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Significance

Numerous studies exist 
comparing the responses of 
distinct taxonomic groups of 
marine microbes to a warming 
ocean (interspecific thermal 
diversity). For example, 
Synechococcus, a nearly globally 
distributed unicellular marine 
picocyanobacterium that makes 
significant contributions to 
oceanic primary productivity, 
contains numerous 
taxonomically distinct lineages 
with well-documented 
temperature relationships. 
However, little is known about 
the diversity of functional 
responses to temperature within 
a given population where genetic 
similarity is high (intraspecific 
thermal diversity). This study 
suggests that considerable 
unrecognized thermal 
microdiversity exists in current 
marine Synechococcus 
populations, which could help 
this biogeochemically essential 
microbial group adapt to a 
warmer ocean.
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Dual thermal ecotypes coexist within a nearly genetically 
identical population of the unicellular marine cyanobacterium 
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The extent and ecological significance of intraspecific functional diversity within 
marine microbial populations is still poorly understood, and it remains unclear if such 
strain-level microdiversity will affect fitness and persistence in a rapidly changing ocean 
environment. In this study, we cultured 11 sympatric strains of the ubiquitous marine 
picocyanobacterium Synechococcus isolated from a Narragansett Bay (RI) phytoplank-
ton community thermal selection experiment. Thermal performance curves revealed 
selection at cool and warm temperatures had subdivided the initial population into 
thermotypes with pronounced differences in maximum growth temperatures. Curiously, 
the genomes of all 11 isolates were almost identical (average nucleotide identities of 
>99.99%, with >99% of the genome aligning) and no differences in gene content or sin-
gle nucleotide variants were associated with either cool or warm temperature phenotypes. 
Despite a very high level of genomic similarity, sequenced epigenomes for two strains 
showed differences in methylation on genes associated with photosynthesis. These cor-
responded to measured differences in photophysiology, suggesting a potential pathway 
for future mechanistic research into thermal microdiversity. Our study demonstrates 
that present-day marine microbial populations can harbor cryptic but environmentally 
relevant thermotypes which may increase their resilience to future rising temperatures.

Synechococcus | temperature adaptation | intraspecific diversity | epigenomics

Marine bacteria control most marine biogeochemical cycles (1, 2) and are composed of 
an estimated 1010 species (3). In addition, bacterial species complexes include numerous 
strains or ecotypes (4–8). Much of the work documenting the ecological relevance of 
intraspecific microdiversity has used amplified marker genes such as the 16S rRNA gene 
(9), and little has been done to describe the genotypic and (more importantly) phenotypic 
diversity within groups that are identical at the 16S rRNA level. At higher taxonomic 
levels, microbial interspecific diversity has a recognized role of increasing the stability of 
biogeochemical cycling and resilience to a changing environment (10). In order to under-
stand the ability of microbial populations to persist and maintain their functional roles 
under changing thermal regimes, it is also important to assess the diversity of thermal 
responses that exists within microbial populations (11–13).

Efforts to understand the interactions of microbes with their environment have often 
relied on approaches that underestimate or mask intraspecific diversity. For instance, 
culture-based methods are often limited to a handful of strains that are amenable to 
cultivation or are currently available in culture collections. These are then used to make 
generalizations about the activity of a broader taxonomic group (14–16). Sequencing 
approaches avoid this culturing bottleneck but lack the ability to provide rate measure-
ments. Furthermore, metagenomic or metatranscriptomic analysis pipelines often are 
unable to discern sequencing errors from rare genotypes or strains (17). In addition, purely 
sequence-based in situ approaches are also limited in the amount of ecotypic microdiversity 
they can reveal, simply because detection relies on observed correlations between relative 
abundance and ambient environmental parameters (e.g., temperature, nutrients, and 
light). Thus, rare ecotypes with optimal niches that lie outside of current conditions will 
remain cryptic unless the environment changes. For example, most marine microbial 
communities will undergo future selection by temperatures exceeding those that they 
currently experience (18, 19), as current climate models predict that anthropogenic carbon 
emissions will raise sea surface temperatures (SST) ~4 °C by the year 2100 (20).

Marine unicellular picocyanobacteria are particularly important to our understanding 
of how biogeochemical cycling will change with rising SST. The genus Synechococcus is a 
major microbial functional and taxonomic group that is found from the equator to high D
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polar latitudes (8, 21). This diverse genus is responsible for an 
estimated 16.7% of marine primary production and is expected 
to increase in both abundance and distribution as a result of warm-
ing (22, 23). It has also been strongly correlated with carbon 
export to the deep ocean (24), making it an important component 
of the marine carbon cycle.

In this study, we used multiple temperature incubations of a 
natural coastal assemblage to enrich for “thermal specialist” strains 
of Synechococcus. We then isolated multiple sympatric strains from 
the contrasting temperature incubations and characterized their 
thermal niches, allowing us to recover two co-occurring but dis-
tinct thermal phenotypes (cool and warm) from a single initial 
water sample. Finally, we sequenced and assembled high-quality 
draft genomes for all the isolates. Upon comparing their assem-
blies, the two sets of thermally distinct isolates are nearly identical, 
with an average nucleotide identity (ANI) >99.99%. We addition-
ally could not detect any genetic variation that differentiated both 
thermotypes. Analysis of the epigenome for one cool- and 
warm-temperature isolate leads us to hypothesize that methylation 
could potentially contribute to the thermal specializations observed 
in this population.

Results

Thermal Phenotype. Out of the 11 strains of Synechococcus 
examined, one was isolated from 22 °C Narragansett Bay seawater 
within hours of collection (SI Appendix, Table S1). The other ten 
were collected after 2-wk enrichment experiments using the same 
seawater, five each from the 18 °C and 30 °C treatments, all of which 
shared identical morphologies (SI Appendix, Table S1). Because 
the 22 °C in situ conditions and 18 °C experimental treatment 
represent temperatures that currently occur in Narragansett 
Bay, these isolates are considered together and are referred to as 
“cool-temperature isolates.” We compared these against “warm-
temperature isolates” collected from the 30 °C incubations, a 
temperature exceeding those currently recorded at our time series 
collection site (https://web.uri.edu/gso/research/plankton/data/).

We generated Thermal Performance Curves (TPC) for each iso-
late after growing them across multiple temperatures (average R2 
= 0.81; ±0.14 SD; Fig. 1A and SI Appendix, Fig. S1 and Table S2). 
Average thermal maximum (Tmax) was higher for warm (35.6 °C, 
±0.5 SD) compared to cool-temperature isolates (33.5 °C, ±0.9; t 
test, P = 0.005; Fig. 1B and Table 1). Optimal growth temperatures 
(Topt) were also higher for isolates from warm (average = 29.8 °C, 
±1.8 SD) than cool-temperature isolates (27.6 °C, ±1.2 SD); how-
ever, this difference was not statistically significant (P = 0.06). 

Minimum growth temperature (Tmin) and niche width (Tmax−
Tmin) did not significantly differ between groups (P = 0.91).

In addition to differences in growth observed using in vivo flu-
orescence, we compared the warm-temperature isolate LA127 (Topt 
= 29.7 °C, Tmax = 35.3 °C) and the cool-temperature isolate LA31 
(Topt = 27.1 °C, Tmax = 31.7 °C) when the temperature was 
increased from 22 to 28 °C, closer to their Topt (SI Appendix, 
Table S2). This showed that at higher temperature, the warm- 
temperature isolate accumulated ~2× more volume-normalized 
particulate organic carbon (POC; P = 0.002), while the cool- 
temperature isolate LA31 ceased growing by day 2 (SI Appendix, 
Fig. S2A). Because LA31 quickly entered the stationary phase at 28 
°C, the warm-temperature isolate maintained a higher, but not sta-
tistically significant (P = 0.07), growth rate as calculated across all 
4 d (SI Appendix, Fig. S2B).

Comparative Genomics. To compare genomic differences between 
cool and warm isolates, sequence data were assembled into a 
100% complete genome for each isolate (n = 11) (SI Appendix, 
Table S3). On average, assemblies were 2.74 Mbp long (±0.007 
SD), split between an average of 21 (±1 SD) contigs with a mean 
GC content of 63% (±0.00) and mean gene count of 2978.0 
(±11 SD). Average nucleotide identity (ANI) between these draft 
genomes showed that they were on average 99.9964% identical 
(±0.003 SD) across >99% of the assembly (SI Appendix, Fig. S2). 
For comparison, the average ANI between all isolates from this 
study and the next closest relative on NCBI (strain CB0101, from 
the nearby Chesapeake Bay) was 85.46% ANI.

To examine genomic variation among these isolates with high 
ANI, draft genomes were aligned to the closed Synechococcus ref-
erence genome (25) using parsnp to detect single nucleotide pol-
ymorphisms (SNPs). A total of 24 SNP sites were detected across 
all 11 assemblies. Constructing a phylogenetic tree using these 
SNP sites did not segregate isolates into cool and warm temper-
ature phenotypes (Fig. 2A) and neither did this alignment-based 
approach highlight major genomic rearrangements (Fig. 2B). A 
110-kb region was excluded from the SNP-based analysis which 
suggested either poor alignment due to breaks in short-read assem-
blies, or a highly variable accessory genome.

To explore the possibility of a highly variable accessory genome 
related to this 110-kb gap in the parsnp analysis, assemblies were 
compared with the Anvi’o pangenomic pipeline. Out of 2,985 gene 
clusters that were identified, (SI Appendix, Fig. S4 and Table S4) 
33 had either functional (e.g. differences in sequence) or structural 
(e.g. insertions, deletions) differences; however, no genomic differ-
ences were found in these clusters that correlated with strain 
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Fig. 1. Thermal growth rate responses of Synechococcus isolates examined in this study, depending on whether the isolate came from cool (blue; 18 to 22 °C) 
or warm (red; 30 °C) incubation experimental temperatures. (A) TPC for all isolates determined using the Eppley–Norberg approach. Vertical lines indicate  
18 °C (blue) and 30 °C (red). (B) Boxplots showing the maximum temperature limit (Tmax) and optimal temperature (Topt) for the two sets of isolates. Error bars 
represent quartiles, and the star indicates P < 0.05 level (t test).D
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isolation temperature or measured TPC (SI Appendix, Fig. S4). All 
detected differences were places the contigs broke in any of the 11 
assemblies, which explains the region excluded from parsnp. 
Finally, we were able to close an additional genome, allowing us to 
do a whole genome alignment between the reference genome 
(cool-temperature isolate LA31: Topt = 27.5 °C, Tmax = 31.7 °C) 
and a warm-temperature isolate (LA127: Topt = 29.7 °C, Tmax = 
35.3 °C). No genomic rearrangements were detected between iso-
lates (SI Appendix, Fig. S5) and the predicted number of SNPs (n 
= 21) was similar to the output from parsnp for all draft genomes 
(n = 24). Finally, we screened for potential interactive effects with 
associated bacteria, but found no link to thermal performance 
(SI Appendix, Fig. S6).

Epigenomics. We also compared cytosine methylation between 
LA31 (cool isolate) and LA127 (warm isolate) using Oxford 
Nanopore sequences. LA31 had 1,202 methylated cytosines 
across its genome with 1,062 (88%) located in coding regions. 
LA127 had 1,073 methylated cytosines with 957 (89%) located 
in coding regions. As a check of possible methylation in promoter 
regions, we looked for methylated C’s within 35 bp of coding start 
sites; however, none were observed in either strain (Dataset S1). 
The genomes shared 436 methylation sites, with the majority 
being unique to each strain. However, the methylated genes 
belonged to similar KEGG modules (SI Appendix, Fig. S7). The 

genome assemblies for every isolate had 42 genes annotated as 
methyltransferases using the KEGG database.

Notably, we detected methylation in coding regions for two 
phycobilisome linker proteins (Fig. 3C) only in the 
warm-temperature isolate. These genes were not methylated in 
the cool-temperature isolate; however, in this isolate one of the 
two copies of the phycocyanin beta chain did contain a methylated 
cytosine. The cool-temperature isolate was also methylated in a 
single gene coding for atpH (ATPase subunit delta, SI Appendix, 
Table S6) while the warm-temperature isolate had two different 
methylated ATPase subunits (gamma and beta) as well as a subunit 
of photosystem I (psaD) and a component of the cytochrome b6-f 
complex (petA) (SI Appendix, Table S7).

The null model analysis of genome methylation enrichment for 
both LA127 and LA31 genomes suggested that methylation is con-
centrated in coding regions for both strains (P < 0.001), consistent 
with prior observations of methylated sites enriched in gene regions 
in other cyanobacteria (26). Likewise, in both LA127 and LA31, 
methylation overlapped with photosystem-related genes more often 
than by chance alone (P < 0.05), suggesting that methylation plays 
a role in photosystem metabolism in both strains. However, as 
expected, the difference in the uniquely methylated photosystem- 
related genes between LA127 (n = 2; SI Appendix, Table S7) and 
LA31 (n = 5; SI Appendix, Table S6) was not sufficient to yield sig-
nificant differences in the total level of enrichment of 
photosystem-related methylation in each genome. While the null 
model analyses of these several photosystem genes did not suggest 
significantly enriched methylation from sampling of only these two 
epigenomes, we note that the full complement of photosystem-related 
genetic elements tested here may not be exhaustive due to limitations 
in annotation. Further research with more cold- and warm-adapted 
epigenomes is needed to robustly determine whether significant dif-
ferences exist in photosystem methylation patterns between the two 
thermotypes. It is also well-documented that single molecular 
changes can cause adaptive phenotypic differences in microbial taxa 
(27–29) irrespective of enrichment, which we cannot rule out here 
in view of the <100 bp that varied between the two genomes. 
Nevertheless, the fact that we observed only a handful of differences 
in methylation within photosystem-related genes relative to deep 
conservation of all other genomic and epigenomic sites paves the 
way for more targeted studies examining the impact of these genes 
on temperature-related phenotypes in Synechococcus.

Photophysiology. Although no genomic variation was detected 
between our two closed genomes at loci associated with C-
phycocyanin, photosystem I, or photosystem II, both strains 
had measurably different photophysiology and similarly showed 

Table 1. Thermal performance curve parameters (TPC, C°) 
for 11 Synechococcus isolates, including Tmax (Thermal 
maximum), Tmin (Thermal minimum), Topt (Thermal op-
timum), and total TPC Width; n is the number of isolates 
tested from each incubation temperature

Temperature (n) Parameter Mean SD Max Min

22° Initial (1) Tmax 33.8
Topt 27.9
Tmin 11.2
Width 21.8

18° (5) Tmax 33.4 1.0 34.3 31.7
Topt 27.6 1.4 29.8 26
Tmin 12.4 3.1 14.8 9.0
Width 21.0 2.5 24.5 18.9

30° (5) Tmax 35.6 0.5 36.5 35.3
Topt 29.8 1.8 31.3 26.8
Tmin 14.2 4.4 19.1 9.0
Width 21.4 4.7 26.3 16.1

Cool 
Warm

0 2.75MbpA
LA31
LA20
LA21
LA126
LA101
LA3
LA103
LA117
LA127
LA27
LA29

B
LA31 Closed Genome

Fig. 2. Alignment to detect SNPs in portions of the genome present in all draft genomes and the reference. (A) A total of 24 SNPs were detected in the core 
genome and used to construct a phylogenetic tree. The locations of each of these SNP sites (purple vertical lines) are shown in (B). Genomic rearrangements in 
any of the draft genomes would also be highlighted in (B) if they were present.D

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.p

na
s.o

rg
 b

y 
D

av
id

 H
ut

ch
in

s o
n 

N
ov

em
be

r 1
6,

 2
02

3 
fr

om
 IP

 a
dd

re
ss

 2
07

.1
51

.5
2.

22
2.

http://www.pnas.org/lookup/doi/10.1073/pnas.2315701120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315701120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315701120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315701120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315701120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315701120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315701120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315701120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315701120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315701120#supplementary-materials


4 of 8   https://doi.org/10.1073/pnas.2315701120� pnas.org

differences in methylation within loci coding for these systems 
(Fig. 3 and SI Appendix, Tables S5–S7). We estimated photosystem 
thermal tolerance in both strains using whole-cell fluorescence spectra 
matching the accessory pigment C-phycocyanin. Fluorescence levels 
were measured starting at 22 °C and while slowly ramping up to 57 
°C, as an indicator of loss of photosynthetic function due to heat 
stress (Fig. 3A). Fluorescence for both isolates increased exponentially 
between 48 and 54 °C, indicating light-harvesting energetic losses 
to fluorescence increase as the photosynthetic antenna complex 
becomes stressed by warming temperatures and then abruptly crashed 
to zero at 57 °C as the antenna complex dissociated completely. At 
physiologically relevant temperatures below 45 °C (t test, P = 0.05) 
and at the 54 °C fluorescence peak (t test, P = 0.07), the warm-
temperature isolate had lower fluorescence, suggesting that it is better 
able to maintain its functionality under extreme thermal stress than 
the cool-temperature isolate.

Furthermore, both isolates had differing photophysiologies 
when comparing warming effects on the key photosynthetic effi-
ciency parameter Fv/Fm (Fig. 3B). When acclimated to 28 °C, 
photosystem II efficiency in the warm-temperature isolate was 
more than twice as high as in the cool-temperature isolate (t test, 
P = 1.04 × 10−7). The values reported here are analogous to Fv/Fm 
measurements reported for other marine Synechococcus spp. (30).

Discussion

This study demonstrates the coexistence of distinct but cryptic ther-
mal phenotypes within a single population of coastal Synechococcus. 
Although previous work has established that distinct functionally 
relevant ecotypes can coexist within populations of picocyanobac-
teria (e.g., refs. 7 and 31), we found evidence for pronounced ther-
mal trait diversity among nearly identical clonal strains within a 

population. Thermal selection of a natural population at either  
18 °C or 30 °C revealed the presence of cool and warm thermotypes 
with distinct thermal response curves and photophysiology. 
Remarkably, the genomes of both cool and warm thermotypes were 
nearly identical (>99.99% ANI) despite their different thermal 
characteristics.

Examining gene and SNP content across the high-quality 
genomes for these thermotypes did not reveal a DNA-based mech-
anism that explained their phenotypic differences. We did detect 
a pattern of cytosine methylation within genes coding for 
C-phycocyanin (a component of the light-harvesting machinery) 
that differed between a warm- and cool-temperature isolates. 
Although we could not statistically rule out random occurrence 
of this methylation enrichment using only two samples, this meth-
ylation pattern was the only parameter we observed that corre-
sponded to significant differences in both thermal resilience of the 
phycobilisome accessory pigment complex and overall photosyn-
thetic efficiency (Fv/Fm).

Previous literature has suggested a strong connection between 
variation among genes encoding the photosynthetic machinery and 
thermal adaptation in marine Synechococcus (30). Variation in ort-
hologous photosystem genes at the DNA level is well supported in 
marine Synechococcus as a key mechanism for the broad distribution 
of this genus across temperature regimes (32, 33). In Synechococcus 
subcluster 5.3, variation in R-phycocyanin strongly correlated with 
Synechococcus thermal adaptation (26). R-phycocyanin is an ort-
holog of the C-phycocyanin where we detected epigenetic variation 
between the thermotypes examined here. It has also been shown 
that at elevated temperatures a tropical, low-latitude Synechococcus 
strain had lower fluorescence of the antenna pigment complex 
(indicating more efficient photosynthetic energy capture) than a 
subpolar strain, similar to the trend we observed between warm 
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at 28 °C and an excitation wavelength matching phycocyanin and allophycocyanin (645 nm). The star indicates observations that were statistically different (t test, 
P < 0.05), and error bars represent ±1 SD from triplicate trials. (C) The locus containing genes coding for C-phycocyanin biosynthesis. Methylated coding regions 
are colored based on which isolate they were detected in and a colored vertical line is used to show methylation detected outside of any coding regions. Blue 
colors indicate the cool temperature (18 to 22 °C) isolate LA31, while red shows warm temperature (30 °C) isolate LA127. Coding regions that were methylated 
for both cool and warm strains contain both colors. Gene function as determined by Kegg Ortholog (KO) ID is shown. Coding regions that were not assigned a 
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and cool temperature phenotypes in our study, and that intracel-
lular concentrations of phycobilisome proteins increase under high 
temperatures (30, 34).

Although our experimental design precludes looking at the 
relative abundance of each ecotype in the original population, we 
note that the one isolate collected directly from the environment 
was the cool temperature ecotype. The average summertime sur-
face water temperature at our sample site for the period from 1957 
to 2019 was 20.6 °C, with a maximum of 26.5 °C (Fig. 4A). This 
distribution of temperatures falls below the Topt for both ecotypes, 
but will favor the cool temperature thermotypes. The higher 
growth rates of cool-temperature isolates under typical summer 
conditions suggest that having the warm temperature phenotype 
has a fitness cost (when defined purely by growth rates), and the 
shape of thermal curves suggests that the warm temperature phe-
notype only has a growth advantage above the maximum daily 
high temperature observed (26.5 °C). In theory, selection (con-
sidering only growth rates) should remove this phenotype from 
the population (35 and references therein).

It is possible that the warm-temperature thermotypes could 
represent an adaptation to a heterogeneous shallow coastal ecosys-
tem. Tidal movements within Narragansett Bay may periodically 
move this population farther into the estuary where temperatures 
in shallow coves in Narragansett Bay can exceed 30 °C (36), favor-
ing the warm temperature thermotypes. Another possible expla-
nation for this thermal diversity is that these microbes originated 
in warmer low latitude waters and were advected into this relatively 
cooler region as part of the northerly flow of the nearby Gulf 
Stream. It has been estimated that microbes entrained in the Gulf 
Stream may experience a range of temperatures as a result of lati-
tudinal advection that is larger than changes due to seasonal pat-
terns (37). Wind-driven circulation during summer months 
facilitates persistent exchange between estuarine waters in the Bay 
and oceanic waters in Rhode Island Sound, and allochthonous 
inputs of subtropical phytoplankton are possible (38–40) and sup-
ported by the recurring appearance of subtropical fish species in 
Narragansett Bay (41).

The presence of a warm temperature thermotype could be a 
source of preadaptations to the warmer conditions that are expected 
in the future. In Narragansett Bay, average summer SST has been 
increasing at a rate of 0.03 °C per year since 1957 (Fig. 4A), mean-
ing that the average summertime SST will likely increase to ~23 
°C by the end of the century. Assuming a similar distribution of 
temperatures in the year 2100, there will be periods when SST is 
above the average Topt of the low-temperature ecotype, and 

conditions will favor the high-temperature ecotype (Fig. 4B). Any 
continued trend of rising temperatures beyond 2100 will continue 
to further expand the niche of the warm temperature ecotype.

These coexisting thermotypes are also interesting in the con-
text of marine Synechococcus evolution, as temperature is thought 
to be a key driver of diversity between clades within this group 
(8, 32). It is possible that intraspecific microdiversity of thermal 
phenotypes could have been a contributing mechanism in the 
diversification of Synechococcus into the distinct lineages observed 
today. When a population consisting of multiple thermotypes 
encounters a novel thermal environment, one phenotype may 
be selected over another, potentially leading to genetic diver-
gence and speciation. Further studies will be needed on intraspe-
cific microdiversity between nearly identical strains, to assess its 
potential role in the evolution of Synechococcus and microbes in 
general.

Our findings also have implications for our general understand-
ing of biological responses to rising temperatures. In the context 
of ocean acidification, previous studies have shown a higher diver-
sity of responses between phytoplankton ecotypes within a taxo-
nomic group than between them (15, 42). Our study takes this 
further by showing that distinct responses to climate impacts can 
coexist even within a nearly genetically identical population. This 
microdiversity in thermal traits also has been detected in other 
marine phytoplankton. In a similar study conducted within 
Narragansett Bay, TPC of recently isolated strains of the diatom 
genus Skeletonema were compared and showed a similar high 
degree of intraspecific diversity of thermal traits (43). This previous 
study also observed a similar significant difference in thermal max-
ima (Tmax) across strains and suggested that variability at such 
thermal limits plays an important role in both ecological and 
biogeochemical dynamics. Because of the high degree of genetic 
similarity between these isolates, standard amplicon sequencing 
or metagenomic microbial surveys would not be able to detect 
this level of functional microdiversity.

Our results show that ecologically important thermal niche vari-
ability in Synechococcus is sometimes not related to discernible 
genomic differences, and raises the question of whether the epige-
nome may play a role in this trait. Further work will be needed, 
however, to mechanistically link the N-5 cytosine methylation of 
phycocyanin genes we observed to correlated differences in thermal 
niche and photophysiology. Evidence from the related model cyano-
bacterium Synechocystis shows that N-4 cytosine methylation can 
sometimes regulate photosynthetic gene expression. Mutation of the 
gene for a DNA methyltransferase involved in this reaction results 
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Fig. 4. (A) Boxplot of summertime (June to August) sea surface temperature (SST) increases at the Narragansett Bay Time Series from 1957 to 2019 (https://
web.uri.edu/gso/research/plankton/data/). Trendline shows the output of a linear model fit to the data. The slope of this model and the P value are shown below 
the data. (B) Hypothetical normal seasonal temperature distributions created using the mean of the recent data shown in panel A (solid line), and the predicted 
distribution of these data in the year 2100 (dashed line) using the slope of the linear model. A blue vertical line shows the average Topt for all cool-temperature 
isolates. Temperatures above this line, which will likely favor warm temperature ecotypes, are shown in red.D
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in changes in cellular photophysiology and phycocyanin-to-chlorophyll 
ratios (44, 45). In fact, cytosine or adenine methylation can regulate 
transcription in many bacteria, as well as influencing DNA replica-
tion and repair, virulence, and viral defense (46, 47). Vascular plants 
employ cytosine methylation to generate phenotypic plasticity in 
response to a variety of environmental stressors (48); for instance, 
thermal stress results in extensive changes in genome methylation of 
the marine seagrass Posidonia (49). Epigenetics is thought to be an 
especially important source of phenotypic variability in plants that 
reproduce clonally (50), as do cyanobacteria and most other marine 
microbes. Advances in technology such as SMRT (single molecule 
real-time) sequencing offer the ability to detect multiple modes of 
DNA methylation, including C5-methyl-cytosine, N4-methyl- 
cytosine, and N6-methyl-adenine (51, 52). Our nanopore-based 
long-read methodology detected only C5-methylcytosine, so it is 
possible that the other two types of methylation not measured here 
could have contributed to the observed thermal phenotypes.

It is evident that understanding thermal microdiversity may 
sometimes require delving much deeper into molecular mecha-
nisms than is typical in most metagenomic studies. In the case of 
our estuarine Synechococcus, this cryptic thermal microdiversity 
will likely contribute to this population’s ability to continue occu-
pying its picoplanktonic niche, even in the face of considerable 
increases in environmental temperatures. Another important 
implication is that culture studies using a single isolate or strain 
from a population grown briefly under a limited set of environ-
mental conditions may underestimate that population’s resilience 
to warming. A better understanding of the existing functional 
thermal microdiversity within populations is needed to accurately 
model the impact that future elevated temperatures will have on 
microbial communities and on the biogeochemical cycles that 
they regulate.

Materials and Methods

Sampling and Cell Isolation. All strains were isolated from the Narragansett 
Bay Time Series site (latitude 41.47, longitude −71.40) on July 18th, 2017 (39). 
Full methods can be found in ref. 25. In short, sample water was prefiltered (200 
µm mesh) to remove large grazers and detritus and enriched using F/40 medium 
(53) under four temperatures [18°, 22° (control), 26°, and 30 °C] in triplicate 2L 
polycarbonate bottles. All culturing in this study was done with a 12:12 light–dark 
cycle at 150 µmoles photons m−2 s−1. Enrichments were diluted semicontinu-
ously with a sterile medium to avoid cells entering the stationary phase. At the 
time of collection and after 10 d of enrichment, individual cells with measurable 
phycocyanin fluorescence were sorted into 96-well plates using a BD Influx using 
single-cell sorting mode. Isolated clonal strains were maintained long-term in 
F/2 (53) made with artificial seawater (54) at 22 °C in 1 L bottles (with ~20% 
headspace and daily shaking to suspend the cells and facilitate gas exchange), 
with weekly transfers.

Thermal Performance Assays. TPC were measured for 11 strains isolated 
from initial surface seawater (n = 1), 18° (n = 5), and 30 °C (n = 5) (Table 1). 
Cultures were temperature acclimated (with dilution) in triplicate 8 mL boro-
silicate vials containing 5 mL of F/2 medium from 9 to 33 °C for 2 wk. Higher 
temperatures were added for isolates able to grow at 33 °C. This tempera-
ture range was chosen because it exceeds current summertime conditions in 
Narragansett Bay (55) but encompasses projected SST increases (20). Biomass 
was recorded every two days using in vivo chlorophyll a fluorescence meas-
ured on a Turner AU 10 fluorometer (Turner Designs Inc.), and growth rates 
and Eppley–Norberg TPC (56) were calculated in R (57) using the package 
growthTools (DOI: 10.5281/zenodo.3634918). Cultures were screened for 
algal contaminants using fluorescence microscopy. In strains LA20 and LA27, 
no cells were observed after 2 wk of acclimation at 9 °C, so the growth rate was 
set to zero. Maximum growth rates were not necessarily comparable between 
different thermal curve experiments, due to minor differences in growth stage 
at the time of sampling.

Elemental Stoichiometry, Carbon Fixation, and Photophysiology. We ver-
ified differences in thermal phenotype for two strains, LA31 (18 °C) and LA127 
(30 °C), by growing them in triplicate 1L polycarbonate bottles for 2 wk at 22 °C 
with dilutions every three days. After 2 wk, cultures were diluted to equal biomass 
and the temperature was increased to 28 °C and sampled for POC and carbon 
fixation (following methods in ref. 58). Sampling was repeated two and four days 
following the temperature increase.

Differences in photosystem efficiency were also measured for both LA31 and 
LA127. To detect the instantaneous dissociation temperature of the phycocyanin 
antenna complex, 200 mL of triplicate cultures was grown at 22 °C to maximum 
density while still in the exponential growth phase (as determined with fluo-
rescence). They were concentrated by centrifuging for 15 min at 27,000 × g. 
Cell pellets were then resuspended in 5 mL of sterile media, and fluorescence 
was measured on a SpectraMax m2e (Molecular Devices) from 600 to 700 nm 
after excitation at 530 nm (59) every three degrees from 22 to 57 °C (10-min 
incubation at each temperature) following the methods of ref. 30. The upper-
temperature limit used for this photobiology assay is based on the Tmax of the 
photosystem rather than that of the whole cell. In addition, we measured the 
photosynthetic efficiency of photosystem II (Fv/Fm) when acclimated to 28 °C 
using a PHYTO-PAM with an excitation wavelength of 645 nm for C-phycocyanin 
and allophycocyanin (Heinz Walz). Fv/Fm measurements were made using trip-
licate cultures, and three technical replicates that were dark acclimated for 20 
min (following ref. 60).

DNA Extraction, Sequencing, and Analysis. First, 250 mL of maximum bio-
mass culture for each strain was filtered onto 0.2-µm polyethersulfone mem-
brane filters and DNA was extracted using the DNeasy PowerSoil kit (Qiagen). 
Then, ~10 million 2 × 150 Illumina Hiseq reads were generated at Novogene 
Inc. per isolate. Read filtering was done with bbduk (bbmap, v.38.90), and all 
reads mapped to the available reference genome for LA31 GCF_018502385.1 
(25) using bowtie2 v.2.4.3 (61), and separated from non-Synechococcus reads 
using samtools v.1.11 (62) and BEDtools v.2.30 (63). Synechococcus reads were 
normalized to 60× coverage using bbnorm (bbmap, v.38.90) and assembled 
with SPAdes v.3.15.2 (64).

Relatedness was determined using fastANI v.1.2 (65) to calculate average 
nucleotide identity (ANI). For comparison, the genome of closely related isolate 
CB0101 was included (66). All short-read assemblies were aligned to the closed 
reference genome for LA31 to detect single-nucleotide polymorphisms (SNPs) 
within the core genome using parsnp v.1.2 and gingr v.1.3 (67). Genes were 
identified with prodigal v.2.6.3 (68) and annotated using kofamScan v.1.1.0 (69) 
then imported into the Anvi’o v.7.0 (70) pangenomic pipeline.

In addition, DNA was extracted from low-temperature (18 °C) strain LA31 and 
high-temperature (30 °C) strain LA127 for long-read sequencing using an Oxford 
Nanopore Minion with the FLO-MIN106D flow cell. Library prep was done using 
the Ligation Sequencing Kit (SQK-LSK109) and Rapid Barcoding Kit (SQK-RBK004) 
following the Genomic DNA by Ligation protocol (https://nanoporetech.com/
automated_library_prep_with_dreamprep). Then, 200 mL of culture grown to 
maximum density was concentrated using centrifugation (27,000 × g for 15 min) 
and extracted with the GenElute Bacterial Genomic DNA Kit (Millipore Sigma). 
Base-calling was done using guppy v.2.2.3, and long reads were filtered using 
filtLong v.0.2.0 (https://github.com/rrwick/Filtlong). Filtered reads were mapped to 
their respective short read assemblies using minimap2 v.2.17 (71). Mapped reads 
were then assembled along with short-reads using unicycler v.0.4.8 (72). Then, 
5-methylcytosine was detected from raw Minion output using nanopolish v.0.13.2 
(73). Methylation sites were only considered if they were present in at least 70% 
of long-reads. Microscopy suggested that these isolate cultures were nonaxenic, 
but bacteria were a relatively minor component of the microbial biomass. The 
metaphlan (74) pipeline (v.3.0.8) was used to screen the heterotrophic bacterial 
community.

Genome Methylation Null Modeling. A null model approach was used to 
estimate whether observed genome methylation distributions were signifi-
cantly different from those predicted by chance alone. To first examine whether 
methylated sites were enriched in coding regions in LA127 and LA31 genomes, 
each genome’s coding sequences were randomly subsampled 1,000 times to 
create 1,000 sets of randomly sampled genes. Next, for each subsampled cod-
ing set in each genome, the number of instances where observed methylated D
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sites overlapped with each simulated coding set was counted to generate 
a null distribution. The number of instances where simulated methylated 
sites within each subsampled coding set were equal to or greater than the 
instances of observed methylated sites in each genome’s coding regions was 
then counted. To similarly determine potential enrichment of methylation in 
all photosystem-related genes, the same approach was used, except now the 
number of instances were counted where methylated sites in photosystem-
related genes overlapped with subsampled coding sequences, and statisti-
cally compared relative to the observed methylation in photosystem-related 
coding sequences. Finally, the difference in the several uniquely methylated 
photosystem-related genes in the two epigenomes from LA127 (2 genes) and 
LA31 (5 genes) was estimated relative to total photosystem gene methylation 
enrichment in these genomes, although it should be noted that the compar-
ison was based on only two samples.

Analysis of Long-Term Temperature Trends. In order to explore changes in 
summertime temperature trends at our study site, all available SST data from 
1957 through 2019 collected as part of the long-term times series weekly meas-
urements were downloaded from https://web.uri.edu/gso/research/plankton/
data/. All measurements from June to August were aggregated by year and a 
simple linear model used to calculate the rate temperature increase. The slope 
of this linear model was then used to predict the distribution of summertime 
temperature in the year 2100. A normal distribution was assumed for both present 
day and future temperatures, as well as a similar SD from the mean.

Data, Materials, and Software Availability. Curated genomes are available 
from the National Center for Biotechnology Information (75). Isolate informa-
tion and individual BioSample accession numbers can be found in SI Appendix, 
Table S2. Scripts used in the analysis and generation of all figures as well as 

all physiological data are available on github (76). Phenotypic data are also 
available at the Biological and Chemical Oceanography Data Management 
Office (77–79).
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