific growth rate of Skeletonema sp.
at 30◦C was significantly higher than that at 20◦C (p = 0.049)
(Figure 1B). The growth rate ratio of Skeletonema sp. at 30/20◦C
was 1.31. The free-living bacteria cell abundance showed an
upward trend during the cultivation at different temperatures.
On day 6, the free-living bacteria cell abundance at 25◦C was
significantly higher than at 20 and 30◦C. On day 12 and day
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FIGURE 1 | (A) Growth curve and (B) specific growth rate of Skeletonema sp. at 20 (T20), 25 (T25), and 30◦C (T30). The (C) growth curve and (D) specific growth
rate of free-living bacteria in the culture at 20 (T20), 25 (T25), and 30◦C (T30). *Indicates significant difference above all the three temperatures (p < 0.05). Values are
the means ± SD, n = 6 (six replicate cultures). Different letters indicate significant difference between different treatments.

14, significant higher free-living bacteria cell abundances were
observed at 30◦C compared with at 25 and 20◦C (Figure 1C).
The specific growth rate of free-living bacteria was 0.412 ± 0.02
(day−1) at 30◦C,0.356± 0.03 (day−1) at 25◦C, and 0.343± 0.003
(day−1) at 20◦C (Figure 1D). The specific growth rate of free-
living bacteria at 30◦C was significantly higher than at 20
(p = 0.014) and 25◦C (p = 0.019). No significant differences
between the growth rate of free-living bacteria at 20 and 25◦C
were detected. The growth rate ratio of free-living bacteria at
30/20◦C was 1.12.

The DOC Concentration at Different
Temperatures and Culture Stages
At 20 and 25◦C, DOC concentrations gradually increased along
the increase of cell concentrations of Skeletonema sp. and
free-living bacteria in the culture (Figure 2). At 20◦C, DOC
concentration increased from 0.49 mMC on day 4 to 0.52
mMC on day 8 and 0.97 mMC on day 14. At 25◦C, DOC
concentration increased from 0.41 mMC on day 4 to 0.52 mMC
on day 8 and 0.66 mMC on day 14. In contrast, the DOC
concentration at 30◦C increased from 0.57 mMC on day 4
to 1.02 mMC on day 8 but decreased from day 8 to day 14
(0.77 mMC). On day 4 and day 14, no significant differences

in DOC concentrations were detected among the three different
temperatures. On day 8, the DOC concentration at 30◦C was
significantly higher than that at 20 and 25◦C (p = 0.009). Different
temperatures and cultivation stages showed interaction with each
other in DOC concentration (two-way ANOVA, p = 0.027)
(Supplementary Table 1).

Bacterial Diversity of Skeletonema sp.
Associated Free-Living and Attached
Bacteria
Sequences obtained were 3,130,097 after optimization with
average length in 449.86 bp. From these, 666 ASVs, 76
species, 72 genera, 60 families, 39 orders, and 14 classes
mainly Proteobacteria were obtained after the elimination of
erroneous sequences (Supplementary Table 2 and Figures 1, 2).
The alpha diversity indexed by Chao, Sobs, Ace, Shannon,
Coverage, Simpsoneven, Shannoneven, and Simpson of
different samples were demonstrated in Supplementary
Table 3. Supplementary Figure 3 shows the beta diversity of
Skeletonema sp. associated free-living and attached bacteria
at different time points and growth stages by NMDS
analysis. Two major genera of bacteria associated with
Skeletonema sp. were Alteromonas and Marinobacterium
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FIGURE 2 | DOC concentrations on days 4, 8, and 14 at different
temperatures in the Skeletonema sp. culture. Values are the means ± SD,
n = 6 (six replicate cultures). *Indicates significant difference between different
treatments (p < 0.05).

in this study (Figure 3 and Supplementary Figure 2).
Free-living and attached bacterial communities were not
significantly distinct from each other overall, based on
total bacterial community composition (Figure 3 and
Supplementary Figure 2). However, some genera showed
preferences for free-living or attached states. Vibrio and
Pseudomonas had significantly higher relative abundances
in the attached bacteria category than free-living bacteria
compared with other genera. In contrast, Colwelliaceae showed
significantly higher relative abundance among the free-living
bacteria (Figure 4).

Skeletonema sp. Associated Bacterial
Composition in Different Cultivation
Stages
Cultivation stage had a strong impact on bacterial community
composition for both free-living and attached bacteria. From
day 4 to 14, the relative proportion of Marinobacterium
decreased while Alteromonas increased in both free-living
bacteria and attached bacteria (Figure 3 and Supplementary
Figure 4). A significant shift in bacterial community
composition occurred on day 14 at the degradation phase
compared with the other two time points. On day 4,
significantly higher relative proportions of Mariobacterium
(LDA > 5.5) and Nocardioides (LDA > 4) were observed
based on the LEfSe analysis (Figure 4). On day 14,
Alteromonas (LDA > 4.5), Marinobacter (LDA > 4), and
Pseudoalteromonas (LDA > 3.5) showed significantly higher
relative abundances compared with other time points (Figure 4).
Regardless of culturing temperatures and physical states
of bacteria, the alpha diversity of bacterial community
was significantly higher on day 14 compared with day 4
based on Shannon, Shannoneven, Simpsoneven indexes,
indicating community diversity and evenness. However,
the Simpson index indicating community diversity was
significantly higher on day 4 compared with that on day 14
(Supplementary Table 3).

Impacts of Elevated Temperature on
Bacterial Community Composition
This study showed that elevated temperature influenced
the bacterial community. Regardless of cultivation stages
and physical states of bacteria, the alpha diversity of
bacterial community was significantly higher at 30◦C
compared with that at 20◦C based on Chao, Sobs, Shannon
indexes, indicating community richness and diversity

FIGURE 3 | Bacterial composition of the microbial consortium of samples at different time points (days 4, 8, and 14) and at different temperatures (T20, T25, and
T30) of free-living and attached bacteria with average value from three replicates for each treatment in genus level.
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FIGURE 4 | Taxa differentially abundant at (A) different temperatures in (B) free-living and attached bacteria, and at (C) different culturing time points based on the
LEfSe analysis.

(Supplementary Table 3). Although the samples cultured
at different temperatures did not form clearly separated
clusters (Supplementary Figure 3), the LEfSe analysis showed
that Pseudoalteromonas (LDA > 3.5) and Pseudomonas
(LDA > 3.5) had significant higher relative abundances
at 30◦C compared with the samples cultured at 20 and
25◦C (Figure 4).

Differential Effects of Cultivation Stages,
Different Temperatures, and Physical
States on Bacterial Community
Cultivation stage shows the strongest effect on the bacterial
community, while temperature demonstrates the weakest
effects, as illustrated in Figure 5. Linear regression analysis
of the bacterial community beta diversity demonstrated
that cultivation time was negatively correlated with beta
diversity (PcoA R2 = 0.600, p = 0.000001). Temperature
and physical states did not have a significant positive or
negative linear correlation with the beta diversity of the
bacterial community. However, some bacterial taxa showed
differential relative abundances under different temperatures.
Pseudoalteromonas showed significantly higher relative
abundance at elevated temperature in both free-living and
attached bacteria (Figures 4, 6). Of the attached bacteria, only
Pseudoalteromonas showed a positive correlation with elevated
temperature. Of the free-living bacteria, Pseudoalteromonas,
Colwelliaceae, Marinobacter, and Pseudomonas showed a
positive correlation with elevated temperature (Figure 6). In
the free-living bacteria, the relative abundances of Alteromonas,
Marinobacter, Vibrionaceae, Alteromonadaceace, Colwelliaceae,
and Pseudoalteromonas were higher on day 14. In attached
bacteria, the relative proportions of Marinobacter, Alteromonas,

FIGURE 5 | Redundancy analysis (RDA) of microbial communities and
environmental variables such as fraction, temperature, and sampling day (red
arrows). The lengths of arrows indicate the magnitude of variance to which
that variable could be explained. Smaller angles between two variables
indicate stronger correlations between them.

Vibrio, and Pseudoalteromonas were significantly higher
on day 14 (Figure 6). On day 8, Marinobacter showed
significantly higher relative abundances (p = 0.0004) at
higher temperature in free-living bacteria, but no bacterial
taxa were significantly influenced among the attached bacteria
(Supplementary Figure 4).
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FIGURE 6 | Spearman’s rank correlation coefficients and the corresponding
p-values (0.01 < p ≤ 0.05, **0.001 < p ≤ 0.01, ***p ≤ 0.001) were calculated
based on correlation of the relative abundance of top 15 abundant taxa and
different factors, such as cultivation time (days 4, 8, and 14) and temperatures
(T20, T25, and T30) in (A) free-living and (B) attached bacteria.

Functional Profile of Bacterial
Communities Based on PICRUST
Prediction
The functional profiles (KO and metabolic features) of bacterial
communities from different samples based on PICRUSt2
analysis are listed in Supplementary Table 4. Many metabolism
pathways either positively or negatively correlate with cultivation
stages based on Spearman correlation analysis, as shown
in Supplementary Table 5. In contrast, far fewer metabolic
pathways were correlated with different temperatures and
bacterial physical states. ABC-2 type transport system ATP-
binding protein (K01990, R = 0.52, p = 7.11E-05), carbon fixation
pathways in prokaryotes (Ko00720, R = 0.41, p = 0.002), and
carbapenem resistance (M00851, R = 0.5, p = 0.04) were highly
correlated with elevated temperature (Supplementary Table 5).
Lysosome (ko04142, R = 0.3, p = 0.03) and N-glycan biosynthesis
(ko00513, R = 0.3, p = 0.05) were also significantly correlated
with elevated temperature (Supplementary Table 5). Amino acid
biosynthesis, such as lysine biosynthesis (Ko00300, R = 0.27,

p = 0.049), and tyrosine and tryptophan biosynthesis (Ko00400,
R = 0.3, p = 0.02), were found to be positively correlated
with elevated temperature (Supplementary Table 5). We further
carried out a significant difference analysis of carbon fixation
metabolism (Ko00720) and lysine (Ko00300), phenylalanine,
tyrosine, and tryptophan biosynthesis (Ko00400) at different
time points of both free-living and attached bacteria. The results
showed that significantly increased carbon fixation metabolism
(Ko00720, p = 0.005) was detected at 30◦C on day 14 in free-
living bacteria (Figure 7) but not in attached bacteria (data not
shown). Lysine biosynthesis (ko00300, p = 0.001), and tyrosine
and tryptophan biosynthesis (Ko00400, p = 0.002) also showed
significantly higher abundances at 30◦C on day 14 in free-
living bacteria.

Bacterial Interaction at Different
Temperatures of Free-Living and
Attached Bacteria
The configuration of the network was more stable at elevated
temperature, with an increased number of nodes and edges and
higher average degrees (Table 1). The number of interactions
between different bacteria was dramatically increased as the
temperature increased, especially for free-living bacteria. The
connections among bacteria, dominated by positive connections,
were substantially higher at higher temperatures (Figure 8 and
Table 1). For free-living bacteria, 139 nodes with 880 positive
and 13 negative connections at 20◦C, 153 nodes with 951 positive
and three negative connections at 25◦C, and 217 nodes, 2,283
positive and 0 negative connections at 30◦C were found. For
attached bacteria, 134 nodes with 756 positive and a negative
connections at 20◦C, 147 nodes with 1130 positive and two
negative connections at 25◦C, and 154 nodes, 1319 positive and
three negative links at 30◦C were found (Table 1).

DISCUSSION

It has been predicted that elevated temperature will increase the
metabolic rates across the diversity of living organisms (López-
Urrutia and Morán, 2007), and it is generally considered that
elevated temperature enhances enzyme activities and metabolic
rates within temperature ranges suitable for the growth of
both bacteria and phytoplankton (Morán et al., 2015). In
this study, elevated temperature significantly increased the
growth rate of Skeletonema, shortened the exponential phase,
and decreased the maximum cell abundance of Skeletonema
sp. (Figure 1). We observed increased growth rate with
lower carrying capacity (lower maximum cell abundance) of
Skeletonema sp. at elevated temperature, and this is in line
with previous studies showing that warming can lead to the
lower carrying capacity of organisms (Kaeriyama et al., 2011;
Stock et al., 2019). At elevated temperatures, an earlier onset
of Skeletonema sp. cell abundance peak was observed in this
study, and this was also consistent with a previous mesocosm
experiment dominated by diatoms (Engel et al., 2011; von
Scheibner et al., 2014). The thermal response of Skeletonema
sp. may have also been influenced by the native bacteria
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FIGURE 7 | The relative proportions of (A) Ko00720 (carbon fixation pathways in prokaryotes, (B) Ko00400 (phenylalanine, tyrosine and tryptophan biosynthesis),
(C) Ko00300 (lysine biosynthesis), (D) Ko00513 (N-glycan biosynthesis at different temperatures and time points). The one-way ANOVA method was used to
perform the significance differences analysis. *Indicates significant difference between different treatments (p < 0.05).

assemblage. In this study, the cell abundances of free-living
bacteria were significantly higher at higher temperatures at
different stages during cultivation, especially at 3◦C in the decline
stage (Figure 1), which is consistent with previous studies (von
Scheibner et al., 2014; Moran, 2015). It has been shown that
heterotrophic bacteria are more affected by elevated temperature
than phytoplankton (Eppley, 1972; Pomeroy and Wiebe, 2001).
However, Skeletonoma sp. was more strongly affected than free-
living bacteria in terms of specific growth rate in this study.
The abundance of attached bacteria needs to be quantified
to fully demonstrate the effects of elevated temperature on
bacterial densities.

We found higher relative abundances of Alteromonas at the
decline stage in different temperature regimes. Alteromonas,
a global marine opportunistic taxon in the phycosphere and
commonly found in phytoplankton lab cultures and field samples
(López-Pérez et al., 2012, 2013; Shibl et al., 2020), has been
known to be good at degrading DOC, and plays vital roles in
carbon cycling in the oceanic ecosystem (Pedler et al., 2014).
We speculate that a higher relative abundance of Alteromonas
may help to consume a large amount of DOC released from
Skeletonema sp. resulting in no detectable differences in DOC

concentration at the decline stage compared with other stages.
In contrast to Alteromonas, Marinobacterium dominated at
the early stage in the culture but showed lower relative
abundance in the decline stage. Previous studies have shown
that DOC compositions in the early stage were distinct from
those in the decline stage in Skeletonema culture (Mannino
and Harvey, 2002). Alteromonas sp. and Marinobacterium
jannaschii have been reported to have distinct capabilities in
utilizing small peptides in seawater, which may be correlated
with their distinct relative abundances in relation to the
cultivation of Skeletonema sp. in this study (Huang et al.,
2020). On day 8, significantly higher DOC concentration
was detected at 30◦C than at the lower temperatures tested
(Figure 2), which is consistent with previous studies indicating
that increased proportion of primary produced organic matter
channeled into DOC at elevated temperature, most notably
after nutrient exhaustion (Wohlers et al., 2009; Kim et al.,
2011). Considering the interactions of DOM quantity, DOM
quality, and bacterial community composition (Engel et al.,
2011), the intercorrelations of bacterial community structure,
DOM composition, and carbon flow at elevated temperature
merit further exploration in the future.
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FIGURE 8 | Network analysis of bacterial interaction at different temperatures (02t20: free-living bacteria at 20◦C; 02t25: free-living bacteria at 25◦C; 02t30:
free-living bacteria at 30◦C; 2t20: attached bacteria at 20◦C; 2t25: attached bacteria at 25◦C; and 2t30: attached bacteria at 30◦C). Each node represents an ASV.
Node color represents taxon on class level. Green lines represent negative correlation, and red lines represent positive correlation between ASVs. The size of node
indicates the number of links with other ASVs. The big nodes have more links with other ASVs.

TABLE 1 | Topological properties of interaction networks under different conditions (02t20: free-living bacteria at 20◦C; 02t25: free-living bacteria at 25◦C; 02t30:
free-living bacteria at 30◦C; 2t20: attached bacteria at 20◦C; 2t25: attached bacteria at 25◦C; and 2t30: attached bacteria at 30◦C).

Groups Nodes Edges Positive
interaction

Negative
interaction

Modularity Average
clustering
coefficient

Average
path

length

Network
diameter

Average
degree

Graph
density

02t20 139 893 880 13 0.875 0.97 1.139 4 12.849 0.093

02t25 153 954 951 3 0.851 0.953 1.089 6 12.471 0.082

02t30 215 2283 2283 0 0.843 0.997 1.001 2 21.237 0.099

2t20 134 757 756 1 0.791 0.95 1.063 6 11.299 0.085

2t25 147 1132 1130 2 0.821 0.993 1.001 2 15.401 0.105

2t30 154 1322 1319 3 0.814 0.966 1.053 5 17.169 0.112

According to the LEfSe analysis (Figure 4), a higher
relative abundance of Vibrio was detected in the attached
bacteria. Vibrio has been reported to attach to algal cells,
as growing algal populations provide additional attachment
sites on organic-rich substrates (Takemura et al., 2014).
The attached state of Vibrio may be able to benefit from
absorbing organic matter from Skeletonema sp. in this study.
Pseudoalteromonas and Pseudomonas tended to appear in
30◦C culture regardless of physical states compared with 25

and 20◦C cultures (Figure 6). The potential algicidal effects
of Pseudoalteromonas (Kato et al., 1998; Lee et al., 2000;
Lyu et al., 2019) and Pseudomonas (Wang et al., 2005) on
Skeletonema costatum and harmful algae species have been
reported. Higher relative abundances of Pseudoalteromonas
and Pseudomonas under elevated temperature may result
in potential higher activity of algicidal activity against
Skeletonema sp. reflected by the lower maximum Skeletonema
sp. abundance in 30◦C compared to lower temperatures
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(Figure 1) was probably partially due to higher relative
abundance of Pseudoalteromonas and Pseudomonas under
higher temperature. Pseudoalteromonas also showed significantly
higher relative abundances on day 14 in both attached and
free-living bacteria (Figure 4). Pseudoalteromonas has been
reported to be dominant in the decline stage of S. costatum and
Akashiwo sanguinea bloom in the Xiamen sea area (Li et al.,
2012). The algicidal activity and capability in metabolizing
the organic matrix of diatom of Pseudoalteromonas (Bidle
and Azam, 2001; Li et al., 2012) may explain its dominance at
the decline stage.

In line with previous studies, the community composition
of free-living and attached bacterial communities was distinct
at different growth stages of Skeletonema sp. (Acinas et al.,
1999; Grossart et al., 2005). However, the free-living bacteria
and attached bacteria did not show distinct community patterns
in this study. Contrasting findings on attached and free-
living bacterial communities have been reported (Acinas et al.,
1999; Dang and Lovell, 2016; Hu et al., 2020). One of the
underlying reasons might be that the filtering method we
used did not separate free-living and attached bacteria very
well. The similarity between the community of free-living
and attached bacteria was also possibly due to high nutrient
and algal biomass with high bacterial substrate availability
in the lab cultures (Hollibaugh et al., 2000), allowing the
same bacterial taxa to exist in both the attached and free-
living statuses with different physiological status and activities
(Cooksey and Wigglesworth-Cooksey, 1995).

Previous studies using natural microbial assemblies in
coastal seawater have indicated more pronounced impacts of
elevated temperature on phytoplankton-attached bacteria in
terms of cell abundance, carbon uptake, and enzyme activities
compared with free-living bacteria. Better access to newly
fixed DOC by phytoplankton and increased chemotaxis ability
of attached bacteria compared with free-living counterparts
were considered as major factors (Arandia-Gorostidi et al.,
2017, 2020). In this study, the effects of temperature on
free-living bacteria were more pronounced than those on
attached bacteria in terms of bacterial community composition,
a result that differs from previous studies (Arandia-Gorostidi
et al., 2017, 2020; Figure 6). Correlation analysis based on
the PICRUSt2 predictions showed that carbon metabolism
was significantly correlated with elevated temperature. Further
significant difference analysis indicated that carbon metabolism
was significantly enhanced at elevated temperature in free-living
bacteria but not in attached bacteria during the decline phase
on day 14. However, more active organic carbon consumption
by free-living bacteria at higher elevated temperature did not
result in lower DOC concentration in the culture on day 14
(Figure 2). We speculate that increased rate of both DOC release
and consumption at elevated temperature finally resulted in
no significant changes in DOC concentration in the decline
phase. Besides carbon metabolism, significant enhancement of
several specific amino acid metabolisms at higher elevated
temperature was detected (Figure 7 and Supplementary Table 5),
which may reflect the changes in the amino acid composition
of bacteria (Kreil and Ouzounis, 2001; Venev and Zeldovich,

2018). The potential changes in amino acid composition in
bacteria at elevated temperature may result in changes in
adaptation to different environment conditions (Cabello-Yeves
and Rodriguez-Valera, 2019) and would have a profound
influence on the microbial loop and oceanic carbon cycle
(Repeta, 2015). N-glycans have been reported to play important
roles in dealing with heat shock (Cain et al., 2019) and to
affect nitrate reductase activity and chemotaxis in pathogenic
bacteria (Nothaft and Szymanski, 2019). The results implied
that N-glycans may also be vital for marine non-pathogenic
bacteria in response to elevated temperature. Significant positive
correlation of ABC-2 type transport system ATP-binding protein
with elevated temperature was detected in our study. ABC
transporters are considered as highly efficient translocation
systems with a remarkable diversity of functions (Lewis et al.,
2012). The underlying mechanisms of effects of elevated
temperature on ABC transporter in marine bacteria remain to be
further investigated.

In the future, further metatranscriptomic data and related
metabolite measurements may better decipher the changes in the
whole bacterial community in response to elevated temperature.

In this study, the interactions, mainly positive, among
different bacterial species were significantly enhanced at 30◦C
(Figure 8), which implied that the enhanced cooperation
between different bacterial species with increased positive
interactions and more stable network structure may help the
whole community to overcome the stress brought by the
elevated temperature as indicated in a previous study (Zhang
et al., 2020). Previous studies have also shown that bacterial
interaction networks were modified by abiotic stresses (Lin
et al., 2018; Ratzke et al., 2020). Interestingly, the enhanced
interactions in the bacterial community at elevated temperature
were more pronounced in attached bacteria compared with free-
living bacteria, which implied that elevated temperatures may
have a greater impact on the attached bacterial community.
The changes in functions and interactions of the bacterial
community in response to elevated temperatures might influence
energy transfer and element cycling, a topic which deserves
further investigation.

In conclusion, we demonstrated that the effects of temperature
on the structure of the free-living bacterial community were
more pronounced compared with diatom-attached bacteria.
Furthermore, the results showed that different bacterial species
may build a more integrated network with a modified
functional profile of the whole community to cope with
elevated temperature. More comprehensive studies on the
relationship between bacterial community structure, community
functional profiles based on metatranscriptomics data, and
element cycling at elevated temperature are needed to better
decipher the responses of diatom-associated bacterial community
to ocean warming.
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