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Marine phytoplankton are major primary producers, and their growth is primarily limited 
by nitrogen in the oligotrophic ocean environment. The haptophyte Braarudosphaera 
bigelowii possesses a cyanobacterial endosymbiont (UCYN-A), which plays a major role 
in nitrogen fixation in the ocean. However, host-symbiont interactions are poorly understood 
because B. bigelowii was unculturable. In this study, we sequenced the complete genome 
of the B. bigelowii endosymbiont and showed that it was highly reductive and closely 
related to UCYN-A2 (an ecotype of UCYN-A). We succeeded in establishing B. bigelowii 
strains and performed microscopic observations. The detailed observations showed that 
the cyanobacterial endosymbiont was surrounded by a single host derived membrane 
and divided synchronously with the host cell division. The transcriptome of B. bigelowii 
revealed that B. bigelowii lacked the expression of many essential genes associated with 
the uptake of most nitrogen compounds, except ammonia. During cultivation, some of 
the strains completely lost the endosymbiont. Moreover, we did not find any evidence of 
endosymbiotic gene transfer from the endosymbiont to the host. These findings illustrate 
an unstable morphological, metabolic, and genetic relationship between B. bigelowii and 
its endosymbiont.

Keywords: nitrogen fixation, endosymbiosis, haptophyte, UCYN-A, reductive evolution

INTRODUCTION

Marine phytoplankton consume various nitrogen compounds, such as nitrate, nitrite, ammonia, 
and cyanate, and often produce large-scale blooms triggered by the abundance of specific 
nitrogen compounds (Suzuki et  al., 2019). In oligotrophic ocean environments, phytoplankton 
growth is primarily limited by the availability of nitrogen compounds. Atmospheric nitrogen 
(N2) is fixed by some cyanobacteria (diazotrophy; Galloway et  al., 2004) that possess the 
nitrogenase enzyme, encoded by the nif gene cluster (Tsygankov, 2007). Long-term monitoring 
of ocean diazotroph community structure and nitrogen fixation rates revealed that unicellular 
cyanobacterial species contribute more to nitrogen fixation in oceans than filamentous species, 
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such as Trichodesmium spp. (Church et  al., 2009). In the 
unicellular species, UCYN-A (unicellular N2-fixing cyanobacteria 
group A), which is also described as Candidatus 
Atelocyanobacterium thalassa, was initially identified based on 
environmental sequences of nifH (Zehr et  al., 2001). To date, 
the cultivation of this species has been unsuccessful. UCYN-A 
consists of at least six sub-lineages, UCYN-A1 to UCYN-A6, 
which have different ecological niches (Thompson et  al., 2014; 
Farnelid et  al., 2016; Turk-Kubo et  al., 2017). Among the 
sub-lineages, UCYN-A2 has been commonly reported in coastal 
waters (Turk-Kubo et  al., 2017), although it has also been 
reported in the open ocean.

The exchange of metabolites between UCYN-A (UCYN-A1 
and UCYN-A2) and a prymnesiophyte, Braarudosphaera bigelowii 
(haptophyte), was revealed (Thompson et  al., 2012; Martínez-
Pérez et al., 2016; Mills et al., 2020); UCYN-A1 and UCYN-A2 
provide fixed nitrogen to B. bigelowii and, in exchange, receive 
fixed carbon from B. bigelowii. Recently, Hagino et  al. (2013) 
reported an endosymbiotic UCYN-A2 in the calcareous 
coccolithophore B. bigelowii. The endosymbiont was separated 
from its host cell by a single membrane in B. bigelowii (Hagino 
et al., 2013, 2016). However, host-symbiont interactions remain 
unclear because B. bigelowii is unculturable.

The UCYN-A genome lacks many essential genes required 
for survival as a free-living organism (Zehr et  al., 2008; Tripp 
et  al., 2010). The complete genome of the ecotype UCYN-A1 
was sequenced by whole-genome amplification (WGA) of cells 
purified by flow cytometry (Zehr et  al., 2008; Tripp et  al., 
2010). The genome was highly reduced (1.44 Mbp) and contained 
genes for nitrogen fixation, but lacked some vital metabolic 
pathways, such as photosystem II, Calvin cycle, and the 
tricarboxylic acid (TCA) cycle. Genes for photosystem I  were 
retained, which could provide electrons for nitrogenase. The 
loss of photosystem II may be  advantageous because UCYN-A 
expresses nitrogenase (Church et al., 2005), which is inactivated 
by oxygen (Zehr et al., 2017) during daylight hours. Subsequently, 
the draft genome of UCYN-A2 was sequenced using a similar 
WGA method (i.e., using cells isolated by flow cytometry; 
Bombar et al., 2014). The genomes of UCYN-A1 and UCYN-A2 
share most of the protein-coding genes (96.6%) with high 
synteny but high amino acid diversity. The host of UCYN-A2 
is significantly larger in cell size than that of UCYN-A1 
(Thompson et  al., 2014). Only UCYN-A2 possesses genes for 
cell shape and cell wall biogenesis, suggesting different 
associations between the two UCYN-A ecotypes and their hosts 
(Bombar et  al., 2014).

Braarudosphaera bigelowii is a species complex consisting 
of multiple pseudo-cryptic species based on genetic and 
morphological divergence (Hagino et  al., 2009). In this species 
complex, 18S rDNA genotype III is considered B. bigelowii 
sensu stricto (s.s.). B. bigelowii s.s. differed from Chrysochromulina 
parkeae in morphology but was almost identical to C. parkeae 
in the 18S rDNA sequence (99.89% similarity). Therefore, C. 
parkeae is considered an alternate life cycle stage in B. bigelowii 
s.s. (Hagino et  al., 2013). In the present study, we  sequenced 
an endosymbiont genome in the C. parkeae stage of B. bigelowii. 
We established B. bigelowii strains and observed morphological 

interactions between B. bigelowii and its endosymbiont. 
Transcriptome analyses were also performed to elucidate nitrogen 
metabolism in B. bigelowii.

MATERIALS AND METHODS

Sampling
Sea surface water was collected at Asamushi, Aomori, Japan 
(40°53′37.2″N 140°51′32.5″E) in 1990, at Tomari Port, Tottori, 
Japan (35°31′01.7″N 133°56′14.8″E) between 2013 and 2014, 
and at Ikenoura Port, Kochi, Japan (33°24′34.9″N 133°24′45.0″E) 
between 2015 and 2017. Detailed information on the samples 
is provided in Supplementary Material 
(Supplementary Table  1).

Genome Sequencing of the B. bigelowii 
Endosymbiont
Sea surface water collected from Tomari Port in 2014 was used 
to sequence the genome of the endosymbiont of the C. parkeae 
stage of B. bigelowii. B. bigelowii was temporarily maintained 
in ESM medium (Kasai et  al., 2009) with 0.25 mg/l GeO2. A 
single B. bigelowii cell was isolated and washed once with 
distilled water by micropipetting under an inverted microscope. 
The cell was frozen at −30°C to disrupt the cell membrane. 
DNA in the lysate was amplified using an Illustra GenomiPhi 
DNA Amplification kit (GE Healthcare, Piscataway, NJ, 
United  States), and single-stranded DNA was digested with S1 
nuclease (Takara, Shiga, Japan). The amplified DNA was purified 
using a phenol:chloroform:isoamyl alcohol (25:24:1) and 
chloroform:isoamyl alcohol (24:1) mixture. Subsequently, DNA 
was concentrated by ethanol precipitation from the aqueous phase.

DNA was sequenced using the Illumina MiSeq platform 
(Illumina, San Diego, CA, United States) with a 300 bp × 2 
library (Fasmac, Kanagawa, Japan). The read sequences were 
deposited in DDBJ/GenBank/ENA under the accession number 
DRA011127. We obtained 7,469,122 reads (2.1 Gbp) and removed 
adapter sequences using TagCleaner version 0.16 (Schmieder 
et  al., 2010). Reads of <50 bp and the 5′ and 3′ ends with 
quality less than Q20 were trimmed using PRINSEQ version 
0.20.4 (Schmieder and Edwards, 2011). The trimmed reads 
were assembled into 8,895 scaffolds using SPAdes 3.1.1, with 
a k-mer value of 77 (Bankevich et  al., 2012). The 188 scaffolds 
that originated from the endosymbiont were selected by homology 
search using blastn against the genome of Candidatus 
Atelocyanobacterium thalassa isolate ALOHA. The scaffolds 
were re-assembled into four major contigs using CodonCode 
aligner version 3.7.1.1 (CodonCode, Centerville, MA, 
United  States). All remaining gaps were closed by PCR using 
TaKaRa Ex Taq (Takara). The PCR products were ligated into 
the pGEM-T easy vector (Promega, Madison, WI, United States). 
The plasmids were sequenced with an ABI 3130 sequencer 
(Applied Biosystems, Foster City, CA, United  States) using the 
BigDye version 3.1 kit (Applied Biosystems). The Illumina reads 
were mapped to the genome sequence using Minimap2 version 
2.17-r941 (Li, 2018) using the option (−x sr), and the genome 
sequence was polished with Pilon 1.22 (Walker et  al., 2014). 
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The polishing step was repeated three times. Gene models 
were predicted using Prokka 1.14.0 (Seemann, 2014) with 
manual curation, and functional annotation was performed 
using the EggNOG-mapper web server (Huerta-Cepas et  al., 
2017). Syntenic analysis among the B. bigelowii endosymbiont, 
UCYN-A1, and UCYN-A2 was performed using 
progressiveMauve 2.4.0 (Darling et al., 2010) with default options. 
Before the alignment, the contigs of UCYN-A2 were reordered 
with the “Move Contigs” option, using the endosymbiont genome 
as a reference. The genome sequence was deposited in DDBJ/
GenBank/ENA under accession number AP024987.

Establishment of B. bigelowii Strains
For strains KC1-P2 and KC15-24, seawater samples collected 
from Ikenoura Port were used to study the C. parkeae stage 
of B. bigelowii in culture. Each sample was concentrated using 
an isopore membrane (pore size, 5.0 μm; Merck, Darmstadt, 
Germany). The concentrated cells were precultured in light–dark 
cycles consisting of 12 h of light and 12 h of darkness at 18°C, 
in 50% ESM medium with 0.75 mg/l GeO2 and without nitrogen 
compounds. Single B. bigelowii cells were isolated by 
micropipetting, and each isolate was grown in a culture well 
under the same conditions. Two isolates from seawater samples 
collected on May 17, 2015, and May 24, 2017 were labeled 
as KC1-P2 and KC15-24, respectively (Supplementary Table 1). 
KC1-P2 possessed an endosymbiont at the beginning of the 
culture experiments but lost it during the course of the 
experiments. KC15-24 did not have an endosymbiont at the 
beginning of the culture experiments. However, it is unknown 
whether the cell originally lacked the endosymbiont or lost it 
at the beginning of the preculture. Strains KC1-P2 and KC15-24 
were deposited in the National Institute for Environmental 
Studies (NIES) and are available as strains NIES-3865 and 
NIES-4442, respectively. Strain MK90-06 was isolated from the 
seawater sample from Asamushi approximately two decades 
ago, using a method similar to that used for the seawater 
sample from Ikenoura Port, and was maintained for roughly 
a year; however, this strain is now extinct.

Light Microscopy, Fluorescence 
Microscopy, and Transmission Electron 
Microscopy
The KC1-P2 and KC15-24 strains were observed using an Axio 
Imager.A2 microscope (Carl Zeiss, Berlin, Germany) equipped 
with an Olympus DP71 or DP74 CCD camera (Olympus, 
Tokyo, Japan). Endosymbiont-bearing KC1-P2 was observed 
using fluorescence microscopy. Fixed cells were stained with 
4,6-diamidino-2-phenylindole (DAPI) in the dark and mounted 
with SlowFade DIAMOND (Invitrogen, Carlsbad, CA). Specimens 
were then observed under a Leica DMRD microscope (Leica, 
Wetzlar, Germany) equipped with an Olympus DP73 CCD 
camera (Olympus, Tokyo, Japan). For transmission electron 
microscopy (TEM) observations of the C. parkeae stage of B. 
bigelowii and its endosymbiont, the MK90-06 strain was used. 
Detailed methods for sample treatment and observation are 
described in Kawachi et  al. (1991) (Supplementary Material).

Phylogenetic Analysis Using 
Cyanobacterial Genomes
The dataset was composed of 64 cyanobacterial species, including 
UCYN-A1, UCYN-A2, UBA4158 (a metagenome assigned as 
UCYN-A), and the B. bigelowii endosymbiont. One hundred 
and sixty single-copy orthologous proteins were identified using 
OrthoFinder version 2.1.2 (Emms and Kelly, 2019). The sequences 
were aligned using MAFFT version 7.453 (Katoh and Toh, 
2008) with the auto option. Alignments were trimmed using 
trimAl version 1.4.rev15 (Capella-Gutierrez et  al., 2009) with 
the option “automated1.” Model testing was performed using 
ModelTest-NG version 0.1.5 (Darriba et al., 2020). The selected 
substitution models were shown in Supplementary Table  2. 
Maximum likelihood (ML) analyses were performed using 
RAxML-NG version 0.9.0 (Kozlov et  al., 2019) with 200 
bootstrap replicates.

Transcriptome Analyses of Endosymbiont-
Free B. bigelowii
For RNA-seq analyses, endosymbiont-free KC1-P2 cells were 
used (Supplementary Table  3). The cells were cultivated in 
the ESM and a nitrogen-free ESM medium. The cells were 
collected in light and dark phases by gentle centrifugation. 
RNA was extracted from five independent cultures using TRIzol 
Reagent (Thermo Fisher Scientific, Waltham, MA, United States) 
following the manufacturer’s protocol (Supplementary Table 3). 
mRNA was selected by enriching the polyA sequences and 
sequenced on a HiSeq 2,500 system (125 bp × 2; Illumina), which 
were performed by Eurofins Genomics (Ebersberg, Germany). 
The paired-end libraries were constructed with ~200 bp cDNA 
inserts and sequenced using TruSeq SBS Kit v3 (250 cycle; 
Illumina). We  obtained a total of 26.1 Gbp and 220 million 
paired-end sequences. Quality of reads was checked and reads 
with low quality (phred quality <Q15 and length <15 bp) were 
trimmed using fastp  0.20.0 (Chen et  al., 2018) with default 
options. All of the read sets were assembled and clustered 
using DRAP 1.92 (Cabau et al., 2017) with the Oases assembler 
(Schulz et  al., 2012). The completeness of the assembly was 
checked with BUSCO version 4.0.6 with the “eukaryote_odb10” 
database (Simão et  al., 2015). The transcript contigs were 
annotated using the EggNOG-mapper web server. Moreover, 
we  searched homologs of nitrogen metabolism-related genes 
of Emiliamia huxleyi using tblastn with a cutoff: e-value <1E-3. 
We  also confirmed the presence/absence of these genes at the 
sequenced read level. We  merged the paired-end reads of the 
RNA-seq, and the short reads less than 100 bp were removed 
using fastp (Chen et  al., 2018). All read sets were merged, 
and redundant sequences were clustered using CD-HIT-EST 
version 4.8.1 (Fu et  al., 2012) with the option (−c 1). Using 
the non-redundant reads as a database, we  performed tblastn 
search with the same method. For gene expression analysis, 
we  mapped each RNA-seq sample to the transcript contigs 
using minimap2 version 2.20 (Li, 2018) with the option (−x 
sr). The number of mapped reads was counted using Samtools 
version 1.5 (Li et  al., 2009). RNA-Seq reads were deposited 
in DDBJ/GenBank/ENA under the accession number DRA011134.
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Prediction of Phagotrophy in B. bigelowii
We predict the trophic modes of B. bigelowii and a mixotrophic 
haptophyte Haptolina brevifila using the transcriptomes, based 
on the methods by Burns et  al. (2018) and Bock et  al. (2021). 
In this model-based analysis, the probability of potential 
phagocytosis of organisms is evaluated with the scores of 0 to 
1. A probability more than 0.5 is interpreted as presence of 
specific trophic mode including phagotrophy. We  translated the 
assembled transcripts of B. bigelowii into protein sequences 
using TransDecoder v5.5.0.1 Proteins of H. brevifila 
(MMETSP1094) were acquired from the Marine Microbial 
Eukaryote Transcriptome Sequencing Project (Keeling et  al., 
2014). The trophic mode was predicted using HMMER3 version 
3.3.2 (Mistry et al., 2013) and predictTrophicMode v1.0.0 (Burns 
et  al., 2018).

Prediction of Cyanobacterial Genes in the 
B. bigelowii Transcriptome
All contigs were searched for homology using DIAMOND version 
0.9.14 (Buchfink et  al., 2015) against the NCBI non-redundant 
protein database. The lowest common ancestor assignment was 
performed using MEGAN Community Edition version 6.18.39 
(Huson et  al., 2016) with two options (minimum score = 20, 
percent to cover = 60). The 215 transcripts, which were closely 
related to some genes of cyanobacteria, were used for phylogenetic 
analyses and searched for homology using blastp against the 
NCBI-refseq_protein database. If haptophytes were included in 
the top  50 blastp hits, the sequences were excluded. The top  50 
hits were used as the database for phylogenetic analyses. Alignment 
was performed using MAFFT version 7.427 (Katoh and Toh, 
2008) with the “linsi” option and trimmed using trimAl version 
1.4.rev15 (Capella-Gutierrez et  al., 2009) with the option 
“automated1.” ML trees were inferred using IQ-TREE version 
1.6.12 (Nguyen et  al., 2015) with 100 nonparametric 
bootstrap replicates.

RESULTS AND DISCUSSION

The C. parkeae Stage of B. bigelowii and 
Its Endosymbiont
Strains MK90-06, KC1-P2, and KC15-24 were oval or pyriform, 
but their cell sizes were slightly different; strains MK90-06 
and KC1-P2 were 15–22 μm long and 5–9 μm wide, and 
strain KC15-24 was 18–26 μm long and 7–10 μm wide 
(Figures  1A–D). Cells possessed two flagella of equal length 
and one haptonema with a basal swelling (Figure 1C). Coiling 
of the haptonema was not observed. Cells were covered with 
multi-layered oval scales of three types and 3–6 long spine-
like scales at the anterior and posterior ends (Figures 1A–D; 
Supplementary Figures  1, 2). These morphological features 
were consistent with the original description of C. parkeae 
(Green and Leadbeater, 1972), synonymous with B. bigelowii 
(Hagino et  al., 2013); therefore, we  identified these strains 

1 https://github.com/TransDecoder/TransDecoder/releases/tag/TransDecoder-v5.5.0

as the C. parkeae stage of B. bigelowii. These results were 
consistent with the phylogenetic analyses using 18S rRNA 
and plastid 16S rRNA (Supplementary Figures  3, 4). 
Phylogenetic analysis showed that strains MK90-06 and 
KC1-P2 corresponded to genotype III of B. bigelowii and 
that KC15-24 corresponded to genotype IV 
(Supplementary Material).

Strains KC1-P2 and MK90-06 possessed a spheroid structure 
between two plastids at the posterior of the cell (Figures 1A,E,F 
and 2A,B), although strain KC15-24 did not (Figures 1C,D). 
We  stained KC1-P2 cells with DAPI, and blue fluorescence 
was observed in the spheroid structure (Figures  1E,F), 
indicating the presence of DNA in this structure. Interestingly, 
the spheroid structure of KC1-P2 was lost during cultivation 
(Figure  1B), suggesting that this structure is not essential 
for the growth of B. bigelowii, at least under our laboratory 
culture conditions. To observe the ultrastructure of this 
spheroid structure, we  performed TEM on strain MK90-06 
(Figures  2A–D; Supplementary Figure  5). The TEM 
observations indicated that this spheroid structure possessed 
cyanobacterium-like features: two membranes, a peptidoglycan 
layer, and lateral thylakoids, which are similar to those found 
in cyanobacteria, such as Cyanothece sp. ATCC 51142 (Liberton 
et  al., 2011). This spheroid structure was surrounded by a 
single membrane, which was fused with a nuclear membrane, 
possibly originating from the food vacuole of B. bigelowii 
(Supplementary Figure  5).

B. bigelowii (in the coccolithophore stage) possesses a 
cyanobacterial endosymbiont with a similar structure 
(Hagino et al., 2013), suggesting that B. bigelowii can maintain 
the endosymbiont throughout its life cycle. Some MK90-06 
cells contained two endosymbionts during the initial cell 
division, indicating that the endosymbiont could divide 
synchronously in the host cell and be  vertically transferred 
to the offspring.

To elucidate the phylogenetic relationships of the B. bigelowii 
endosymbiont, we performed a phylogenetic analysis using the 
nifH genes including that of the genome of B. bigelowii 
endosymbiont (Supplementary Figure  6). Based on the nifH 
sequence, the endosymbiont of B. bigelowii was monophyletic 
with uncultured cyanobacteria, UCYN-A2, with moderate 
bootstrap support (BP = 79). In the dataset, the nifH sequence 
of the endosymbiont of B. bigelowii was the most similar to 
that of the UCYN-A2 genome (JPSP01000000; Bombar et  al., 
2014) with 99.66% nucleotide similarity. These results suggest 
that UCYN-A2 is the endosymbiont of B. bigelowii genotype 
III as described in Thompson et  al. (2014).

KC15-24 lacked an endosymbiont; however, it was unclear 
whether KC15-24 lacked an endosymbiont in nature, or whether 
its endosymbiont was lost at the beginning of preculture. Green 
and Leadbeater (1972) described this species without such a 
spheroid structure, although it could have been overlooked. 
Regardless, we  speculate that B. bigelowii can discharge or 
digest the endosymbiont (discussed below) and the events might 
be relatively rare because the strain MK90-06 had been maintained 
with the endosymbiont over a year under our 
laboratory condition.
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Genomic Features of the B. bigelowii 
Endosymbiont
We sequenced the complete genome of an endosymbiont of 
an isolated single cell of B. bigelowii (Supplementary Figure 7). 
To the best of our knowledge, this is the first report in which 

the genome of a single or clonal UCYN-A cell was sequenced, 
in contrast to other studies in which population sequencing 
was employed (Tripp et  al., 2010; Thompson et  al., 2012; 
Bombar et al., 2014). Phylogenetic analysis using 160 orthologous 
proteins showed that the endosymbiont was closely related to 

A B

C D

E F

FIGURE 1 | Light microscopy images of the C. parkeae stage of B. bigelowii. Two strains KC1-P2 (A,B,E, and F) and KC15-24 (C and D) are shown. Cells 
possessed a haptonema (black arrowheads), two flagella (black arrows), and a distinctive projecting structure at the posterior end (white arrowhead). (A) KC1-P2 
with its endosymbiont. KC1-P2 possessed a single endosymbiont at the posterior of the cell (white arrow). (B) KC1-P2 without its endosymbiont. KC1-P2 lost its 
endosymbiont at the beginning of cultivation. (C and D) KC15-24 did not possess an endosymbiont. A swelling of the haptonema is visible at the base. (E,F) 
Fluorescence microscopy images of KC1-P2 stained using DAPI. Blue fluorescence of the endosymbiont shows the presence of DNA. Scale bars represent 10 μm.
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UCYN-A2 and that these two genomes formed a monophyletic 
group with UCYN-A1 and UBA4158 (derived from metagenomic 
data; Parks et al., 2017) with robust bootstrap support (BP = 100; 
Figure  3). The topology of this tree was consistent with that 
of the nifH-derived tree (Supplementary Figure  6).

The B. bigelowii endosymbiont genome comprised 1,496,411 bp, 
which was slightly longer than that of UCYN-A1 and UCYN-A2 
(Supplementary Table 4). The B. bigelowii endosymbiont genome 
encoded 1,188 coding sequences (CDSs), 37 tRNAs, and 6 
rRNAs (Supplementary Table  4). Most of the CDSs of the 
B. bigelowii endosymbiont were shared with UCYN-A1 (1,137 
CDSs, 95.7% of the total CDSs of the B. bigelowii endosymbiont) 
and UCYN-A2 (1,184 CDSs, 99.7% of the CDSs). As described 
in UCYN-A1 and UCYN-A2 (Tripp et al., 2010; Bombar et al., 
2014), the endosymbiont possessed genes for nitrogen fixation 
and lacked genes for the TCA cycle, photosystem II, and Calvin 
cycle. In particular, the B. bigelowii endosymbiont and UCYN-A2 
possessed the nearly same gene repertories. All of the CDSs 
of UCYN-A2 were found in the B. bigelowii endosymbiont 
genome, whereas the endosymbiont possessed only five unique 
CDSs, which were absent in UCYN-A2 (Supplementary Table 5). 
Of them, one CDS was probably located in an inter-contig 
region of the UCYN-A2 assembly, and the remaining four 
CDSs are likely to be  pseudogenized in UCYN-A2 because 
of the presence of stop codons or flame shifts in these CDSs.

However, there were some unique genes that were absent 
or pseudogenized in either the B. bigelowii endosymbiont or 
UCYN-A1 (40 and 36 unique genes, respectively; 
Supplementary Tables 5 and 6). Most of these genes encoded 
hypothetical proteins, and thus, some of them might 
be  misannotated. The B. bigelowii endosymbiont lacked two 
genes for transcriptional regulators, a GntR family transcriptional 
regulator, and a putative transcriptional regulator. Moreover, 
a gene encoding a putative transcriptional regulator was 
pseudogenized in both genomes, and the B. bigelowii 
endosymbiont possessed a pseudogene of the RpoD/SigA family 
RNA polymerase sigma factor, which was completely absent 
in UCYN-A1. These results suggest that the B. bigelowii 
endosymbiont and UCYN-A1 may lack some components of 
their transcriptional regulatory systems. A similar situation was 
observed during the organellar genome reduction of secondary 
endosymbiosis in plastid acquisition (Suzuki et  al., 2016). 
However, previous studies showed that nifH of UCYN-A1 and 
UCYN-A2 had a diurnal transcriptional pattern, and the highest 
level of nifH expression was observed during the day (Church 
et  al., 2005; Thompson et  al., 2014). The expression of nifH 
is regulated by CnfR in the heterocyst-lacking cyanobacterium 
Leptolyngbya boryana (Tsujimoto et  al., 2014), and the B. 
bigelowii endosymbiont (UCYN-A2) and UCYN-A1 possess 
homologs of cnfR (CPSB_00856 and UCYN_05600, respectively), 

A B C D

FIGURE 2 | TEM images of the C. parkeae stage of B. bigelowii. Light microscopy images (A,C) and corresponding TEM images are shown (B,D) for strain MK90-
06. Usually, one endosymbiont is found per cell in the posterior of the cell (A,B); however, some of the cells had two endosymbionts per cell during cell division 
(C,D). Scale bars represent 5 μm in (A and C), and 2 μm in (B and D). E, endosymbiont; G, Golgi apparatus; M, mitochondrion; N, nucleus; P, plastid; and Py, 
pyrenoid.
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suggesting that they do not lack the entire transcriptional 
regulatory system.

UCYN-A1 lacked genes for RecBCD [related to double-
stranded DNA break repair (Cassier-Chauvat et  al., 2016)], 
and the B. bigelowii endosymbiont also lacked these genes. 
Only the B. bigelowii endosymbiont (UCYN-A2) lacked genes 
for DNA repair, recO, and xerD. We  could not find these 
intact genes even in the intergenic regions of the B. bigelowii 
endosymbiont genome using blastx search. These genes are 
broadly found in various cyanobacteria, including UCYN-A1 
(Cassier-Chauvat et  al., 2016). RecO repairs single-stranded 
DNA nicks. Together with RecF and RecR, the RecFOR complex 
recognizes gaps, which are enlarged by RecQ and RecJ. Deletion 
of recO results in the failure of DNA replication recovery in 
E. coli (Chow and Courcelle, 2004). This information suggests 
that the B. bigelowii endosymbiont lacks the RecF pathway 
for repairing single-stranded DNA nicks. This is supported by 
the absence of the xerD gene, which encodes a site-specific 
recombinase that resolves DNA dimers into monomers during 
cell division (Castillo et al., 2017). Because bacterial transcripts 

encoding RecO and XerD could not be  found in our RNA-Seq 
analysis of B. bigelowii, these proteins may not be  transferred 
from the host cell to the endosymbiont. The nuclear genome 
sequencing of B. bigelowii is required to elucidate the absence 
of these genes.

To investigate genome rearrangement among UCYN-A1, 
UCYN-A2, and the B. bigelowii endosymbiont, we  performed 
the progressiveMauve analysis (Darling et  al., 2010). We  found 
a single inverted region (approximately 16 kb) of the B. bigelowii 
endosymbiont using UCYN-A1 as a reference 
(Supplementary Figure 8). This inverted region was composed 
of 16 and 15 CDSs (ribH to glycosyl transferase) in UCYN-A1 
and the B. bigelowii endosymbiont, respectively. The ends of 
the inverted region occurred in intergenic regions (CPSB_00460–
CPSB_00461 and glycosyl transferase–frr) and did not disturb 
the genetic structure. We  reordered the contigs of UCYN-A2 
using the B. bigelowii endosymbiont genome as a reference 
(Supplementary Figure  8), and they showed the completely 
same order of genes without an inversion, illuminating the 
close phylogenetic relationship of these genomes (Figure  3).

FIGURE 3 | Phylogenetic tree based on the 160 proteins encoded in the genome of the B. bigelowii endosymbiont. The ML tree was inferred using 160 proteins of 
64 cyanobacteria (46,587 amino acids). Bootstrap values (BP) are shown on nodes. Bold lines indicate a BP value of 100.
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Nitrogen Metabolism in B. bigelowii
To elucidate the genetic adaptations of the host to the nitrogen-
fixing endosymbiont, we performed RNA-Seq on endosymbiont-
free B. bigelowii (strain KC1-P2). In the RNA-Seq analysis, 
we  could not detect any contamination of the endosymbiont 
transcripts, such as 16S rRNA, although nuclear 18S rRNA 
and plastid 16S rRNA were detected (Supplementary Table 7). 
This result indicates that this strain of B. bigelowii completely 
lacks its endosymbiont.

Interestingly, we  found that some transcripts related to 
nitrogen uptake, storage, and reuse were absent from the B. 
bigelowii transcriptome. We  compared the genomes of two 
haptophytes that do not fix nitrogen, Emiliania huxleyi (marine 
species; Read et  al., 2013) and Chrysochromulina tobinii 
(freshwater species; Hovde et  al., 2015), to the transcriptome 
of B. bigelowii (Figure  4; Supplementary Table  8). The E. 
huxleyi genome possesses genes for proteins capable of producing 
ammonia from various nitrogen sources: nitrate, nitrite, 
formamide, glutamine, glutamate, cyanate, and nitroalkane. The 
C. tobinii genome lacked genes for nitronate monooxygenase, 
cyanate lyase, and arginase, suggesting that C. tobinii cannot 
produce ammonia from nitroalkane and cyanate, or store 
nitrogen as urea in cells. This is likely because its habitat is 
freshwater, which is a more nutrient-rich environment than 
the ocean. In contrast, interestingly, the B. bigelowii transcriptome 
lacked transcripts for nitrate transporters, nitrate reductase, 
nitrite reductase, formamidase, glutamate dehydrogenase, 
glutaminase, cyanate lyase, arginase, and urease. We  could not 
detect these transcripts at the raw read level 
(Supplementary Table 8). These deficiencies suggest that under 
these conditions, B. bigelowii cannot use most nitrogen sources, 
such as nitrate, nitrite, formamide, glutamate, glutamine, cyanate, 
and urea, or store excess nitrogen as urea in cells. The RNA-Seq 
data contained sufficient amount of reads (>27 Gbp), and 
BUSCO analysis (Simão et  al., 2015) showed relatively high 
gene completeness based on the eukaryote dataset (81.5% 
complete BUSCOs and 5.9% fragmented BUSCOs). Moreover, 
the RNA was extracted from cells in nitrogen-rich/-poor media 
and under a light–dark phase (Supplementary Table  3). For 
some algae and plants, the presence of nitrate induces the 
expression of genes encoding nitrate transporters (Clarkson 
and Lüttge, 1991; Navarro et  al., 1996; Crawford and Glass, 
1998; Daniel-Vedele et  al., 1998; Suzuki et  al., 2019); however, 
we  could not detect the transcript in our RNA-seq analyses 
with nitrate. Together with the essential function of these genes 
in nitrogen metabolism, it is possible that these genes are 
absent or pseudogenized in the genome.

In contrast, B. bigelowii expressed some genes for the ammonia 
transporter with higher expression values in the total transcripts 
(Figure  4; Supplementary Table  9). The genome of the B. 
bigelowii endosymbiont possessed an intact nif gene cluster 
(nifHDKBEN), suggesting that it can fix nitrogen and produce 
ammonia. A symbiotic exchange of fixed nitrogen, produced by 
UCYN-A, and for fixed carbon, produced by its haptophyte 
host, were observed using HISH-SIMS methodology (Thompson 
et  al., 2012; Martínez-Pérez et  al., 2016; Mills et  al., 2020). 

We suggest that a similar exchange may occur between B. bigelowii 
and its endosymbiont. These findings suggest that B. bigelowii 
may have lost or ceased expressing most of its “unnecessary” 
nitrogen acquisition system because of the presence of the 
nitrogen-fixing endosymbiont. This bias in the usability of nitrogen 
resources of B. bigelowii can explain the previous report that 
B. bigelowii relies on nitrogen generated by the endosymbiont 
even in nitrogen-rich environments (Mills et  al., 2020).

However, we  can maintain endosymbiont-free B. bigelowii 
strains in ESM medium with/without nitrate, which does not 
contain ammonia, suggesting the presence of different supply 
sources of ammonia to B. bigelowii. Our RNA-seq analyses 
showed that the strain was maintained with some bacteria 
related to Mesorhizobium, Kyptococcus, and an unidentified 
Actinobacterium (Supplementary Table  7 and 
Supplementary Figure  9). In particular, the Mesorhizobium 
genus contains symbiotic species capable of nitrogen fixation 
(Jarvis et  al., 1997) and nitrate reduction (Yang et  al., 2020), 
and has been isolated from marine environments (Hagström 
et  al., 2000; Yang et  al., 2020). Therefore, this species can 
provide fixed ammonia to B. bigelowii by diffusion through 
the medium or phagocytosis (discussed below). All of these 
bacteria can produce ammonia from organic nitrogen, such 
as amino acids, and thus, these kinds of bacteria may provide 
ammonia to B. bigelowii under organic nitrogen-rich 
environments, for example, high dissolved organic matter. This 
interspecies interaction might increase the likelihood of 
endosymbiont loss from B. bigelowii because the endosymbiont 
is not the sole supplier of ammonia.

Putative Nutrient Transport Mechanisms
To elucidate the mechanism of nutrient transport between B. 
bigelowii and its endosymbiont or other extracellular organisms, 
we searched for sugar uptake transporters in the endosymbiont, 
and sugar efflux and ammonium uptake systems in B. bigelowii. 
The endosymbiont possessed ABC transporter genes for sugar 
uptake (CPSB_00277, CPSB_00343, CPSB_00347, and 
CPSB_00506; Supplementary Table  10), which were shared 
among various cyanobacteria, suggesting that it imports sugars 
from its surroundings.

To exchange nutrients with the endosymbiont, the host needs 
an ammonia transporter to receive fixed ammonia, and a sugar 
efflux transporter to export fixed carbon. We found 15 transcripts 
for putative ammonium transporters in our RNA-Seq data. 
Although most of the transcripts were shared with E. huxleyi, 
one transcript (Cp_amt1; KC1-P2_N3_k49_locus_8953_
Transcript_1_1) was absent in the genomes of E. huxleyi and 
C. tobinii. Phylogenetic analysis showed that this transcript in 
B. bigelowii was closely related to that of a colonial haptophyte, 
Phaeocystis globosa, and both species were in a branch within 
the SAR supergroup (Supplementary Figure 10). These results 
suggest that the Cp_amt1 gene was acquired from SAR species 
via horizontal gene transfer. Phaeocystis occurs as an 
endosymbiont in acantharean species and is maintained without 
digestion by the host (Mars Brisbin et  al., 2018). A related 
ammonium transporter was also found in the genome of 
Symbiodinium microadriaticum, which is a symbiont of corals. 
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In the S. microadriaticum genome, protein families of ammonium 
transporters are extensively expanded and thought to be  a key 
element for endosymbiosis (Aranda et al., 2016). These findings 
imply that this type of ammonium transporter might be utilized 
to exchange nitrogen compounds between the host and symbiont.

Some haptophytes are known to perform phagocytosis to 
uptake other organisms as prey (Kawachi et  al., 1991; Jones 
et  al., 1995; Tillmann, 1998). Therefore, we  predicted trophic 
modes of our B. bigelowii strain using whole transcripts, based 
on the model by Burns et  al. (2018). Together with B. bigelowii, 
we  predicted trophic modes of a phagotrophic haptophyte, 

Haptolina brevifila (Jones et al., 1995). Both species showed high 
phagocyte prediction scores with 0.98 and 0.95 for H. brevifila 
and B. bigelowii, respectively (Supplementary Table 11). Although 
we  could not find intake of other organisms by our electron 
microscopic observation, this prediction result strongly suggests 
potential phagocytosis of B. bigelowii. B. bigelowii might ingest 
its endosymbiont by the phagocytosis system. After loss of the 
endosymbiont, B. bigelowii might acquire nitrogen compounds 
via phagocytosis as well as direct absorption of ammonia.

Bacterial and fungal plant pathogens control mRNA levels 
of the host genes for SWEET, which is a sugar efflux transporter, 

FIGURE 4 | Nitrogen metabolism in haptophytes. Nitrogen metabolism was predicted based on the genome of E. huxleyi. Proteins encoded in the genomes of E. 
huxleyi and C. tobinii, and the transcriptome of B. bigelowii is shown. Circles with different colors represent proteins shared among different species. Nrt, nitrate 
transporter; NR, nitrate reductase; NAR1, formate/nitrite transporter; NirA, ferredoxin-nitrite reductase; Ncd2, nitronate monooxygenase; CynS, cyanate lyase; DUR, 
ammonia transporter; URT, urea transporter; URE, urease; GDH2, glutamate dehydrogenase; GLU, glutamate synthase; GlsA, glutaminase; GlnA, glutamine 
synthetase; CPS1, carbamoyl-phosphate synthase; OTC, ornithine carbamoyltransferase; ArgG, argininosuccinate synthase; ArgH, argininosuccinate lyase; NOA1, 
nitric-oxide synthase; and Arg, arginase.
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to acquire glucose from plant cells (Chen et al., 2010). We found 
six transcripts that belong to the SWEET protein family (PF03083) 
in our RNA-Seq data. Four of these had phylogenetic affinity 
with other algae, including E. huxleyi. The two remaining 
transcripts (Cp_SemiSWEET1_1; KC1-P2-N_k25_Locus_2235_
Transcript_6_1 and Cp_SemiSWEET1_2; KC1-P2-N_k37_
Locus_3337_Transcript_3_1) had three transmembrane helices, 
which indicated that these encoded SemiSWEET proteins. These 
transcripts were closely related to a gene in C. tobinii 
(KOO25604.1), and the outgroups were composed of various 
bacteria, but no eukaryotes (Supplementary Figure 11), suggesting 
that these B. bigelowii genes were acquired in a common ancestor 
of B. bigelowii and C. tobinii from a bacterium via horizontal 
gene transfer. Although C. tobinii does not possess an 
endosymbiont, these transcripts of B. bigelowii possessed a long 
extension (corresponding to ~160 amino acids at N-termini), 
which was absent in C. tobinii and bacteria, implying functional 
variation among the different species. Therefore, genes for the 
ammonium transporter (Cp_amt1) and sugar transporters (Cp_
SemiSWEET1_1 and Cp_SemiSWEET1_2) are good candidates 
that may play roles in nitrogen–carbon exchange between 
symbionts and the host. To elucidate the exact functions of 
proteins encoded by these genes, more culture-based experiments, 
e.g., to determine the subcellular localization, are required.

Horizontal Gene Transfer From 
Cyanobacteria to B. bigelowii
During the acquisition of endosymbionts, such as in early 
plastid evolution, some endosymbiont genes are transferred 
into the host genome [endosymbiotic gene transfer (EGT); 
Ponce-Toledo et  al., 2019]. To examine the possibility of EGT 
between B. bigelowii and its endosymbiont, we  searched for 
“cyanobacterial” transcripts in the RNA-Seq data from B. 
bigelowii. Initial screening based on a homology search showed 
215 transcripts were closely related to some genes of cyanobacteria. 
For these candidates, we  performed phylogenetic analyses to 
elucidate their phylogenetic origins. Although phylogenetic 
positions of most of the candidates were inferred with long 
branch and low support values, we  found nine “cyanobacterial” 
transcripts for glutathione S-transferase, lytic transglycosylase, 
and N-acetylmuramoyl-l-alanine amidase, all of which were 
absent in the endosymbiont genome. However, their phylogenetic 
positions were different from those of the endosymbiont, which 
was located in the SPM group (Figure  3; Bombar et  al., 2014). 
These results suggest that these genes were acquired from a 
cyanobacterium, independent of the endosymbiotic event.

Transcripts for glutathione S-transferase (KC1-P2_N1_k49_
Locus_14859_Transcript_1_1 and KC1-P2-N_CL7609Contig1_1) 
were monophyletic with filamentous or unicellular cyanobacteria 
capable of nitrogen fixation (Crocosphaera, Microcoleus, 
Mastigocoleus, and Nostoc; Supplementary Figure 12), suggesting 
that these transcripts were related to nitrogen fixation. Glutathione 
S-transferase plays a role in protecting nitrogenase from oxygen 
in root nodules of land plants (Dalton et  al., 2009). Glutathione 
S-transferase is also used to detoxify cyanotoxins and liposaccharides 
generated by cyanobacteria in some eukaryotes, such as Daphnia 

(Ferrão-Filho and Kozlowsky-Suzuki, 2011). Although the B. 
bigelowii endosymbiont did not possess genes for the synthesis 
of most secondary metabolites, its free-living relative, Crocosphaera 
watsonii strain WH 8501 possessed genes for the synthesis of 
various kinds of secondary metabolites (bacteriocin, nematophin, 
minutissamides, puwainaphycins, anabaenopeptin, aeruginosides, 
and aranazole; Supplementary Table  13), suggesting that B. 
bigelowii may have needed to detoxify secondary metabolites 
during the early evolution of endosymbiosis. In any case, this 
cyanobacterial glutathione S-transferase might contribute to the 
success and maintenance of this endosymbiosis.

The transcripts of lytic transglycosylase (KC1-P2_N3_k25_
Locus_1918_Transcript_1_1 and KC1-P2_N3_k55_Locus_6120_
Transcript_1_1) and N-acetylmuramoyl-L-alanine amidase (KC1-
P2-N_CL2Contig44_1, KC1-P2-N_CL307Contig1_1, KC1-P2_N1_
k49_Locus_4594_Transcript_1_1, KC1-P2_N3_k25_Locus_11130_
Transcript_1_1, and KC1-P2_N3_k31_Locus_8635_Transcript_1_1) 
were monophyletic with Cyanobium, Prochlorococcus, and 
Synechococcus (SynPro clade; Supplementary Figures  13, 14). 
Both of these proteins are related to peptidoglycan metabolism 
and cell division in cyanobacteria. Lytic transglycosylase digests 
peptidoglycan between N-acetylglucosamine (GlcNAc) and 
N-acetylmuramic acid (MurNAc), creating space for cell growth 
(Scheurwater et al., 2008). This protein is used to separate daughter 
cells during bacterial cell division (Heidrich et  al., 2002). 
N-acetylmuramoyl-L-alanine amidase degrades the 
1,6-anhydromuramyl moiety, generated by lytic transglycosidase, 
to MurNAc to recycle peptidoglycan. These proteins were not 
found in the other haptophyte genomes in PhycoCosm (Grigoriev 
et  al., 2021). Although it remains unknown that these proteins 
have been acquired prior or posterior to the endosymbiosis of 
the cyanobacterium, these proteins might be related to maintaining 
the endosymbiont.

Fate and Ecological Implications of the  
B. bigelowii Endosymbiont
Previous studies have shown that B. bigelowii and its 
endosymbionts have several ecotypes and genotypes (Hagino 
et  al., 2009; Thompson et  al., 2012; Farnelid et  al., 2016). 
UCYN-A2 (the B. bigelowii endosymbiont) is considered to 
be  a specific form adapted to the coastal environment, in 
contrast to UCYN-A1, which is adapted for the open ocean 
(Thompson et  al., 2014). In this study, we  compared their 
genomes and found that only the B. bigelowii endosymbiont 
(UCYN-A2) lacked the RecF pathway for DNA repair, as well 
as the RecBCD pathway. The loss of DNA repair mechanisms 
can destabilize the endosymbiont genome. Moreover, we showed 
that B. bigelowii can lose its endosymbiont during cultivation 
and grow under an external nitrogen supply. B. bigelowii can 
likely take up ammonia produced by free-living bacteria, implying 
that the nitrogen–carbon exchange between B. bigelowii and 
its endosymbiont is not obligate. We also found that B. bigelowii 
did not express genes originating from its endosymbiont, 
suggesting that their genetic connection is looser than other 
early endosymbiotic processes. For example, Paulinella 
chromatophora, which corresponds to an early stage of plastid 

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


Suzuki et al. Host-Endosymbiont Interactions in Braarudosphaera

Frontiers in Plant Science | www.frontiersin.org 11 December 2021 | Volume 12 | Article 749895

acquisition, possesses many genes that originate from the 
endosymbiont (Nowack et  al., 2016). Based on these results, 
we  speculate that the B. bigelowii endosymbiont may be  an 
early stage of endosymbiosis before it is established as an 
organelle and disappear under ammonia-rich conditions, in 
contrast to UCYN-A1. In the future, nuclear genome sequencing 
of B. bigelowii provides robust evidence for our results.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be  found in online 
repositories. The names of the repository/repositories and 
accession number(s) can be  found at repository: DDBJ. The 
accessions are follows: DRA011127, DRA011134, AP024987, 
LC595680, LC595681, and LC595682.

AUTHOR CONTRIBUTIONS

SS, MK, II, and K-II designed the research. SS, MK, CT, AN, 
and KH performed the research. SS analyzed the data. SS, 
MK, and KH wrote the paper. All authors contributed to the 
article and approved the submitted version.

FUNDING

This study was funded by the JSPS KAKENHI (grant nos. 14J00572 
and 19K15904 to SS). SS received a grant from the Institute for 
Fermentation, Osaka, Japan (G-2019-1-043). This work was partially 
supported by the National BioResource Project for Algae under 
grant no. 17km0210116j0001, which is funded by the Japan 
Agency for Medical Research and Development (AMED).

ACKNOWLEDGMENTS

We thank all staffs in Microbial Culture Collection in National 
Institute for Environmental Studies (NIES) for maintaining the 
very weak B. bigelowii strains for a long time. We  also thank 
Dr. Mary-Hélène Noël (NIES) for sample collections and 
isolation works.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online 
at https://www.frontiersin.org/articles/10.3389/fpls.2021.749895/
full#supplementary-material

 

REFERENCES

Aranda, M., Li, Y., Liew, Y. J., Baumgarten, S., Simakov, O., Wilson, M. C., 
et al. (2016). Genomes of coral dinoflagellate symbionts highlight evolutionary 
adaptations conducive to a symbiotic lifestyle. Sci. Rep. 6:39734. doi: 10.1038/
srep39734

Bankevich, A., Nurk, S., Antipov, D., Gurevich, A. A., Dvorkin, M., Kulikov, A. S., 
et al. (2012). SPAdes: a new genome assembly algorithm and its applications 
to single-cell sequencing. J. Comput. Biol. 19, 455–477. doi: 10.1089/
cmb.2012.0021

Bock, N. A., Charvet, S., Burns, J., Gyaltshen, Y., Rozenberg, A., Duhamel, S., 
et al. (2021). Experimental identification and in silico prediction of bacterivory 
in green algae. ISME J. 15, 1987–2000. doi: 10.1038/s41396-021-00899-w

Bombar, D., Heller, P., Sanchez-Baracaldo, P., Carter, B. J., and Zehr, J. P. 
(2014). Comparative genomics reveals surprising divergence of two closely 
related strains of uncultivated UCYN-A cyanobacteria. ISME J. 8, 2530–2542. 
doi: 10.1038/ismej.2014.167

Buchfink, B., Xie, C., and Huson, D. H. (2015). Fast and sensitive protein 
alignment using DIAMOND. Nat. Methods 12, 59–60. doi: 10.1038/nmeth.3176

Burns, J. A., Pittis, A. A., and Kim, E. (2018). Gene-based predictive models 
of trophic modes suggest Asgard archaea are not phagocytotic. Nat. Ecol. 
Evol. 2, 697–704. doi: 10.1038/s41559-018-0477-7

Cabau, C., Escudié, F., Djari, A., Guiguen, Y., Bobe, J., and Klopp, C. (2017). 
Compacting and correcting trinity and oases RNA-Seq de novo assemblies. 
PeerJ 5:e2988. doi: 10.7717/peerj.2988

Capella-Gutierrez, S., Silla-Martinez, J. M., and Gabaldon, T. (2009). trimAl: 
a tool for automated alignment trimming in large-scale phylogenetic analyses. 
Bioinformatics 25, 1972–1973. doi: 10.1093/bioinformatics/btp348

Cassier-Chauvat, C., Veaudor, T., and Chauvat, F. (2016). Comparative genomics 
of DNA recombination and repair in cyanobacteria: biotechnological 
implications. Front. Microbiol. 7, 1–13. doi: 10.3389/fmicb.2016.01809

Castillo, F., Benmohamed, A., and Szatmari, G. (2017). Xer site specific 
recombination: double and single recombinase systems. Front. Microbiol. 8, 
1–18. doi: 10.3389/fmicb.2017.00453

Chen, L.-Q., Hou, B.-H., Lalonde, S., Takanaga, H., Hartung, M. L., Qu, X.-Q., 
et al. (2010). Sugar transporters for intercellular exchange and nutrition of 
pathogens. Nature 468, 527–532. doi: 10.1038/nature09606

Chen, S., Zhou, Y., Chen, Y., and Gu, J. (2018). FASTP: an ultra-fast all-in-one 
FASTQ preprocessor. Bioinformatics 34, i884–i890. doi: 10.1093/bioinformatics/
bty560

Chow, K.-H., and Courcelle, J. (2004). RecO acts with RecF and RecR to 
protect and maintain replication forks blocked by UV-induced DNA damage 
in Escherichia coli. J. Biol. Chem. 279, 3492–3496. doi: 10.1074/jbc.
M311012200

Church, M. J., Mahaffey, C., Letelier, R. M., Lukas, R., Zehr, J. P., and Karl, D. M. 
(2009). Physical forcing of nitrogen fixation and diazotroph community 
structure in the North Pacific subtropical gyre. Global Biogeochem. Cycles 
23:GB2020. doi: 10.1029/2008GB003418

Church, M. J., Short, C. M., Jenkins, B. D., Karl, D. M., and Zehr, J. P. (2005). 
Temporal patterns of Nitrogenase gene (nifH) expression in the oligotrophic 
North Pacific Ocean. Appl. Environ. Microbiol. 71, 5362–5370. doi: 10.1128/
AEM.71.9.5362-5370.2005

Clarkson, D. T., and Lüttge, U. (1991). “Mineral nutrition: inducible and 
repressible nutrient transport systems” in Progress in Botany. eds. H. D. 
Behnke, K. Esser, K. Kubitzki, M. Runge and H. Ziegler (Berlin, Heidelberg: 
Springer Berlin Heidelberg), 61–83.

Crawford, N. M., and Glass, A. D. (1998). Molecular and physiological aspects 
of nitrate uptake in plants. Trends Plant Sci. 3, 389–395. doi: 10.1016/
S1360-1385(98)01311-9

Dalton, D. A., Boniface, C., Turner, Z., Lindahl, A., Kim, H. J., Jelinek, L., 
et al. (2009). Physiological roles of glutathione S-transferases in soybean 
root nodules. Plant Physiol. 150, 521–530. doi: 10.1104/pp.109.136630

Daniel-Vedele, F., Filleur, S., and Caboche, M. (1998). Nitrate transport: a key 
step in nitrate assimilation. Curr. Opin. Plant Biol. 1, 235–239. doi: 10.1016/
s1369-5266(98)80110-6

Darling, A. E., Mau, B., and Perna, N. T. (2010). Progressive Mauve: multiple 
genome alignment with gene gain, loss and rearrangement. PLoS One 5:e11147. 
doi: 10.1371/journal.pone.0011147

Darriba, D., Posada, D., Kozlov, A. M., Stamatakis, A., Morel, B., and Flouri, T. 
(2020). Model Test-NG: A new and scalable tool for the selection of DNA 
and protein evolutionary models. Mol. Biol. Evol. 37, 291–294. doi: 10.1093/
molbev/msz189

Emms, D. M., and Kelly, S. (2019). Ortho Finder: phylogenetic orthology inference 
for comparative genomics. Genome Biol. 20:238. doi: 10.1186/s13059-019-1832-y

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://www.frontiersin.org/articless/10.3389/fpls.2021.749895/full#supplementary-material
https://www.frontiersin.org/articless/10.3389/fpls.2021.749895/full#supplementary-material
https://doi.org/10.1038/srep39734
https://doi.org/10.1038/srep39734
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1038/s41396-021-00899-w
https://doi.org/10.1038/ismej.2014.167
https://doi.org/10.1038/nmeth.3176
https://doi.org/10.1038/s41559-018-0477-7
https://doi.org/10.7717/peerj.2988
https://doi.org/10.1093/bioinformatics/btp348
https://doi.org/10.3389/fmicb.2016.01809
https://doi.org/10.3389/fmicb.2017.00453
https://doi.org/10.1038/nature09606
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1074/jbc.M311012200
https://doi.org/10.1074/jbc.M311012200
https://doi.org/10.1029/2008GB003418
https://doi.org/10.1128/AEM.71.9.5362-5370.2005
https://doi.org/10.1128/AEM.71.9.5362-5370.2005
https://doi.org/10.1016/S1360-1385(98)01311-9
https://doi.org/10.1016/S1360-1385(98)01311-9
https://doi.org/10.1104/pp.109.136630
https://doi.org/10.1016/s1369-5266(98)80110-6
https://doi.org/10.1016/s1369-5266(98)80110-6
https://doi.org/10.1371/journal.pone.0011147
https://doi.org/10.1093/molbev/msz189
https://doi.org/10.1093/molbev/msz189
https://doi.org/10.1186/s13059-019-1832-y


Suzuki et al. Host-Endosymbiont Interactions in Braarudosphaera

Frontiers in Plant Science | www.frontiersin.org 12 December 2021 | Volume 12 | Article 749895

Farnelid, H., Turk-Kubo, K., Muñoz-Marín, M., and Zehr, J. (2016). New insights 
into the ecology of the globally significant uncultured nitrogen-fixing symbiont 
UCYN-A. Aquat. Microb. Ecol. 77, 125–138. doi: 10.3354/ame01794

Ferrão-Filho, A. D. S., and Kozlowsky-Suzuki, B. (2011). Cyanotoxins: bioaccumulation 
and effects on aquatic animals. Mar. Drugs 9, 2729–2772. doi: 10.3390/md9122729

Fu, L., Niu, B., Zhu, Z., Wu, S., and Li, W. (2012). CD-HIT: accelerated for 
clustering the next-generation sequencing data. Bioinformatics 28, 3150–3152. 
doi: 10.1093/bioinformatics/bts565

Galloway, J. N., Dentener, F. J., Capone, D. G., Boyer, E. W., Howarth, R. W., 
Seitzinger, S. P., et al. (2004). Nitrogen cycles: past, present, and future. 
Biogeochemistry 70, 153–226. doi: 10.1007/s10533-004-0370-0

Green, J. C., and Leadbeater, B. S. C. (1972). Chrysochromulina parkeae sp. 
nov. [Haptophyceae] a new species recorded From S.W. England and 
Norway. J. Mar. Biol. Assoc. U. K. 52, 469–474. doi: 10.1017/
S002531540001883X

Grigoriev, I. V., Hayes, R. D., Calhoun, S., Kamel, B., Wang, A., Ahrendt, S., 
et al. (2021). PhycoCosm, a comparative algal genomics resource. Nucleic 
Acids Res. 49, D1004–D1011. doi: 10.1093/nar/gkaa898

Hagino, K., Onuma, R., Kawachi, M., and Horiguchi, T. (2013). Discovery of 
an endosymbiotic nitrogen-fixing cyanobacterium UCYN-A in Braarudosphaera 
bigelowii (Prymnesiophyceae). PLoS One 8:e81749. doi: 10.1371/journal.
pone.0081749

Hagino, K., Takano, Y., and Horiguchi, T. (2009). Pseudo-cryptic speciation in 
Braarudosphaera bigelowii (Gran and Braarud) Deflandre. Mar. Micropaleontol. 
72, 210–221. doi: 10.1016/j.marmicro.2009.06.001

Hagino, K., Tomioka, N., Young, J. R., Takano, Y., Onuma, R., and Horiguchi, T. 
(2016). Extracellular calcification of Braarudosphaera bigelowii deduced from 
electron microscopic observations of cell surface structure and elemental 
composition of pentaliths. Mar. Micropaleontol. 125, 85–94. doi: 10.1016/j.
marmicro.2016.04.002

Hagström, Å., Pinhassi, J., and Li Zweifel, U. (2000). Biogeographical diversity 
among marine bacterioplankton. Aquat. Microb. Ecol. 21, 231–244. doi: 
10.3354/ame021231

Heidrich, C., Ursinus, A., Berger, J., Schwarz, H., and Höltje, J.-V. (2002). 
Effects of multiple deletions of murein hydrolases on viability, septum 
cleavage, and sensitivity to large toxic molecules in Escherichia coli. J. Bacteriol. 
184, 6093–6099. doi: 10.1128/JB.184.22.6093-6099.2002

Hovde, B. T., Deodato, C. R., Hunsperger, H. M., Ryken, S. A., Yost, W., 
Jha, R. K., et al. (2015). Genome sequence and transcriptome analyses of 
Chrysochromulina tobin: metabolic tools for enhanced algal fitness in the 
prominent order Prymnesiales (Haptophyceae). PLoS Genet. 11:e1005469. 
doi: 10.1371/journal.pgen.1005469

Huerta-Cepas, J., Forslund, K., Coelho, L. P., Szklarczyk, D., Jensen, L. J., von 
Mering, C., et al. (2017). Fast genome-wide functional annotation through 
orthology assignment by eggNOG-mapper. Mol. Biol. Evol. 34, 2115–2122. 
doi: 10.1093/molbev/msx148

Huson, D. H., Beier, S., Flade, I., Górska, A., El-Hadidi, M., Mitra, S., et al. 
(2016). MEGAN Community edition  - interactive exploration and analysis 
of large-scale microbiome sequencing data. PLoS Comput. Biol. 12:e1004957. 
doi: 10.1371/journal.pcbi.1004957

Jarvis, B. D. W., Van Berkum, P., Chen, W. X., Nour, S. M., Fernandez, M. P., 
Cleyet-Marel, J. C., et al. (1997). Transfer of Rhizobium loti, Rhizobium 
huakuii, Rhizobium ciceri, Rhizobium mediterraneum, and Rhizobium 
tianshanense to Mesorhizobium gen. Nov. Int. J. Syst. Evol. Microbiol. 47, 
895–898. doi: 10.1099/00207713-47-3-895

Jones, H. L. J., Durjun, P., Leadbeater, B. S. C., and Green, J. C. (1995). The 
relationship between photoacclimation and phagotrophy with respect to 
chlorophyll a, carbon and nitrogen content, and cell size of Chrysochromulina 
brevifilum (Prymnesiophyceae). Phycologia 34, 128–134. doi: 10.2216/
i0031-8884-34-2-128.1

Kasai, F., Kawachi, M., Erata, M., Yumoto, K., and Sato, M. (2009). NIES-
collection list of strains, 8th edition. Jpn. J. Phycol. 57, 220.

Katoh, K., and Toh, H. (2008). Recent developments in the MAFFT multiple 
sequence alignment program. Brief. Bioinform. 9, 286–298. doi: 10.1093/
bib/bbn013

Kawachi, M., Inouye, I., Maeda, O., and Chihara, M. (1991). The haptonema 
as a food-capturing device: observations on Chrysochromulina hirta 
(Prymnesiophyceae). Phycologia 30, 563–573. doi: 10.2216/
i0031-8884-30-6-563.1

Keeling, P. J., Burki, F., Wilcox, H. M., Allam, B., Allen, E. E., Amaral-Zettler, L. A., 
et al. (2014). The marine microbial eukaryote transcriptome sequencing 
project (MMETSP): illuminating the functional diversity of eukaryotic life 
in the oceans through transcriptome sequencing. PLoS Biol. 12:e1001889. 
doi: 10.1371/journal.pbio.1001889

Kozlov, A. M., Darriba, D., Flouri, T., Morel, B., and Stamatakis, A. (2019). 
RAxML-NG: a fast, scalable and user-friendly tool for maximum likelihood 
phylogenetic inference. Bioinformatics 35, 4453–4455. doi: 10.1093/
bioinformatics/btz305

Li, H. (2018). Minimap2: pairwise alignment for nucleotide sequences. 
Bioinformatics 34, 3094–3100. doi: 10.1093/bioinformatics/bty191

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., et al. 
(2009). The sequence alignment/map format and SAMtools. Bioinformatics 
25, 2078–2079. doi: 10.1093/bioinformatics/btp352

Liberton, M., Austin, J. R., Berg, R. H., and Pakrasi, H. B. (2011). Unique 
thylakoid membrane architecture of a unicellular N2-fixing cyanobacterium 
revealed by electron tomography. Plant Physiol. 155, 1656–1666. doi: 10.1104/
pp.110.165332

Mars Brisbin, M., Mesrop, L. Y., Grossmann, M. M., and Mitarai, S. (2018). 
Intra-host symbiont diversity and extended symbiont maintenance in 
photosymbiotic Acantharea (clade F). Front. Microbiol. 9, 1–14. doi: 10.3389/
fmicb.2018.01998

Martínez-Pérez, C., Mohr, W., Löscher, C. R., Dekaezemacker, J., Littmann, S., 
Yilmaz, P., et al. (2016). The small unicellular diazotrophic symbiont, UCYN-A, 
is a key player in the marine nitrogen cycle. Nat. Microbiol. 1:16163. doi: 
10.1038/nmicrobiol.2016.163

Mills, M. M., Turk-Kubo, K. A., van Dijken, G. L., Henke, B. A., Harding, K., 
Wilson, S. T., et al. (2020). Unusual marine cyanobacteria/haptophyte symbiosis 
relies on N2 fixation even in N-rich environments. ISME J. 14, 2395–2406. 
doi: 10.1038/s41396-020-0691-6

Mistry, J., Finn, R. D., Eddy, S. R., Bateman, A., and Punta, M. (2013). Challenges 
in homology search: HMMER3 and convergent evolution of coiled-coil 
regions. Nucleic Acids Res. 41:e121. doi: 10.1093/nar/gkt263

Navarro, M. T., Prieto, R., Fernandez, E., and Galvan, A. (1996). Constitutive 
expression of nitrate reductase changes the regulation of nitrate and nitrite 
transporters in Chlamydomonas reinhardtii. Plant J. 9, 819–827. doi: 10.1046/j.
1365-313X.1996.9060819.x

Nguyen, L.-T., Schmidt, H. A., von Haeseler, A., and Minh, B. Q. (2015). 
IQ-TREE: a fast and effective stochastic algorithm for estimating maximum-
likelihood phylogenies. Mol. Biol. Evol. 32, 268–274. doi: 10.1093/molbev/
msu300

Nowack, E. C. M., Price, D. C., Bhattacharya, D., Singer, A., Melkonian, M., 
and Grossman, A. R. (2016). Gene transfers from diverse bacteria compensate 
for reductive genome evolution in the chromatophore of Paulinella 
chromatophora. Proc. Natl. Acad. Sci. 113, 12214–12219. doi: 10.1073/
pnas.1608016113

Parks, D. H., Rinke, C., Chuvochina, M., Chaumeil, P.-A., Woodcroft, B. J., 
Evans, P. N., et al. (2017). Recovery of nearly 8, 000 metagenome-assembled 
genomes substantially expands the tree of life. Nat. Microbiol. 2, 1533–1542. 
doi: 10.1038/s41564-017-0012-7

Ponce-Toledo, R. I., López-García, P., and Moreira, D. (2019). Horizontal and 
endosymbiotic gene transfer in early plastid evolution. New Phytol. 224, 
618–624. doi: 10.1111/nph.15965

Read, B. A., Kegel, J., Klute, M. J., Kuo, A., Lefebvre, S. C., Maumus, F., et al. 
(2013). Pan genome of the phytoplankton Emiliania underpins its global 
distribution. Nature 499, 209–213. doi: 10.1038/nature12221

Scheurwater, E., Reid, C. W., and Clarke, A. J. (2008). Lytic transglycosylases: 
bacterial space-making autolysins. Int. J. Biochem. Cell Biol. 40, 586–591. 
doi: 10.1016/j.biocel.2007.03.018

Schmieder, R., and Edwards, R. (2011). Quality control and preprocessing of 
metagenomic datasets. Bioinformatics 27, 863–864. doi: 10.1093/bioinformatics/
btr026

Schmieder, R., Lim, Y. W., Rohwer, F., and Edwards, R. (2010). TagCleaner: 
identification and removal of tag sequences from genomic and metagenomic 
datasets. BMC Bioinfo. 11, 341. doi: 10.1186/1471-2105-11-341

Schulz, M. H., Zerbino, D. R., Vingron, M., and Birney, E. (2012). Oases: 
robust de novo RNA-seq assembly across the dynamic range of expression 
levels. Bioinformatics 28, 1086–1092. doi: 10.1093/bioinformatics/bts094

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.3354/ame01794
https://doi.org/10.3390/md9122729
https://doi.org/10.1093/bioinformatics/bts565
https://doi.org/10.1007/s10533-004-0370-0
https://doi.org/10.1017/S002531540001883X
https://doi.org/10.1017/S002531540001883X
https://doi.org/10.1093/nar/gkaa898
https://doi.org/10.1371/journal.pone.0081749
https://doi.org/10.1371/journal.pone.0081749
https://doi.org/10.1016/j.marmicro.2009.06.001
https://doi.org/10.1016/j.marmicro.2016.04.002
https://doi.org/10.1016/j.marmicro.2016.04.002
https://doi.org/10.3354/ame021231
https://doi.org/10.1128/JB.184.22.6093-6099.2002
https://doi.org/10.1371/journal.pgen.1005469
https://doi.org/10.1093/molbev/msx148
https://doi.org/10.1371/journal.pcbi.1004957
https://doi.org/10.1099/00207713-47-3-895
https://doi.org/10.2216/i0031-8884-34-2-128.1
https://doi.org/10.2216/i0031-8884-34-2-128.1
https://doi.org/10.1093/bib/bbn013
https://doi.org/10.1093/bib/bbn013
https://doi.org/10.2216/i0031-8884-30-6-563.1
https://doi.org/10.2216/i0031-8884-30-6-563.1
https://doi.org/10.1371/journal.pbio.1001889
https://doi.org/10.1093/bioinformatics/btz305
https://doi.org/10.1093/bioinformatics/btz305
https://doi.org/10.1093/bioinformatics/bty191
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1104/pp.110.165332
https://doi.org/10.1104/pp.110.165332
https://doi.org/10.3389/fmicb.2018.01998
https://doi.org/10.3389/fmicb.2018.01998
https://doi.org/10.1038/nmicrobiol.2016.163
https://doi.org/10.1038/s41396-020-0691-6
https://doi.org/10.1093/nar/gkt263
https://doi.org/10.1046/j.1365-313X.1996.9060819.x
https://doi.org/10.1046/j.1365-313X.1996.9060819.x
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1073/pnas.1608016113
https://doi.org/10.1073/pnas.1608016113
https://doi.org/10.1038/s41564-017-0012-7
https://doi.org/10.1111/nph.15965
https://doi.org/10.1038/nature12221
https://doi.org/10.1016/j.biocel.2007.03.018
https://doi.org/10.1093/bioinformatics/btr026
https://doi.org/10.1093/bioinformatics/btr026
https://doi.org/10.1186/1471-2105-11-341
https://doi.org/10.1093/bioinformatics/bts094


Suzuki et al. Host-Endosymbiont Interactions in Braarudosphaera

Frontiers in Plant Science | www.frontiersin.org 13 December 2021 | Volume 12 | Article 749895

Seemann, T. (2014). Prokka: rapid prokaryotic genome annotation. Bioinformatics 
30, 2068–2069. doi: 10.1093/bioinformatics/btu153

Simão, F. A., Waterhouse, R. M., Ioannidis, P., Kriventseva, E. V., and Zdobnov, E. M. 
(2015). BUSCO: assessing genome assembly and annotation completeness 
with single-copy orthologs. Bioinformatics 31, 3210–3212. doi: 10.1093/
bioinformatics/btv351

Suzuki, S., Ishida, K., and Hirakawa, Y. (2016). Diurnal transcriptional regulation 
of endosymbiotically derived genes in the chlorarachniophyte Bigelowiella 
natans. Genome Biol. Evol. 8, 2672–2682. doi: 10.1093/gbe/evw188

Suzuki, S., Kataoka, T., Watanabe, T., Yamaguchi, H., Kuwata, A., and Kawachi, M. 
(2019). Depth-dependent transcriptomic response of diatoms during spring 
bloom in the western subarctic Pacific Ocean. Sci. Rep. 9, 14559. doi: 10.1038/
s41598-019-51150-8

Thompson, A., Carter, B. J., Turk-Kubo, K., Malfatti, F., Azam, F., and Zehr, J. P. 
(2014). Genetic diversity of the unicellular nitrogen-fixing cyanobacteria 
UCYN-A and its prymnesiophyte host. Environ. Microbiol. 16, 3238–3249. 
doi: 10.1111/1462-2920.12490

Thompson, A. W., Foster, R. A., Krupke, A., Carter, B. J., Musat, N., Vaulot, D., 
et al. (2012). Unicellular cyanobacterium symbiotic with a single-celled 
eukaryotic alga. Science 337, 1546–1550. doi: 10.1126/science.1222700

Tillmann, U. (1998). Phagotrophy by a plastidic haptophyte, Prymnesium 
patelliferum. Aquat. Microb. Ecol. 14, 155–160. doi: 10.3354/ame014155

Tripp, H. J., Bench, S. R., Turk, K. A., Foster, R. A., Desany, B. A., Niazi, F., 
et al. (2010). Metabolic streamlining in an open-ocean nitrogen-fixing 
cyanobacterium. Nature 464, 90–94. doi: 10.1038/nature08786

Tsujimoto, R., Kamiya, N., and Fujita, Y. (2014). Transcriptional regulators ChlR 
and CnfR are essential for diazotrophic growth in nonheterocystous cyanobacteria. 
Proc. Natl. Acad. Sci. 111, 6762–6767. doi: 10.1073/pnas.1323570111

Tsygankov, A. A. (2007). Nitrogen-fixing cyanobacteria: A review. Appl. Biochem. 
Microbiol. 43, 250–259. doi: 10.1134/S0003683807030040

Turk-Kubo, K. A., Farnelid, H. M., Shilova, I. N., Henke, B., and Zehr, J. P. 
(2017). Distinct ecological niches of marine symbiotic N2-fixing cyanobacterium 
Candidatus Atelocyanobacterium thalassa sublineages. J. Phycol. 53, 451–461. 
doi: 10.1111/jpy.12505

Walker, B. J., Abeel, T., Shea, T., Priest, M., Abouelliel, A., Sakthikumar, S., 
et al. (2014). Pilon: an integrated tool for comprehensive microbial variant 

detection and genome assembly improvement. PLoS One 9:e112963. doi: 
10.1371/journal.pone.0112963

Yang, X., Jiang, Z., Zhang, J., Zhou, X., Zhang, X., Wang, L., et al. 
(2020).  Mesorhizobium alexandrii sp. nov., isolated from phycosphere 
microbiota of PSTs-producing marine dinoflagellate Alexandrium minutum 
amtk4. Antonie Van Leeuwenhoek 113, 907–917. doi: 10.1007/
s10482-020-01400-x

Zehr, J., Bench, S., Carter, B., and Hewson, I. (2008). Globally distributed 
uncultivated oceanic N2-fixing cyanobacteria lack oxygenic photosystem II. 
Science 322, 1110–1112. doi: 10.1126/science.1165340

Zehr, J. P., Shilova, I. N., Farnelid, H. M., Muñoz-Marín, M. D. C., and 
Turk-Kubo, K. A. (2017). Unusual marine unicellular symbiosis with the 
nitrogen-fixing cyanobacterium UCYN-A. Nat. Microbiol. 2:16214. doi: 
10.1038/nmicrobiol.2016.214

Zehr, J. P., Waterbury, J. B., Turner, P. J., Montoya, J. P., Omoregie, E., 
Steward, G. F., et al. (2001). Unicellular cyanobacteria fix N2  in the 
subtropical North Pacific Ocean. Nature 412, 635–638. doi: 
10.1038/35088063

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.

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.

Copyright © 2021 Suzuki, Kawachi, Tsukakoshi, Nakamura, Hagino, Inouye and 
Ishida. 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.

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1093/bioinformatics/btv351
https://doi.org/10.1093/bioinformatics/btv351
https://doi.org/10.1093/gbe/evw188
https://doi.org/10.1038/s41598-019-51150-8
https://doi.org/10.1038/s41598-019-51150-8
https://doi.org/10.1111/1462-2920.12490
https://doi.org/10.1126/science.1222700
https://doi.org/10.3354/ame014155
https://doi.org/10.1038/nature08786
https://doi.org/10.1073/pnas.1323570111
https://doi.org/10.1134/S0003683807030040
https://doi.org/10.1111/jpy.12505
https://doi.org/10.1371/journal.pone.0112963
https://doi.org/10.1007/s10482-020-01400-x
https://doi.org/10.1007/s10482-020-01400-x
https://doi.org/10.1126/science.1165340
https://doi.org/10.1038/nmicrobiol.2016.214
https://doi.org/10.1038/35088063
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Unstable Relationship Between Braarudosphaera bigelowii (=  Chrysochromulina parkeae) and Its Nitrogen-Fixing Endosymbiont
	Introduction
	Materials and Methods
	Sampling
	Genome Sequencing of the B. bigelowii Endosymbiont
	Establishment of B. bigelowii Strains
	Light Microscopy, Fluorescence Microscopy, and Transmission Electron Microscopy
	Phylogenetic Analysis Using Cyanobacterial Genomes
	Transcriptome Analyses of Endosymbiont-Free B. bigelowii 
	Prediction of Phagotrophy in B. bigelowii 
	Prediction of Cyanobacterial Genes in the B. bigelowii Transcriptome

	Results and Discussion
	The C. parkeae Stage of B. bigelowii and Its Endosymbiont
	Genomic Features of the B. bigelowii Endosymbiont
	Nitrogen Metabolism in B. bigelowii 
	Putative Nutrient Transport Mechanisms
	Horizontal Gene Transfer From Cyanobacteria to B. bigelowii 
	Fate and Ecological Implications of the B. bigelowii Endosymbiont

	Data Availability Statement
	Author Contributions

	References

