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E C O L O G Y

Inherent tendency of Synechococcus and heterotrophic 
bacteria for mutualism on long-term coexistence 
despite environmental interference
Shailesh Nair1,2†, Zenghu Zhang1,2†, Hongmei Li1,2, Hanshuang Zhao1,2, Hui Shen3,4,  
Shuh-Ji Kao3,4, Nianzhi Jiao3, Yongyu Zhang1,2*

Mutualism between Synechococcus and heterotrophic bacteria has been found to support their prolonged 
survival in nutrient-depleted conditions. However, environmental interference on the fate of their mutualism is not 
understood. Here, we show that exogenous nutrients disrupt their established mutualism. Once the exogenous 
nutrients were exhausted, Synechococcus and heterotrophic bacteria gradually reestablished their metabolic 
mutualism during 450 days of culture, which revived unhealthy Synechococcus cells. Using metagenomics, meta-
transcriptomics, and the 15N tracer method, we reveal that the associated bacterial nitrogen fixation triggered the 
reestablishment of the mutualism and revival of Synechococcus health. During this process, bacterial community 
structure and functions underwent tremendous adjustments to achieve the driving effect, and a cogeneration of 
nitrogen, phosphorus, iron, and vitamin by the heterotrophic bacteria sustained Synechococcus’s prolonged healthy 
growth. Our findings suggest that Synechococcus and heterotrophic bacteria may have an inherent tendency toward 
mutualism despite environmental interference. This may exhibit their coevolutionary adaptations in nutrient-de-
ficient environments.

INTRODUCTION
Marine phytoplankton and heterotrophic bacteria are actively in-
volved in both inter- and intraspecies interactions, and the fate of 
these interactions can directly or indirectly influence the biota and 
biogeochemical cycles in their immediate environment (1). Hetero-
trophic bacteria that feast upon phytoplankton-derived organic matter 
govern all the major biogeochemical cycles of Earth (1). They are 
known to influence the growth of phytoplankton by regulating the 
nutrient cycle (1) and by processes such as algicide secretion, auxin 
secretion, and parasitism (1). Picocyanobacteria of the Synechococcus 
and Prochlorococcus genera are the most omnipresent phytoplanktonic 
group in the ocean, contributing up to 25% of the oceanic primary 
production (2). Their sheer overall mean abundance (i.e., 7.0 ± 0.3 × 
1026 and 2.9 ± 0.1 × 1027 cells ml−1, respectively) demonstrates their 
dominance in the global ocean, and with increasing global warming, 
their role is expected to be more important in the near future (2).

Compared with Prochlorococcus, Synechococcus are biogeographi-
cally more diverse, distributed from cold polar waters to warm tropical 
waters (3, 4). Various factors have been attributed to the successful 
proliferation of Synechococcus in nutrient-deficient or oligotrophic 
waters (2, 4). Nevertheless, the survivability of Synechococcus in oligo-
trophic regions largely remains a mystery. Synechococcus are one 
of the most ancient photosynthetic microbes to exist and may have 
developed complex mechanisms and adaptations to cope with ex-
treme environmental stress (5), such that Synechococcus can survive 
prolonged nutrient deprivation by undergoing chlorosis (6).

Recent studies have demonstrated that heterotrophic bacteria can 
support prolonged Synechococcus growth by establishing metabolic 
mutualism for nutrient exchange (3, 7). For example, bacterial mineral-
ization of Synechococcus-derived nitrogen-rich organic matter sus-
tained Synechococcus sp. WH7803 growth for approximately 200 days 
(8). Similarly, in our previous study, a laboratory-established cocul-
ture system of Synechococcus sp. PCC7002 and its associated bacteria 
were found to thrive for more than 2 years without any external 
nutrient support (3). These hints that microbial interactions may 
sustain long-term Synechococcus growth in natural oligotrophic 
ecosystems, wherein persistent stratification limits the nutrient im-
port from the deep ocean (9) and nutrient circulation in the micro-
bial loop predominates the flow of energy (8).

However, the ocean is not a static system and experiences spatio-
temporal changes in environmental factors (9) that can greatly in-
fluence the surrounding biota, reshaping the interactions between 
Synechococcus and heterotrophic bacteria. Mutualistic interactions 
can be disturbed and even disrupted if the essential benefits can be 
procured cheaply or freely from other sources. Environmental fac-
tors such as external nutrient availability would strongly affect their 
nutrient cycle–based symbiotic interactions, which is relevant even 
to open ocean oligotrophic regions, that experience intermittent or 
irregular nutrient pulses both vertically and horizontally (10, 11).

To assess this, we exogenously supplied sterile inorganic nutrients 
to a long-term established stable mutualistic coculture system con-
sisting of Synechococcus and heterotrophic bacteria from our previous 
study (3). In our previous study, we cultured an axenic Synechococcus 
sp. PCC7002 with a natural heterotrophic bacterial community (3). 
To our surprise, the heterotrophic bacterial community underwent 
community succession that changed its antagonistic relationship 
with the host Synechococcus to commensalism and later to mutualism 
over a period of ~1 year. The initial bacterial community, which con-
sisted of diverse genera, was replaced by the genera Hyphobacterium 
and Erythrobacter, which together accounted for 83% of the total 
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bacterial population (3). This mutualistic coculture system thrived 
for ~2 years without any external nutrient support, by establishing 
internal microbial nutrient cycling (3). In this present study, we show 
that the availability of exogenous nutrients strongly affects the 
established Synechococcus–heterotrophic bacteria mutualism as well 
as the community structure and function of Synechococcus-associated 
bacteria. Nevertheless, with long-term coexistence, Synechococcus 
and heterotrophic bacteria could reestablish the metabolic mutualism, 
reviving Synechococcus health mediated by heterotrophic nitrogen 
fixation and the provision of other essential nutrients.

RESULTS
Distinct phases of Synechococcus sp. PCC7002 growth during 
long-term coculture with heterotrophic bacteria
The Synechococcus–heterotrophic bacterial symbiotic system was 
supplied with exogenous nutrients [modified filtered sea water 
(FSW), table S1]. The growth status of Synechococcus sp. PCC7002 in 
the coculture system and in the axenic culture was assessed by moni-
toring the cell abundance, chlorophyll intensity, and quantum efficiency 
of photosystem II [Fv (variable fluorescence)/Fm (maximum yield 
of fluorescence under ambient light)] throughout the experimental 
period. On the basis of these parameters and the observed visual color 
change of the coculture systems, the coculture systems demonstrated 
six distinct phases of growth (P-I to P-VI; Figs. 1, A and B, and 2A).

The first two phases (P-I and P-II) of the coculture systems re-
sembled those of the axenic Synechococcus (Fig. 2, A and B). During 
this period, the cell abundance of Synechococcus in all the culture 
systems increased by three orders of magnitude, reaching maximal 
abundance in 30 days with visible dark green color and chlorophyll-a 
intensity the same as that of the healthy Synechococcus sp. PCC7002 
(Fig. 2, A and B). Moreover, from days 45 to 100 (P-III), the cocul-
tured Synechococcus abundance along with the axenic culture rapidly 

declined by three orders of magnitude, with the culture system briefly 
becoming murky and eventually settling to a white debris deposition 
(Figs. 1B and 2A). The chlorophyll-a intensity was also reduced to 
its lowest point (Fig. 2B).

Phase P-IV lasted approximately from day 100 to day 250 without 
any further drop in cell abundance, and in contrast, the abundance 
of Synechococcus increased by 25.4% on day 200 compared to that 
on day 100 in the coculture systems but not in the axenic system. 
The coculture system then entered the phase P-V around day 250, 
with the system turning into a murky brownish yellow liquid (Fig. 1B), 
a peculiar characteristic of chlorosis and with a slight drop in the cell 
abundance of Synechococcus (13% as compared to that on day 100). 
Compared with the chlorophyll-a intensity at P-IV, here, chlorophyll-a 
intensity showed a slight improvement but was still lower than that 
of the healthy coculture system (Fig. 2B). From day 250 to day 350, 
the Synechococcus cell abundance was almost stable. However, in 
phase VI (the resurgence phase), i.e., from day 350 to day 450, the 
Synechococcus cell abundance suddenly increased by a magnitude 
of two (compared to P-IV and V) and continued to exhibit positive 
growth in cell abundance till the end of the experiment on day 450. 
The chlorophyll-a intensity was also substantially improved, with 
the coculture system displaying the same chlorophyll-a intensity as 
exponentially growing Synechococcus cells (Fig. 2B). Visually, both 
cocultures (I and II) showed signs of regaining healthy green color-
ation, which intensified from day 400 to day 450 (Fig. 1B). In con-
trast, the axenic Synechococcus system did not exhibit any notable 
change in cell abundance or chlorophyll-a intensity after P-III.

Furthermore, we also analyzed the change in Synechococcus pigment 
intensities [chlorophyll-a measured via PerCP (Peridinin chlorophyll)- 
Cy5-5A and allophycocyanin measured via allophycocyamin (APC)] 
by flow cytometer fluorophores. In the later growth period (after 45 days 
of culture) of all the long-term cocultured systems (cocultures I and II) 
and the original stable mutualistic coculture system (>1 year old), 
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Fig. 1. Experimental design and visual color change within the Synechococcus and heterotrophic bacteria coculture system. (A) Illustration showing the experi-
mental setup. Exogenous nutrients were added to an existing Synechococcus–heterotrophic bacterial mutualistic coculture system, and Synechococcus growth was 
monitored for 450 days. The time scale below the culture flasks illustrates the start and end of each phase with their corresponding observed (visually) color change. 
(B) Real-time visual color change within the coculture system and in the axenic Synechococcus sp. PCC7002 culture.
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two subpopulations (S-I and S-II) were identified (having the 
same cell size but different PerCP-Cy5-5-A and APC intensities). 
S-I exhibited high APC and chlorophyll-a intensity, depicted as light 
green color, whereas S-II showed low APC and chlorophyll-a intensity, 
depicted as light orange color (Fig. 2C). However, S-II did not appear 
during the initial 30 days of culture, either in the axenic Synechococcus 
sp. PCC7002 culture or in the coculture systems (Fig. 2C), indicating 
that S-II might be unhealthy or stressed Synechococcus cells. Further, 
the abundance of S-II increased highly at P-III (Fig. 2C), whereas 
that of S-I decreased by 40 to 45% and 80 to 95% at P-III and P-IV, 
respectively (Fig. 2C). This reduction in S-I abundance remained 
unchanged till the end of P-V, during which both the coculture 
systems entered the chlorosis phase (P-V). Although the S-II popu-
lation was present at P-III and P-IV, we did not see any visible 
symptoms of chlorosis, indicating that the emergence of S-II is not 
a direct reflection of chlorosis. Moreover, at P-VI, the abundance of 
S-I rose to 70 to 73% (while that of S-II declined to 20 to 25%) in 
both the coculture systems.

The quantum yield of photosystem II (Fv/Fm) followed a similar 
path as that of the Synechococcus abundance (fig. S1), maintaining a 
higher Fv/Fm (0.23 to 0.35) during the first two phases, followed by 
a decline in the Fv/Fm with the lowest value recorded at P-III and 
P-IV (>0.05). During the chlorosis phase (P-V), there was a slight 
increase in the Fv/Fm (0.13 c.a.), but the Synechococcus cells were 
still under stress. Furthermore, at P-VI (i.e., from days 350 to 450), 
the Fv/Fm was substantially increased. On day 450, the Synechococcus 
cells exhibited an Fv/Fm similar to that of the healthy initial phase 
(fig. S1).

Meanwhile, the heterotrophic bacterial abundance remained lower 
in the first two phases (107 cells ml−1), increasing gradually at P-III 
(108 cells ml−1; Fig. 2A). This increase in the bacterial abundance 
was maintained until day 200 and declined to 107 cells ml−1 from 

days 200 to 250. Furthermore, at P-VI, the bacterial abundance showed 
a gradual increase in abundance (108 cells ml−1; Fig. 2A).

Substantial increase in inorganic nutrients during 
the resurgence phase of Synechococcus
The concentration of inorganic nitrogen (NO3

−, NO2
−, and NH4

+) 
species and PO4

3− were greatly reduced by the end of P-III (day 100). 
Of the inorganic nitrogen sources, NO3

− was reduced by 99%, NH4
+ 

was reduced by 68%, while PO4
3− was reduced by 90% of the initial 

concentration (Fig. 3A). NO2
− was reduced by 93.5 and 33.4% in 

cocultures I and II, respectively. Moreover, from day 100 to day 200, 
both the cocultures experienced a slight increase in inorganic N species 
and PO4

3− concentration (by 5 to 13%; Fig. 3A), decreasing again on 
day 250. Astonishingly, at phase P-VI, the system showed a signifi-
cantly higher concentration of inorganic N (inorganic N = NO3

− + 
NO2

− + NH4
+, P = 0.0052) and PO4

3− (P = 0.0466) without any 
exogenous input. Here, the NH4

+ and NO2
− concentrations were 

even higher by ~2- and 3.5-fold, respectively, than their initial (P-I) 
concentration (Fig. 3A).

N and P colimited the growth of Synechococcus sp. PCC7002 
within the coculture system
On inoculation with different nutrient treatments (table S2), the 
unhealthy, chlorotic Synechococcus cells from the P-V phase showed 
an increase in chlorophyll-a fluorescence with a healthy green pig-
mentation (visually) in all the treatments containing NO3

− within 
the first 4 days (Fig. 3B and fig. S2). Synechococcus cells inoculated 
in nutrient treatments without any nitrogen source remained un-
changed, suggesting nitrogen as the critical driver of the growth of 
Synechococcus. Furthermore, although the growth was resumed in 
all the treatments with NO3

−, the treatments lacking PO4
3− as a 

conutrient collapsed after 16 to 18 days (Fig. 3B). Only the chlorotic 
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Fig. 2. Growth of Synechococcus and heterotrophic bacteria within the coculture system. (A) Flow cytometric measurement showing Synechococcus and heterotrophic 
bacterial cell abundance over the 450 days of coculture period. Cocultures I and II are replicate culture systems. Each data point is an average of two replicates. The vertical 
dotted line approximately demarcates the start of each of the observed phases (P-I to P-VI). (B) Chlorophyll-a fluorescence, as an indicator of Synechococcus growth, was 
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cells inoculated with NO3
− + PO4

3− + Fe3+ sustained healthy growth 
as that of the chlorotic cells inoculated with nutrient-rich media 
(SN and A+ media). However, Fe3+ either in combination with 
NO3

− or alone, did not show any substantial improvement in 
chlorophyll-a or green coloration in comparison to treatments with 
NO3

− alone.

DOC content in the coculture systems
Our data showed that dissolved organic carbon (DOC) content was 
inversely proportional to inorganic nutrients in both the coculture 
systems (fig. S3). The DOC was highest (46 to 51 mg ml−1) during 
the P-III to P-IV phase, followed by a 67 to 70% reduction at P-V, 
implying that there was high bacterial consumption of DOC. More-
over, the reduction in DOC concentration was slower after the P-V 
phase and saw a further reduction of 37 to 50% by the end of the 
experiment (at day 450).

Changes in Synechococcus-associated bacterial  
community composition
We examined the bacterial community composition in all six phases 
(PI to P-VI) by 16S ribosomal RNA (rRNA) gene sequencing. After 
filtering and rarefaction, a total of 1271 unique amplicon sequence 

variants (ASVs) were examined for differences among the six phases. 
In general, the P-VI showed a higher ASV richness (Shannon index, 
P = 0.01; F = 5.35) than P-I to P-V (Fig. 4A). From principal coordinate 
analysis (PCoA) with a Permutational multivariate analysis of variance 
is the expanded form of PERMANOVA (999 permutations) test and 
the Bray-Curtis distance metrics, it was clear that the bacterial com-
position of P-I to P-V was more similar than the bacterial compo-
sition of P-VI (Fig. 4B). Moreover, a Bray-Curtis dissimilarity test 
showed that both coculture systems (cocultures I and II) had similar 
bacterial compositions during healthy Synechococcus growth and fol-
lowed the same bacterial successional pattern (fig. S4). (3).

The initial mutualistic system (3) that served as the starting point 
(P-I) of cocultures I and II was composed of the heterotrophic 
bacterial community dominated by Alphaproteobacteria (~90%, P-I; 
Fig. 4C) and the genera Hyphobacterium and Erythrobacter (~83% 
relative abundance, P-I; Fig. 4D). In our previous study, it was 
revealed that this bacterial community did not show any notable 
changes in their community composition over a period of 2 months 
and was considered a fairly stable community (3). Furthermore, upon 
exposure to fresh medium (modified FSW), the composition of this 
otherwise fairly stable heterotrophic bacterial community began to 
fluctuate with an increase in the abundance of the genera Roseitalea, 
Flavobacterium, Marinobacter, and Parvibaculum (P-II to P-V; 
Fig. 4D). Nonetheless, the relative abundance of Hyphobacterium 
did not change considerably from P-I to P-V, while the relative 
abundance of Erythrobacter was reduced to half of what it was at 
P-I. Moreover, at P-VI, the abundance of Alphaproteobacteria was 
reduced to 50%, while the abundance of other classes, such as 
Bacteriodia, Clostridia, Gammaproteobacteria, Leptospirae, Actino-
bacteria, and Rhodothermia increased highly (Fig. 4C). The domi-
nant (top 20) heterotrophic bacterial genera at P-I to P-V were 
entirely replaced by other genera (whose abundance was negligible 
at P-I to P-V) at P-VI (Fig.  4D). The most abundant genera at 
P-VI were Thalassobaculum, Litorivivens, Marivita, Balneola, and 
genera related to the families Muribaculaceae and Magnetospirace-
ae (Fig. 4D).

In addition, a redundancy analysis between the dominant taxa, 
inorganic nutrients, and Synechococcus abundance indicated that 
NH4

+ (P = 0.005), NO2
− (P = 0.010), and Synechococcus cell abun-

dance (P = 0.043) were the significant contributors that drove the 
compositional change of the bacterial community (fig. S5). Members 
of the class clostridia were highly correlated to the NH4

+ and NO2
− 

variance, while Actinobacteria, Rhodothermia, Leptospirae, and 
Acidimicrobia were related to Synechococcus cell abundance.

Nitrogen and phosphorus generation capability of the 
heterotrophic bacterial community
Shotgun metagenomic analysis was used to explore the microbial 
nutrient cycling capability of the coculture systems and the potential 
contributors at P-I, P-IV, P-V and P-VI (see table S3 for sequence 
statistics). Because of sample volume limitations, we could not se-
quence other phases. Here, the bacterial metagenome had all major 
genes involved in the nitrogen (N) and phosphorus (P) cycles (Fig. 5A, 
fig. S6, and tables S4 and S5). Regarding the N-cycle genes, there 
was a substantial increase in the gene abundance of N-gain processes, 
which are dissimilatory nitrate reduction to ammonium (DNRA) 
(nirBD/nrfAH) and N2 fixation (nifH) at the P-VI phase (Fig. 5A). 
Gene abundance is reported as transcripts (DNA in this case) per 
million (TPM). Notably, the nifH (biomarker gene for N2 fixation), 
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which was not detected in the P-I, P-IV, and P-V metagenomes, 
covered up to 4% (gene abundance = 22.9 TPM) of all the N-cycle 
genes at P-VI (day 450; Fig. 5A). The P-VI metagenome also showed 
the presence of organic N mineralization (gudB, GLUD1_2, gdh, 
and gdhD), with a gene abundance similar to that of P-V (Fig. 5A). 
In contrast, there was no noticeable difference at P-cycle potential 
among all the sequenced phases and showed the presence of genes 

related to organic P mineralization, solubilization of labile inorganic 
P, P regulation, and transportation (fig. S6). In addition, a linear dis-
criminant analysis (LDA) among the N and P genes clearly showed the 
significance of potential N2 fixation and DNRA at P-VI (LDA scores 
of 3.92 and 4.53 and P values of 0.049 and 0.040, respectively; Fig. 5B). 
Moreover, there was no discernible difference in the abundance of 
cobalamin (vitamin B12)–related genes across all sequenced phases 
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(cobU), while the abundance of iron (Fe) siderophore synthesis genes 
decreased at P-VI (Fig. 5C and tables S6 and S7).

Meanwhile, 134 quality bins were recovered from these meta-
genomic samples (Fig. 6 and table S8). Comparatively, the coverage 
(relative abundance across all samples) of most of these bins was 
higher at P-VI than at the other phases, suggesting a potential 
relationship between phase P-VI and these bins (Fig. 6). To investi-
gate this potential relationship, we explored the metabolic capa-
bility of these bins. As expected, most of these bins contained genes 
related to essential nutrient cycling (N and P), vitamin B12, and 
siderophore synthesis (fig. S7A and tables S8 and S9). The relative 
abundance (across metagenomic samples) of bins having N-cycling 
potential related to classes Alphaproteobacteria, Actinomycetia, 
Phycisphaerae, Planctomycetes, Rhodothermia, Gammaproteo-
bacteria, and Bacteroidia increased highly at P-VI (table S10). 
Among phosphorus (P) cycle processes, all assembled bins had 
complete or partial sets of genes for organic P mineralization, solu-
bilization of labile inorganic P, P regulation, and transportation 
(tables S8 and S9).

In addition, 57% of bins associated with Alphaproteobacteria, 
46% of bins associated with Gammaproteobacteria, and 50% of 
bins associated with Actinomycetia and Anearolineae had vitamin B12 
synthesis genes (fig. S7A). On the other hand, 2% of Alphaproteo-
bacteria, 14% of Gammaproteobacteria, and 25% of the Actinomycetia 
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bins had genes for siderophore synthesis (fig. S7A). Overall, all the 
bins carrying genes for essential nutrient cycles had higher coverage at 
P-VI than at other analyzed phases (tables S9 and S10).

Distinct carbohydrate-degrading enzyme profiles 
of the heterotrophic bacterial community
It is well established that phytoplankton exudate can shape the 
composition of the associated microbiome (12). We compared the 
Carbohydrate-Active enZYmes profiles of the metagenomic samples 
and the extracted bins to better understand the correlation between the 
change in bacterial community composition and carbohydrate metab-
olism at different phases. As expected, the gene abundance of the 
polysaccharide degrading family [polysaccharide lyase (PL)] in-
creased significantly (P < 0.0001, one-way ANOVA test) at P-VI (Fig. 7A 
and table S11) than at other phases. Among these PL genes, the abun-
dance of genes encoding for alginate lyase (PL6, PL14, PL15, and PL17), 
chondroitin lyase (PL35, PL29, and PL37), poly(-d-mannuronate) 
lyase (PL7), heparin lyase (PL12), and ulvan lyase (PL24, PL25, PL28, 
and PL40) were higher at P-VI by 29.5, 7.4, 13.8, 14.6, and 16.1%, re-
spectively (Fig. 7B) than at the other phases. Furthermore, it was ob-
served that the coverage (relative abundance across all samples) of all 
the assembled bins containing these PL family genes was noticeably high 
at P-VI (Fig. 7C and table S9), with a higher percentage of bins from 
Planctomycetes, Bacteroidia, Anearolineae, and Rhodothermia carrying 
these genes (Fig. 7D). Classes Alphaproteobacteria, Gammaproteobacteria, 
Actinomycetia, Acedomicrobia, and Phycisphaerae also showed the 
presence of these genes. In addition, the abundance of genes related 
to the glycoside hydrolase family (which also participates in the break-
down of complex carbohydrates) and the carbohydrate-binding 
module family also followed a slight increase in their abundance at 
P-VI (Fig. 7A).

Bacterial genes involved in various phycospheric 
interactions within the coculture system
We speculated that the interaction between heterotrophic bacteria 
and Synechococcus might be complex and need a multidimensional 
investigation. For this purpose, we created Kyoto Encyclopedia of 
Genes and Genomes (KEGG) profiles of all the bacterial genes that 
may be prevalent in phycospheric interactions after a rigorous liter-
ature review (tables S12 to S14). These genes encode vital functions 
such as the bacterial secretory systems, quorum sensing (QS), 
quorum quenching (QQ), chemotaxis, and biofilm formation.

It was seen that the abundance of genes necessary for the bacterial 
secretory systems, QS, QQ, and chemotaxis was higher during P-I, 
P-IV, and P-V and then decreased at P-VI, except for the type III 
and type VI bacterial secretory systems (Fig. 5C and tables S12 to 
S14). Compared to the earlier phases, the abundance of genes in-
volved in biofilm formation increased significantly during P-VI 
(P < 0.0001, one-way ANOVA test; Fig. 5C and table S14).

Similarly, most of the bins carried genes that were potentially 
necessary for these phycospheric interactions, with a considerable 
increase in the relative abundance of bins involved in chemotaxis and 
biofilm formation at the P-VI phase than at other phases (fig. S7A 
and tables S8 and S9). The percentage of bins carrying genes for 
chemotaxis and biofilm formation was much higher among the 
Actinomycetia, Bacteroidia, Gammaproteobacteria, and Plancto-
mycetes classes (fig. S7B). Moreover, almost all the isolated bins had 
a partial or complete set of genes encoding QS and QQ as well as the 
bacterial secretory systems (tables S8 and S9).

Nitrogen fixers within the coculture systems
In addition, we extracted RNA from the P-VI phase (i.e., from day 
450 culture) of cocultures I and II and validated the expression of 
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the nifH gene via reverse transcription-quantitative polymerase chain 
reaction (RT-qPCR) (table S15). Once validated, the nifH gene frag-
ments were amplified and sequenced. To determine the classes that 
were differentially abundant between cocultures I and II, a total of 212 
ASVs were statistically tested using metastat (P = 0.05; Fig. 8). No 
unique classes were observed showing nifH expression in either co-
culture I or II. Classes Clostridia, Planctomycetes, Gammaproteobacteria, 
and Actinomycetia were highly abundant in both the coculture sys-
tems (Fig. 8). Unfortunately, because of the lack of a standard and 
robust nifH gene/transcript database, we were unable to classify 
these amplified sequences at lower taxonomic levels.

Significant changes in the gene expression of the coculture 
system from chlorosis (P-V) to resurgence (P-VI)
We also conducted a metatranscriptomics analysis (see table S3 for 
sequence statistics) to examine the differential gene expression, 
followed by a gene enrichment analysis between the P-V (chlorosis) 
and P-VI (resurgence) phases of the bacterial community using 
a ±1.5-log2 fold change threshold (corresponding to an adjusted 
P value of 0.05). At P-VI, we observed a significant enrichment in the 
expression of transcripts associated with genes related to organic 
phosphorus mineralization (phosphonate and phosphinate metabo-
lism), nitrogen cycle, and photosynthesis (Fig. 9A). When zoomed in, 
several transcripts associated with the organic P-mineralization genes 
(appA, phnAGHIKLWX, phoAD, and ugpQ) were strongly expressed 
with a log2 fold change value of 1 to 1.5 (Fig. 9B), whereas most of 
the transcripts participating in the N-gain processes such as nitrogen 
fixation (nifHDK) and DNRA (nirBD and nrfAH), ammonia oxida-
tion (amoABC), and nitrification (hao and narH) were all highly up- 
regulated at P-VI (log2 fold change of 1 to 1.5; Fig. 9C). These findings 

strongly supported the role of the heterotrophic bacteria to the in-
crease in inorganic nutrients at P-VI. Transcripts corresponding to 
denitrification (N-loss) genes were also differentially expressed at 
P-VI (Fig. 9C), which suggested an active nitrogen cycle activity.

Furthermore, at P-VI, there was also a substantial increase in the 
expression of transcripts involved in vitamin B12 synthesis and bio-
film formation processes when compared with P-V (fig. S8, A and B). 
Several of the transcripts necessary for carbohydrate (polysaccharide) 
degradation and related processes were also found to be highly ex-
pressed at P-VI (fig. S8C). These transcripts encode enzymes such 
as alginate lyase (PL5, PL-7, PL-34, and PL-39) and pectate lyase 
(PL-9). In addition, the transcripts involved in the activity of enzymes 
heparin lyase (PL-12), hyaluronate lyase (PL-33), and poly(-d- 
mannuronate) lyase (PL-7) were expressed in both phases (fig. S8C). 
Transcripts related to the PL-14 and PL-1 CAZy family that encode 
for enzymes alginate lyase and pectate lyase, respectively, were also 
up-regulated in both phases (fig. S8C). In contrast, transcripts 
related to the PL-22, PL-25, PL-29, PL-35, PL-38, and PL-11 family, 
corresponding to enzyme oligogalacturonate lyase, ulvan lyase, 
chondroitin-sulfate ABC endolyase, chondroitin lyase, endo-- 1,4-
glucuronan lyase, and rhamnogalacturonan endolyase, respectively, 
were up-regulated at P-V compared to P-VI (fig. S8C). Among the 
GH family, most of the transcripts required for cell wall degradation 
(lysozyme, glucosidase, and peptidoglycan lytic transglycosylase) 
were up-regulated at P-VI (fig. S8D).

15N incorporation and N2 fixation rate within the 
coculture system
We further quantified the N2 fixation rate by determining the incor-
poration of 15N within the particulate nitrogen (PN) and dissolved 
nitrogen (DN) pools at P-VI (day 450). It was found that on enrich-
ment with 15N, the incorporation of 15N (15N) within the particulate 
and DN pools of cocultures I and II was substantially increased when 
compared with the control set (without the addition of tracer 15N, 
Fig. 9D). The 15N value within the PN pool (15N PN) of cocultures I 
and II was increased by 10.5 ± 2% and 13.1 ± 1%, respectively, within 
48 hours, which is two times higher than that in the control set 
(Fig. 9D). Simultaneously, the DN pools of cocultures I and II also 
showed an increased incorporation of 15N (15N DN) by 33.0 ± 3% 
(i.e., 1.2 times higher than the control) and by 15.6 ± 2% (i.e., 
3.5 times higher than the control) within 48 hours (Fig. 9D). Further-
more, cocultures I and II showed a total nitrogen fixation rate of 172.2 
and 247.3 nmol N liter−1 day−1, respectively, for the PN pool and 33.4 
and 84.1 nmol N liter−1 day−1, respectively, for the DN pool (Fig. 9E). 
As the 15N tracer method can underestimate the N2 fixation rate (13), 
the data reported here should be considered as the minimal rate.

DISCUSSION
Microscale interactions between heterotrophic bacteria and phyto-
plankton underpin ocean biogeochemistry. However, these interac-
tions between the phytoplankton and heterotrophic bacteria are not 
stable and can be disturbed or even disrupted by external nutrient 
supply (14). In this study, we show that despite disturbances from 
environmental factors (inorganic nutrients), Synechococcus and hetero-
trophic bacteria can form recurrent mutualistic interactions that could 
drive the survival of Synechococcus in nutrient-depleted conditions.
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Complex organic matter and microbial interspecies and 
intraspecies interactions drive the heterotrophic bacterial 
community changes
We observed that although the abundance of Synechococcus and 
bacteria changed considerably in the first five phases, the bacterial 
community composition did not change much during this time 
(Fig. 4, B to D). However, at P-VI, when the growth of Synechococcus 
was revived, the heterotrophic bacterial members showed obvious 
changes in community composition with a sudden increase in the 
members of Gammaproteobacteria, Bacteriodia, Clostridia, Rhodo-
thermia, and others. Increased organic matter concentration provides 
a favorable environment for the rapid boom in the specialist bacterial 
population and such a niche frequently (but not always) favors the 
Bacteroidia, Gammaproteobacteria, and some Alphaproteobacterial 
taxa (15). These bacterial taxa, especially Bacteroidia and Gamma-
proteobacteria, are known to exhibit rapid chemotactic behavior 
toward the phytoplankton-derived dissolved organic matter, prefer 
particle association, and are frequently found in high abundance during 
phytoplankton blooms and in phytoplankton phycosphere (16, 17).

In addition, phytoplankton are known to actively or passively 
exude organic matter and specific metabolites that can attract selec-
tive bacterial groups and form symbiotic relationships (2, 12, 16). 
While polysaccharides make up a substantial portion of this leaked 
matter, the PL enzyme group plays a major role in cleaving these 
complex polysaccharides into simple oligo or monomers (12). The 

increase in the abundance of genes encoding PL enzymes at P-VI 
mirrors this (Fig. 7C). Similarly, from the gene abundance and 
expression analysis, it was seen that most of these PL genes target 
specific high-molecular weight (HMW) sulfated polysaccharides 
(Fig. 7B and fig. S8C), such as alginate, ulvan, etc., which a variety of 
cyanobacterial species are known to produce (18, 19), and such poly-
saccharides, especially alginate, are known to favor copiotrophic 
bacteria such as the Gammaproteobacteria (20).

Moreover, the Bacteroidetes (mainly composed of the Bacteroidia) 
are highly specialized in consuming such HMW polysaccharides 
due to the presence of polysaccharide utilization loci, specific HMW 
substrate-binding proteins, and an efficient TonB-dependent trans-
porter system (21). Likewise, the Gammaproteobacteria, Plancto-
mycetes, Phycispaerae, Rhodothermia, and Anearoineae are also 
known to consume HMW polysaccharides (21–24), and these, along 
with the Bacteroidetes, are usually abundant in algal organic matter- 
rich environments such as algal blooms (22–24). Thus, the high 
abundance and expression of alginate, ulvan, heparin, and other sim-
ilar sulfated HMW organic substrate degrading PL genes seen at the 
P-VI phase (Fig. 7B) hints toward the role of specific Synechococcus- 
related organic matter in filtering its associated bacterial members. 
However, it is not conclusive whether the specific polysaccharide 
degradation activity was driven by Synechococcus’s exudation of 
selective polysaccharides or a reduction in the labile DOC pool 
(fig. S3) within the coculture systems.
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Nonetheless, several PL family transcripts were also found to be 
expressed at P-V (fig. S8C). This is not unexpected considering the 
presence of the abovementioned taxa (i.e., Bacteroidia, Gamma-
proteobacteria, and Rhodothermia) at P-V (Fig. 4C). Thus, we spec-
ulated that the change in the heterotrophic bacterial community 
composition at P-VI may be due to not only the organic matter deg-
radation but also the bacteria-bacteria interactions (3). In the host- 
associated environment, a complex interplay of factors shapes the 
microbiome. It was seen that all the essential genes involved in 
inter- and intraspecies interactions (including bacterial secretory 
systems, QS and QQ, and chemotaxis) were highly represented at 
P-I, P-IV, and P-V (Fig. 5C). In bacteria, the protein secretory systems 
play an essential role in interacting with their host or with other 
bacteria, aiding in adhesion, aggregation, motility, and the secretion 
of various enzymes (25). While the role of the bacterial secretory 
systems in interactions with phytoplankton is yet to be studied, 
sporadic research suggests that they might play an important role in 
inter- and intraspecies communications (26). The gene abundance of 
type III and type VI bacterial secretory systems was higher at P-VI 
(Fig. 5C), suggesting their potential role in the reestablishment of 
mutualism. These two secretory systems are known to be involved 
in mutualistic interactions (27).

The genes corresponding to the bacterial protein secretory sys-
tems (except types III and VI) and QS and QQ followed a trend 
similar to those of chemotaxis, indicating a strong correlation between 
these three processes (Fig. 5C). QS signaling molecule has been shown 
to alter the bacterial composition (28), and QS-QQ are known to 
regulate bacterial chemotaxis, biofilm formation, and adhesion to 
phytoplankton environment (29). With this potential for such a 
profound effect, the contribution of these genes to the shift in bac-
terial community composition and the reestablishment of mutual-
ism within the coculture system cannot be denied.

Moreover, the highly abundant classes at P-VI carried a high 
percentage of bins with genes necessary for both chemotaxis and 
biofilm formation or chemotaxis alone (fig. S7, A and B, and tables 
S8 and S9). Thus, we conclude that the change in the heterotrophic 
bacterial community composition might be attributed to the reduc-
tion in niche dimensions (i.e., reduction in the labile organic carbon) 
and/or the specificity of niche dimension (related to the specific 
polysaccharide substrates) as well as the various bacteria-bacteria 
and bacteria-Synechococcus interactions.

Nitrogen fixation by heterotrophic bacteria revives 
Synechococcus cells and reestablishes metabolic mutualism
Most of the phytoplankton productivity in the oligotrophic regions 
is limited by nitrogen and nitrogen deficiency has a more prominent 
effect on phytoplankton growth and the rate of primary production 
than phosphorus (9, 30). As Synechococcus sp. PCC7002 cannot fix 
bioavailable nitrogen (3), nitrogen limitation may lead to Synechococcus 
chlorosis (6). Here, Synechococcus sp. PCC7002 chlorosis observed 
at P-V was strongly related to the lack of inorganic nitrogen within 
the coculture system (Fig. 3A) and external provision of nitrogen 
(NO3

−) induced revival of Synechococcus growth (Fig. 3B). Chlorosis 
may be a vital adaptive strategy of Synechococcus to survive in nutrient- 
depleted conditions (6, 31), and such nitrogen limitation-induced 
chlorosis has been widely observed and studied among Synechococcus 
species (6, 31).

In our study, the axenic counterpart did not exhibit chlorosis 
(Figs. 1B and 2A) and did not revive on the addition of exogenous 

nutrients (fig. S9). It was recently reported that Prochlorococcus strain 
MIT9313 relies on interactions with heterotrophic bacteria for 
long-term nutrient starvation by undergoing a chlorosis-like phe-
nomenon (32). Such bacterial interactions with chlorotic autotrophs 
have also been widely studied in soil plants (33). Despite such profound 
evidence, the role of autotroph-associated bacteria in phytoplankton 
chlorosis is still not well explored.

Furthermore, we found that after 350 days in coculture with 
heterotrophic bacteria (P-VI), the Synechococcus cells recovered from 
chlorosis (Figs. 1, A and B, and 2, A to D) and the coculture system 
exhibited an increased concentration of inorganic nitrogen com-
pounds (NO2

−, NO3
−, NH4

+;Fig. 3A). This, along with the substantial 
increase in gene abundance (Fig. 5, A and B) and high up-regulation 
of transcripts involved in N-gain processes (Fig. 9, A and C), partic-
ularly nitrogen fixation genes (nifHDK), at P-VI, clearly demonstrates 
that heterotrophic bacterial nitrogen fixation greatly contributed to 
the revival of Synechococcus cells from chlorosis. This was further 
verified by the 15N-labeled nitrogen fixation experiment, which 
showed measurable nitrogen fixation activity within both the cocul-
ture systems at P-VI (Fig. 9E).

However, the nitrogenase enzyme complex that carries out nitro-
gen fixation is irreversibly deactivated in oxic conditions (34), so 
how do the heterotrophic bacteria fix nitrogen here? We found that 
the higher abundance of genes and up-regulation of transcripts re-
lated to nitrogen fixation (i.e., nifHDK) at P-VI astonishingly coin-
cided with an increase in the abundance of genes and up-regulation 
of transcripts involved in biofilm formation (i.e., pgaABC, mcbAR, 
and bssS; Fig. 5C and fig. S8B). This peculiar trend was not observed 
in the other phases. Biofilm formation has previously been found to 
support heterotrophic bacterial nitrogen fixation by creating oxygen- 
deficient microzones, especially in particle-attached environments 
(34). Such anoxic conditions have been observed in phytoplankton 
and cyanobacterial aggregates supporting nitrogen fixation (35). 
While nitrogen fixation is an energy-intensive process with the 
hydrolysis of 16 mol of adenosine triphosphate (ATP) for the re-
duction of 1 mol of N2 (34), nitrogen fixation in this manner (by 
creating oxygen-deficient microzones) will increase the energy cost 
even further. Thus, a labile organic matter–rich environment is im-
perative for such a process (34, 36). The high abundance of genes 
corresponding to the PL enzyme family, the significant expression 
of the related transcripts, and the higher relative abundance of bins 
carrying these genes during the early P-VI phase (Fig. 7, A to D, and 
fig. S8C) strongly indicate that the high-energy requirement for 
nitrogen fixation could be fulfilled by the utilization of rich organic 
matter exudates from Synechococcus. Increasing polysaccharide con-
centration has been found to promote nitrogen fixation (36) and 
the addition of polysaccharides such as alginate boosted nitrogen 
fixation by 10-fold (36).

The differentially abundant classes showing expression of the 
nifH transcript at P-VI (i.e., Clostridia, Gammaproteobacteria, 
Actinomycetia, Planctomycetes, and Anaerolinea; Fig. 8) were also 
the ones highly enriched at P-VI (Fig. 4C). Among these, classes 
Clostridia and Actinomycetia were statistically related to the change 
in NH4

+, NO2
−, and Synechococcus abundance, whereas the Gamma-

proteobacteria, Bacteroidia, and Rhodothermia were also at least 
partially related (fig. S5), strongly supporting their role in nitrogen 
fixation within the coculture systems. Members of these taxa have 
been widely found to be associated with nitrogen fixation in diverse 
marine environments (37, 38). Furthermore, these same classes 
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were also potentially involved in chemotaxis and biofilm forma-
tion (fig. S7, A and B), as well as exhibiting potential PL activity 
(Fig. 7, C and D) within the cocultures. This implies that the members 
of these classes were actively involved in reestablishing the mutualism 
and resurrecting Synechococcus cells from chlorosis.

In addition to N2 fixation, genomic carriers for other N-gain 
processes (N mineralization and DNRA) were also present at P-VI 
(Figs. 5, A and B, and 9C). Genes encoding organic nitrogen mineral-
ization (gudB, gdh, gdhD, and GLUD1_2) are also known to carry 
out the same reaction in reverse order, i.e., generating amino acid 
glutamate from NH4

+ (39), therefore confounding its influence on 
bioavailable N generation. At the same time, the significant up- 
regulation of DNRA in the P-VI phase also cannot be ignored. As 
nitrogen fixation is an energy-consuming activity (34), lone and 
long-term dependence on nitrogen fixation may not be feasible for 
mutualistic cohabitants. Therefore, coactivation of N-gain processes 
or an eventual shift toward other less energy-intensive N-gain pro-
cesses (DNRA and N mineralization) will ease the pressure off the 
nitrogen-fixing community. Last, the high up-regulation of most 
of the N-cycle transcripts at P-VI suggested a balanced and robust 
N-cycle activity at this phase, which is very crucial in maintaining 
N-gain and N-loss balance, ultimately determining the nutrient 
stoichiometry, as well as conversion/removal of any harmful inter-
mediate substrate (40).

A coavailability of nitrogen, phosphorus, iron, and vitamin B12 
is essential for the long-term healthy growth of Synechococcus
Although nitrogen is vital for phytoplankton growth, the effect of 
other essential nutrients cannot be neglected (9). A colimitation of 
nitrogen and phosphorus has been shown to have a far more drastic 
effect on phytoplankton productivity than that of nitrogen alone (41). 
In oligotrophic waters, phytoplankton productivity is often limited 
by nitrogen or a colimitation of nitrogen and phosphorus or nitrogen, 
phosphorus, and iron (9, 41). In this study, the addition of NO3

− 
alone revived Synechococcus from chlorosis but could not support 
healthy Synechococcus growth for an extended period (Fig. 3B). As 
we did not observe any change in chlorotic Synechococcus physiology 
on the addition of PO4

3− or Fe3+ alone (Fig. 3B), we believe that the 
generation of inorganic nitrogen is the key factor in reviving 
Synechococcus cells from chlorosis. Although a cosupplementation 
of NO3

−, PO4
3−, and Fe3+ sustained healthy Synechococcus growth, 

the cosupplementation lacking PO4
3− (i.e., treatment with NO3

− and 
Fe3+) did not (Fig. 3B). In addition, the transcripts related to genes 
involved in phosphorus mineralization were also found to be signifi-
cantly up-regulated at the P-VI phase (Fig. 9B). This suggested that 
phosphorus was also an influential factor in reviving Synechococcus 
cells. Moreover, Fe is an essential micronutrient for Synechococcus 
growth and Fe limitation has been shown to affect growth rate, 
metabolic regulation of cofactor expression, and activation of anti-
oxidative stress responses in Synechococcus sp. PCC 7002 (42). 
Although we did not observe the expression of Fe siderophore syn-
thesis transcripts at P-VI, the heterotrophic bacterial metagenome 
had Fe siderophore synthesis capability (Fig. 5C), hinting toward 
the role of iron in cosustaining the coculture system.

Moreover, many algae, including Synechococcus sp. PCC7002, 
require an exogenous supply of vitamin B12 for healthy growth (43) 
and was evidenced by the up-regulation of transcripts involved in 
vitamin B12 synthesis (fig. S8A) at P-VI. The expression of vitamin 
B12 transcripts during the revival of Synechococcus from chlorosis 

(P-VI) is not a surprise, as many bacteria, including Synechococcus, 
also use vitamin B12 as a cofactor for the vitamin B12–dependent 
methionine synthase (MetH) enzyme (43). Thus, further investigations 
are required to discern its significant effect on Synechococcus growth 
limitation and revival from chlorosis.

In summary, we assessed the effect of exogenous nutrients on 
existing, nutrient exchange–based Synechococcus–heterotrophic bac-
teria mutualism. Our findings demonstrated that the addition of 
exogenous nutrients disrupts the mutualistic relationship between 
Synechococcus and heterotrophic bacteria, but they can reestablish 
the disrupted mutualism in long-term coexistence. The heterotro-
phic bacterial population found enriched on reestablishment of the 
mutualism exhibited various unique behavioral tactics, such as chemo-
taxis and biofilm formation, and had the potential to consume 
specific polysaccharides, which might have aided in the shift in the 
bacterial community composition. Once mutualism was reestablished 
between the Synechococcus and heterotrophic bacterial community, 
the provision of bioavailable nitrogen (specifically by nitrogen fixa-
tion) by the heterotrophic bacteria revived the Synechococcus cells 
from chlorosis. However, the final long-term healthy sustainability 
of Synechococcus cells was due to not only the provision of nitrogen 
but also a cogeneration of all the essential nutrients, including 
nitrogen, phosphorus, iron, and vitamin B12. In exchange, the hetero-
trophic bacteria could use the organic nutrient–rich Synechococcus 
exudates. These findings suggest that nutrient stoichiometry has 
a consequential impact on Synechococcus–heterotrophic bacteria 
mutualism. However, because of their coexistence for billions of years, 
Synechococcus and heterotrophic bacteria might have developed 
evolutionary adaptations toward beneficial mutual interactions to 
thrive in unfavorable conditions, which was manifested through 
their recurrent establishment of reciprocal metabolic interaction on 
long-term coexistence in our study.

MATERIALS AND METHODS
Cocultivation of Synechococcus and heterotrophic bacteria
In our previous study, we established a long-term, mutualistic 
coculture system between Synechococcus sp. PCC7002 and a natural 
heterotrophic bacterial community (3). In brief, an exponentially 
growing axenic Synechococcus sp. PCC7002 culture was inoculated 
with a natural heterotrophic bacterial community and serially sub-
cultured for 20 generations. On subsequent long-term static cocul-
tivation (kept in the same flask), the coculture system was found to 
thrive for ~2 years without any external nutrient input (3). Further-
more, in this present study, we were interested in investigating how this 
existing Synechococcus–heterotrophic bacteria mutualistic system 
will react to environmental interference such as the provision of 
exogenous nutrients. To assess this, we transferred 50 ml of the above 
Synechococcus–heterotrophic bacteria mutualistic system into each 
of two culture flasks (labeled as cocultures I and II) containing 
3.5 liters of 0.2-m pore-size sterile modified FSW (at a final con-
centration of Synechococcus cells = 105 cells ml−1). The modified 
FSW was amended with inorganic nutrients and was composed of 
132.6 M NH4

+, 263.5 M NO3, and 14.3 M PO4
3−, as well as 

other essential nutrients (for details, see table S1). In addition, an 
axenic set was also established by inoculating 50 ml of exponen-
tially growing axenic Synechococcus sp. PCC7002 into 3.5 liters 
of modified FSW (at a final concentration of Synechococcus cells = 
105 cells ml−1) in duplicate. All the culture bottles were incubated 
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under natural daylight conditions at 25°C for 450 days with regular 
gentle shaking.

Synechococcus sp. PCC7002 sterility was checked throughout the 
experimental period as described previously (3). Periodic samples were 
collected at different phases of Synechococcus growth (i.e., from P-I 
to P-VI; Fig. 1A) and Synechococcus and heterotrophic bacterial cell 
abundance and Synechococcus pigment intensity were monitored 
by flow cytometry (BD FACSAria II). Chlorophyll-a fluorescence, 
as an indicator of Synechococcus growth, was measured by a Biotek 
Synergy HT microplate reader (excitation and emission wavelengths 
of 440 and 680 nm, respectively) and the Fv/Fm (quantum yield of 
photosystem II) was quantified by using an AquaPen-C 100 [pho-
ton systems instruments (PSI), Czech Republic] following standard 
protocols (3). All experiments were performed with independent 
biological duplicates unless mentioned otherwise in the text. Al-
gal contamination was checked before all experiments, as described 
in the Supplementary Text.

Measurement of inorganic nutrients and determination 
of the key nutrients limiting Synechococcus sp. PCC7002 
growth in the coculture system
As mentioned above, measurements of samples for inorganic nutrients 
(NO2

−, NO3
−, NH4

+, and PO4
3−) were collected periodically in trip-

licate. A volume of 20 ml was filtered through a 0.7-m pore-size 
GF/F filter (precombusted at 450°C for 5 hours) and then stored in 
polyethylene plastic bottles at −20°C before use. During analysis, 
the nutrient concentrations were determined by spectrophotometry 
using an AutoAnalyzer (Bran and Luebbe AA3, Germany). Further-
more, to elucidate the key nutrients that limited Synechococcus sp. 
PCC7002 growth within the coculture systems, subsamples (30 ml 
each) from both the coculture systems (at chlorosis phase, P-VI) 
were inoculated with 30 l of different inorganic nutrient treatments 
in duplicate. These nutrient treatments consisted of NO3

−, PO4
3−, 

and Fe3+ nutrients either as individual constituents or in combinations 
(for details, see table S2). The culture bottles were incubated under 
natural daylight conditions at 25°C for 20 days. Chlorophyll-a fluores-
cence was measured every 2 days with the Biotek Synergy HT micro-
plate reader at excitation/emission wavelengths of 440 and 680 nm.

Determination of DOC in the coculture systems
To quantify the DOC in each coculture system, 20-ml samples of 
each were filtered through a precombusted (450°C for 5 hours) 0.7-m 
pore-size glass-fiber GF/F filter and then collected into precom-
busted glass vials in duplicate. The vials were stored at −20°C until 
further analysis. Before analysis, the frozen samples were thawed 
and acidified with 40 l of 4 N hydrochloric acid (HCl). DOC was 
analyzed through high-temperature catalytic oxidation using a 
Shimadzu TOC-L analyzer (Shimadzu, Japan) attached with an 
ASI-V autosampler following standard procedures.

16S rRNA gene-based microbial community profiling 
of the Synechococcus–heterotrophic bacteria coculture
High-throughput 16S rRNA amplicon sequencing was used to pro-
file the bacterial community at different phases of Synechococcus 
growth (P-I to P-VI; Fig. 1A), separately from cocultures I and II.  
Briefly, 50 ml of the samples from both the coculture systems (I and II) 
from P-I to P-VI was collected separately, gently vortexed, and then 
prefiltered through a 2-m pore-size polycarbonate filter (Merck 
Millipore, USA) to reduce the host Synechococcus cells. The 2-m 

filtered samples were then collected on a 0.2-m pore-size poly-
carbonate filter (Merck Millipore, USA). DNA was extracted sepa-
rately from cocultures I and II, representing the biological replicates 
of the experiment using a FastDNA SPIN kit (MP Biomedicals). 
Technical replicates (of the extracted DNA samples) from cocultures I 
and II were used to amplify the V3-V4 region of the 16S rRNA gene 
by primers 343F (5′-TACGGRAGGCAGCAG-3′) and 798R (5′-AG-
GGTATCTAATCCT-3′). The quality of the amplicon was checked 
using gel electrophoresis and later purified using AMPure XP beads 
(Beckman Coulter, CA, USA). The amplicon was amplified again 
with the addition of Illumina i5/i7 dual-index adapters and purified 
as described above. The final amplicon was quantified using a Qubit 
double-stranded DNA assay kit (Thermo Fisher Scientific, MA, USA) 
and sequenced on the Illumina MiSeq platform at OE Biotech Co. 
Ltd. (Shanghai, China). The sequenced reads were then preprocessed 
using Sunbeam v.2.1.0 (44) to discard ambiguous bases (N), adapters, 
primers, and low-quality sequences (average quality score below 25). 
The resulting cleaned 16S rRNA paired-end reads were analyzed 
using the DADA2 package v.1.16 (45). Briefly, the reads were quality- 
filtered, and sequences below a Phred score of 25 (if any) were 
trimmed off. Further filters were applied via the DADA2 package 
[maxN = 0, maxEE = c (5,4), truncQ = 2, rm.phix = TRUE, minLen = 
50]. The filtered R1 and R2 reads were merged, grouped into ASVs 
and passed through the default DADA2 chimera removal script (see 
table S16 for the number of reads passed at each step). The final 
nonchimeric ASVs were classified by the Silva small subunit rRNA nr 
database v.138.1 of the DADA2 package. The raw counts of technical 
replicate samples were averaged. The ASV table was then fed into the 
MicrobiomeAnalyst web-based package (https://microbiomeanalyst.ca) 
for statistics and visualization using default filter settings. The default 
filter settings of the MicrobiomeAnalyst package that were used are 
as follows: The raw ASV count matrix for assigned bacterial taxa was 
filtered for features containing all zeros or appearing in only one 
sample, low abundant features (20% prevalence for a minimum count 
of four), and features that exhibit low variance based on interquantile 
range. The filtered ASVs were then normalized by rarefying to the 
minimum library size and transformed via the total sum scaling method.

Metagenomic and metatranscriptomic analysis
Because of sample volume limitations, we did not collect samples 
from the P-II and P-III phases for metagenomic and metatranscrip-
tomics analysis. In addition, for the same reason and to achieve suf-
ficient sequencing depth, we pooled the samples from cocultures I 
and II before DNA/RNA extraction. Briefly, 50 ml of samples from 
the original (initial) culture and 100 ml each from day 100, day 250, 
day 400, and day 450 cultures were collected and processed as de-
scribed above. For metatranscriptomics, the 0.2-m pore-size poly-
carbonate filter containing the microbial biomass was immediately 
transferred to a 2-ml RNAlater solution (Invitrogen), incubated for 
24 hours at 4°C, and later transferred to −80°C until further analysis. 
Before RNA extraction, the surface of the working bench and pipettes 
were thoroughly cleaned, first with a laboratory-prepared ribo-
nuclease (RNase) decontaminating solution and then with 70% 
ethanol. All the materials used were RNase and deoxyribonuclease 
(DNase) free. RNA extraction and DNase treatment were conducted 
using the RNAqueous Micro Kit (Invitrogen) following the manu-
facturer’s protocol. The quality and integrity of RNA were deter-
mined by the NanoDrop 2000 spectrophotometer (Thermo Fisher 
Scientific, MA, USA) and by gel electrophoresis, respectively.

https://microbiomeanalyst.ca
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DNA and RNA concentrations were measured using a Qubit v.2.0 
fluorometer (Invitrogen, Carlsbad, CA). For metagenomics, libraries 
were prepared using a TruSeq Nano DNA LT library prep kit (Illumina, 
CL, USA) according to the manufacturer’s instructions. In brief, 
1 g of the extracted DNA was sheared through the Covaris S220 
(Covaris, MA, USA) ultrasonicator and purified using AMPure XP 
beads (Beckman Coulter, CA, USA). Overhangs were repaired into 
blunt ends using the end-repair mix 2. The 3′ ends of the repaired 
DNA fragments were adenylated with A-bases and ligated with 
adapters. Libraries were then prepared with an insertion size of 550 
or 350 base pairs (bp).

For metatranscriptomics, Illumina-compatible libraries were pre-
pared using the NEBNext Ultra nondirectional RNA library prep kit 
(New England Biolabs, MA, USA) according to the manufacturer’s 
instructions. Briefly, the bacterial 16S and 23S rRNA transcripts from 
the total extracted RNA were reduced using an ALFA-SEQ rRNA deple-
tion kit. One microgram of the RNA was fragmented using NEBNext 
first-strand synthesis reaction buffer. The first strand of complementary 
DNA (cDNA) was synthesized using NEBNext random primers and 
Moloney Murine Leukemia Virus (M-MuLV) reverse transcriptase 
(RNase H), while the second strand of cDNA was synthesized with DNA 
polymerase I and RNase H. After adenylation of the 3′ ends, the DNA 
fragments were ligated using NEBNext adapters. Further, 150- to 200-bp 
fragments were selected with SpeedBead magnetic carboxylate modi-
fied particles (Global Life Sciences Solutions, MA, USA), and PCR 
was performed with Phusion High-Fidelity DNA polymerase, universal 
PCR primers, and NEBNext index PCR primers. The resulting PCR 
products were purified with AMPure XP beads, and library insert size 
was assessed on the Qsep400 high-throughput nucleic acid protein 
analysis system (Houze Biological Technology Co., Hangzhou, China).

Metagenomic and metatranscriptomic samples were sequenced 
on Illumina NovaSeq 6000 at OE Biotech Co. Ltd. (Shanghai, China). 
However, because of RNA quality and quantity issues, we were un-
able to sequence samples from the P-I and P-IV phases. The result-
ing raw reads were passed through Sunbeam v.2.1.0 (44) for initial 
adapter removal, quality trimming, and host Synechococcus reads 
removal [by aligning against the published Synechococcus sp. PCC7002 
genome, National Center for Biotechnology Information (NCBI) 
GeneBank accession number GCA_000019485.1]. In addition, rRNA 
sequences from the metatranscriptomic reads were removed through 
SortMeRNA v.4.2.0 (46). All the cleaned R1 and R2 reads of meta-
genomic and metatranscriptomic samples were concatenated into 
two separate files (i.e., R1 and R2 files of metagenomes were concat-
enated separately, and R1 and R2 files of metatranscriptomes were 
concatenated separately). Later, the concatenated reads were co-
assembled via SPAdes (for metagenomic reads) and rnaSPAdes 
(for metatranscriptomic reads) v.3.11.1 (47) with default settings 
and using k-mers 21, 33, 55, 77, 9, and 127. Assembly statistics were 
generated using MetaQUAST v.5.0.2 (48).

For binning, the coassembled scaffolds from the metagenomic 
assembly were used to extract bins using metaBAT2, CONCOCT, 
and MaxBin2 of the MetaWRAP pipeline v.1.3.2 (49) from the 
metagenomic samples. CheckM v.1.1.3 (50) was used to compute 
the bin statistics, and quality bins with >50% completion and <10% 
redundancy were filtered for further study (see table S8). These 
filtered bins were then passed through Anvi’o v.7 (51) for further 
refining and calculating bin statistics (see table S8). All bins with 
>70% completeness and <10% redundancy were defined as Metagenome- 
assembled genomes (MAGs). The Genome Taxonomy Database Toolkit 

(GTDB-Tk) v.1.5.0 (52) package with GTDB database v.R06-RS202 was 
then used to assign taxonomy to each MAG, and phylogenetic analysis 
of the GTDB-Tk aligned protein sequences [Multiple Sequence Align-
ment (MSA)] file was carried out using IQ-TREE v.2.0 (http://iqtree.org) 
with default settings and ITOL v.6.1.2 (https://itol.embl.de).

The coassembled scaffolds (from metagenomics), transcripts 
(from metatranscriptomics), and quality bins were used separately 
for protein-coding region prediction using Prodigal v.2.6.3 (53), 
and the translated proteins were then functionally annotated through 
a GHOSTX search of the GhostKOALA server against a nonredundant 
set of KEGG genes (54). For further confirmation, random annota-
tions obtained from the GhostKOALA were cross-verified using 
eggNOG-mapper v.2.1.0 (55). Secondary metabolite biosynthesis 
gene clusters (for siderophore synthesis annotation) were identified 
with antiSMASH v.5.0 (56). In addition, genes involved in carbo-
hydrate metabolism were annotated using the dbCAN2 package 
v.2.0.11 via the CAZy database (57). Protein-coding gene reads were 
quantified using FeatureCounts v.2.0.1 (58) and were later normal-
ized for gene length and sequencing depth using the TPM (DNA, in 
this case) normalization method. For metatranscriptomics, a dif-
ferential gene expression analysis was used using the nonnormal-
ized (raw) transcript counts (quantified by FeatureCounts) via 
DESeq2 v.1.28.1 (59). The output of DESeq2 was then used for gene 
set enrichment analysis (GSEA) via clusterProfiler v.4.0.5 (60) with 
a P value cutoff of 0.05 and 10,000 permutations.

nifH transcript RT-qPCR validation and sequencing
For reverse transcription, RNA extraction and DNase treatment were 
performed as described above for the samples collected from P-VI 
on day 450 of cocultures I and II. One hundred nanograms of ex-
tracted RNA was used for cDNA conversion using the POLF/POLR 
primers targeting the nifH gene with the HiScript III First-Strand 
cDNA Synthesis Kit (Vazyme Biotech., Nanjing, China). Negative 
control was prepared without the reverse transcriptase enzyme to 
check for gDNA contamination. qPCR was performed on three rep-
licates each of cocultures I and II to quantify the expression of the 
nifH gene. The qPCR reaction mixture was set to 20 l and consisted 
of 1 l of cDNA, 1 l each of POLF/POLR primers, 10 l of ChamQ 
Universal SYBR qPCR Master Mix (Vazyme Biotech., Nanjing, China), 
and 7 l of RNase-free distilled water. The reaction was performed 
on a Roche LightCycler 480 instrument (Roche Diagnostics, SZ) with 
the following profile: 1 cycle of predenaturation at 95°C for 1 min.; 
34 cycles of 95°C for 10 s (denaturation), 55°C for 30 s (annealing), 
and 60°C for 30 s (extension), followed by a melting curve (95°C for 
15 s, 60°C for 1 min, and 95°C for 15 s). The quality of the amplified 
nifH gene-specific cDNA was determined by gel electrophoresis and 
purified using an Axygen AxyPrep DNA gel extraction kit (Corning, 
NY, USA). Libraries were constructed using a NEXTFLEX Rapid 
DNA-Seq library prep kit (PerkinElmer, MA, USA) following the 
manufacturer’s instructions. Sequencing was carried out by Majorbio 
Bio-pharm (Shanghai, China) on an Illumina MiSeq PE300 sequencer. 
The sequenced reads were processed as previously described (see 
table S16 for the number of reads passed at each step). Here, the 
DADA2 filters were kept the same as mentioned above except for 
the maxEE and minFoldParentOverAbundance parameters, which 
were increased to (5,5) and 2, respectively. The final nonchimeric 
ASVs were checked for sequence length, and only sequences within 
a 240- to 380-bp range were taxonomically classified using the nifH 
database v.1.1.0 (61) with a minimum bootstrap value of 50.

http://iqtree.org
https://itol.embl.de
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Determination of 15N and N2 fixation within particulate 
and dissolved N pool
15N and the nitrogen fixation rate were determined following pub-
lished protocols (13). In brief, duplicate samples of 125 ml from the 
P-VI (day 450) phase of cocultures I and II were injected with 1 ml of 
atmospheric pressure equilibrated tracer 15N2 gas (99.8%; Cambridge 
Isotope Laboratories) in airtight serum bottles. For efficient disso-
lution of the tracer 15N2 gas into the seawater, the bottles were gently 
mixed by inversion for 5 min following the 15N2 bubble method (13). 
An initial sample (T0) was also collected and filtered immediately 
without any incubation on a precombusted (450°C for 5 hours) 0.3-m 
pore-size glass-fiber filter paper (25 mm in diameter, Advantec GF75, 
Advantec, CA) under <400 mbar. Simultaneously, a control group 
was prepared without the addition of tracer 15N2 gas. The treatment 
(with 15N2 tracer gas) and the control groups were incubated for 
48 hours under natural daylight conditions and later filtered as de-
scribed above for the determination of particulate incorporation of 
15N (PN). Simultaneously, 40 ml of the filtrate (i.e., passed through 
0.3 m) from each sample was collected and stored at −20°C until 
further analysis to measure the incorporation of 15N in the DN pool.

For PN incorporation of 15N, all the filters containing the cocul-
ture biomass were vacuum-dried for 24 hours, decarbonated by 
adding a few drops of 6 N HCl (Merck), and again dried in an oven 
at 50°C for 24 hours. The dried filters were introduced into an 
elemental analyzer (FLASH 2000 CHNS/O analyzer, Thermo Fisher 
Scientific) to determine total PN. The resulting gas from the elemental 
analyzer was then injected into the isotope ratio mass spectrometer 
(IsoPrime100, Elementar, Germany) for determining the nitrogen 
stable isotope ratios. For the DN incorporation of 15N, samples were 
oxidized to nitrate using a persulfate oxidation reagent (purified three 
to four times by recrystallization), and the concentration was deter-
mined using the chemiluminescent method (62). The 15N DN- 
derived nitrate was analyzed using the denitrifier method (63). Last, 
the nitrogen fixation rate was calculated (13, 64) as

  NFR =   
AP  N  f   [ P  N  f   ] − AP  N  c   [ P  N  c  ]  ────────────────  A  N  2   × t   × 1000  (1)

where NFR is the N2 fixation rate (nM day−1), and APNc and 
APNf represent the isotopic ratio of 15N of the nitrogen pool of the 
control and the 15N tracer added bottles after the incubation, re-
ported in units of atom % (i.e., 15N/[15N + 14N] × 100). PNc and PNf 
represent the concentrations of PN/DN of the nitrogen pool of the 
control and the treatment bottles after the incubation, respectively. 
AN2 is the isotopic ratio of 15N of the source gas in units of atom%, 
and t is the incubation period in days.

Statistical analysis
For the statistical significance of inorganic nutrients within the co-
culture system, a Student’s t test was used, with P < 0.05 indicating 
significance. In addition, a PCoA with a PERMANOVA as a statis-
tical method and Bray-Curtis distance matrix was applied to 16S 
rRNA amplicon ASVs to investigate the relationship between the 
different phases of Synechococcus growth and the bacterial taxa using 
the Microbiomanalyst web-based package (https://microbiomeanalyst.
ca). For species richness within samples ( diversity), the Shannon 
diversity index was measured using the ANOVA approach of the 

Microbiomanalyst web-based package. The correlation between in-
organic nutrients and Synechococcus abundance with the bacterial 
taxa identified by 16S amplicon sequencing was performed 
by distance-based redundancy analysis, and the significance of the 
correlating factors was determined by the Mantel test using the Micro-
eco package v.0.6.0 (65). The statistical significance among the ana-
lyzed metagenomes for the genes related to biofilm formation and 
PL function was established via a one-way ANOVA method. In ad-
dition, to investigate the effect size of significantly differentially 
abundant genes among the nitrogen and phosphorus cycles, an 
LDA analysis with a nonparametric factorial Kruskal-Wallis test 
was carried out using the Microbiomanalyst web-based package. 
Last, differentially abundant classes from nifH amplicon ASVs 
were identified using Metastat and a Student’s t test with a P value 
cutoff of 0.05 (65).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abf4792
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