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Cross-feeding involves microbes consuming exudates of other surrounding microbes, mediating elemental cy-
cling. Characterizing the diversity of cross-feeding pathways in ocean microbes illuminates evolutionary forces
driving self-organization of ocean ecosystems. Here, we uncover a purine and pyrimidine cross-feeding network
in globally abundant groups. The cyanobacterium Prochlorococcus exudes both compound classes, which meta-
bolic reconstructions suggest follows synchronous daily genome replication. Co-occurring heterotrophs differen-
tiate into purine- and pyrimidine-using generalists or specialists that use compounds for different purposes. The
most abundant heterotroph, SAR11, is a specialist that uses purines as sources of energy, carbon, and/or nitrogen,
with subgroups differentiating along ocean-scale gradients in the supply of energy and nitrogen, in turn produc-
ing putative cryptic nitrogen cycles that link many microbes. Last, in an SAR11 subgroup that dominates where
Prochlorococcus is abundant, adenine additions to cultures inhibit DNA synthesis, poising cells for replication. We
argue that this subgroup uses inferred daily adenine pulses from Prochlorococcus to synchronize to the daily pho-

tosynthate supply from surrounding phytoplankton.

INTRODUCTION

Microbial processes and interactions lie at the heart of the oceanic
carbon cycle (1-3). Carbon enters the marine biosphere through
photosynthesis (4, 5); is transformed through metabolism (6), viral
infections and lysis (7, 8); is transferred to higher trophic levels
through grazing (2, 9); and is ultimately broken back down and re-
leased as CO, through bacterial catabolism and respiration (1-3, 6).
An increasingly recognized link within this global cycle of organic
carbon is cross-feeding, in which cells excrete specific compounds
that are consumed by surrounding cells (10-13). Evidence that
cross-feeding is widespread in the ocean comes from the highly
streamlined genomes and complex nutrient dependencies of many
highly abundant oceanic bacteria (14-16). However, partly because
of the difficulty of measuring extracellular metabolites in seawater
(3), the diversity and distribution of cross-feeding pathways has not
been systematically characterized, obscuring both the ecological
roles they play and the forces shaping their evolution.

To explore this using a bounded model system, we have begun
characterizing the production of organic carbon by the highly abun-
dant oceanic cyanobacterium Prochlorococcus (17) and assessing its
fate. By performing ~10 to 15% of oceanic CO, fixation (18, 19),
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Prochlorococcus is a major source of organic carbon to ocean ecosys-
tems, and over geologic timescales is thought to have evolved meta-
bolic interdependencies with co-occurring heterotrophs (20). In recent
experiments, we noticed that pyrimidines and purines are both abun-
dant exudates in Prochlorococcus (21). Here, we further examine the
production and consumption of these compounds and uncover a glob-
ally distributed cross-feeding network involving many abundant oce-
anic microbes. We begin to characterize the forces driving large-scale
niche partitioning within this network.

RESULTS AND DISCUSSION
Pyrimidine and purine exudation by Prochlorococcus
To better understand organic carbon production by Prochlorococcus,
we measured in a complementary study (21) the extracellular abun-
dance of a large suite of organic compounds in exponentially growing
cultures of several strains under a range of light and nutrient condi-
tions. A signal that stood out was that thymidine is among the most
abundant extracellular compounds across strains and culture condi-
tions (Fig. 1 and table S1). Here, we set out to further study this signal,
as the exudation of high levels of this nitrogen-rich pyrimidine is un-
expected, since it is generally thought that the genome and proteome
of Prochlorococcus are highly streamlined to minimize the nitrogen
requirements of growth in oligotrophic waters (22, 23). We calculated
(Materials and Methods) that over the course of the experiment, pro-
duction of extracellular thymidine amounted to almost half of what
was incorporated into DNA (Fig. 1 and table S1). We also detected
adenine and guanine in the exudates of Prochlorococcus, and their
levels were higher under phosphorus limitation than in nutrient re-
plete conditions (Fig. 1 and table S1). While we could not precisely
quantify these compounds due to an extraction efliciency <1% (21),
their uncorrected levels reached ~2 to 3% of that of thymidine, sug-
gesting that their exudation was at a similar scale (Fig. 1 and table S1).
To understand the excretion of thymidine, adenine, and guanine,
we searched for possible pathways producing and/or consuming
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Fig. 1. Extra- and intracellular pyrimidines and purines in cultures of Prochlorococcus. Extracellular levels of the pyrimidine thymidine (orange), and the purines ad-
enine, guanine, and 5-methylthioadenosine (shades of blue) are normalized to the total amounts of purines or pyrimidines incorporated into DNA and shown alongside
cytosolic concentrations (gray shading) of these compounds, for three different strains of Prochlorococcus grown under different conditions, as measured in a complemen-
tary study (21). Error bars show the SD between biological replicates. Light levels are in units of pmol photons m™2 s™", “R” stands for batch culture growth in nutrient re-
plete media, and “~P” stands for growth under semicontinuous phosphorus limitation. Exudation levels of adenine and guanine (marked with asterisks) are uncorrected
from the measured concentrations due to having an extraction efficiency of less than 1%. For a sense of scale relative to thymidine exudation levels, gray dashed bars are
included at 100x the measured adenine and guanine levels (i.e,, the theoretical correction factor for an extraction efficiency of 1%). Incidences in which metabolites were

only detected in single replicates are denoted with “detected,’ while incidences in which metabolites were not detected in any replicate are denoted with “nd."

them in Prochlorococcus. The only pathway we identified involving
these compounds (Materials and Methods) is a putative pathway
for recycling deoxyribonucleotides, the direct precursors to DNA
(Fig. 2A). There, thymidine, deoxyadenosine, and deoxyguanosine
are generated from deoxythymidine monophosphate (dTMP), deoxy-
adenosine monophosphate (1AMP), and deoxyguanosine mono-
phosphate (dGMP), respectively, through the action of 5'-nucleotidase
(SurE) (24). Deoxyadenosine and deoxyguanosine are then further
processed to adenine and guanine through the action of methylthio-
adenosine phosphorylase (MTAP), and then to AMP and GMP
through the action of adenine phosphoribosyltransferase (apt), to-
gether forming a salvage pathway also observed in other systems
(25). We could not identify other genes involved in processing thy-
midine, suggesting that it forms an end point and is not further pro-
cessed after the first (phosphate-salvaging) step of the pathway,
perhaps because it is only involved in DNA synthesis, while deoxy-
adenosine and deoxyguanosine can be repurposed for adenosine tri-
phosphate (ATP)/guanosine triphosphate (GTP) and RNA synthesis.
This is consistent with the fact that we never measured intracellular
thymidine, suggesting that it is rapidly excreted after the phosphate
is removed from dTMP. Original genome annotations assigned a
narrower functionality to MTAP (i.e., acting only on methylthio-
adenosine) than we hypothesize here, but this enzyme is known to
act on multiple substrates in other microbial systems, including as
part of the pathway we identify here (25, 26). Moreover, enzyme multi-
functionality is generally thought to be an important strategy in
bacteria with streamlined genomes like Prochlorococcus (27, 28). We
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could not identify other pathways involving thymidine, adenine, and
guanine, nor could we identify other possible roles for SurE, MTAP,
and apt than in the pathway we reconstructed. Together, this leads us
to tentatively conclude that thymidine, adenine, and guanine are
all intermediates or end points of a shared, broad-specificity
deoxyribonucleotide-recycling pathway (Fig. 2A).

Since other unknown pathways could still be at play, we exam-
ined whether genes in the putative deoxyribonucleotide recycling
pathway in Prochlorococcus exhibit coordinated expression, as one
might expect if their functions were linked. To this end, we analyzed
existing transcriptional data obtained from a strain whose growth
was synchronized to a diel light:dark cycle (29). Under such condi-
tions, metabolic processes are segregated in time, allowing us to ex-
amine the potential role of the putative deoxyribonucleotide
recycling pathway in the broader processes of growth and cellular
replication. The expression of all three genes (SurE, MTAP, and apt)
in the putative pathway are synchronized and maximally expressed
just after dusk, when genome replication is complete (29) and cells
transition to RNA synthesis (Fig. 2B), both of which are consistent
with their collective functioning in deoxyribonucleotide recycling.

Properties of the deoxyribonucleotide recycling pathway are also
consistent with observed metabolite dynamics in Prochlorococcus cells
under phosphorus-limited growth conditions. That is, regenerating
AMP and GMP from adenine and guanine requires phosphate (Fig.
2A), and adenine accumulates intracellularly in phosphate-limited
relative to nutrient-replete cells (Fig. 1). This suggests that exudation
of adenine and guanine results from their intracellular accumulation
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Fig. 2. Putative deoxyribonucleotide recycling pathway in Prochlorococcus.
(A) Structure of the deoxyribonucleotide recycling pathway in relation to pathways for
DNA and RNA synthesis and polyamine metabolism. Metabolites highlighted in boxes
are exuded by Prochlorococcus (Fig. 1). (B) transcriptional dynamics of genes involved
in the deoxyribonucleotide recycling pathway, as well as subunits of DNA and RNA
polymerases, in Prochlorococcus MED4 cells synchronized to a diel light:dark cycle (29).
In both panels, deoxyribonucleotide recycling pathway reactions/genes are high-
lighted using the orange spectrum, and DNA and RNA polymerase are highlighted in
shades of blue. Abbreviations: NDP, nucleoside diphosphate; dNDP, deoxynucleoside
diphosphate; NTP, nucleoside triphosphate; dNTP, deoxynucleoside triphosphate;
dTMP, deoxythymidine monophosphate; dGMP, deoxyguanosine monophosphate;
dAMP, deoxyadenosine monophosphate; dA, deoxyadenosine; MTA, 5-methyl-
thioadenosine; SAMA, S-adenosylmethioninamine; PUT, putrescine; SPE, spermidine;
MTRP, methyl-5-thioribose; PRPP, phosphoribose diphosphate; Pi, orthophos-
phate; SurE, survival protein E (5’-nucleotidase); MTAP, methylthioadenosine
phosphorylase; apt, adenine phosphoribosyltransferase; SpeE, spermidine syn-
thase; dnak, DNA polymerase Ill alpha subunit, dnaN, DNA polymerase Il subunit
beta; dnaQ, polymerase Il subunit epsilon; rpoB, RNA polymerase subunit beta;
rpoC1, RNA polymerase subunit beta’; rpoC2, RNA polymerase subunit beta’.

and is driven by the emergence of a bottleneck in the deoxyribonucle-
otide recycling pathway due to a depletion of intracellular phosphate.
This is consistent with the observation that methylthioadenosine, a
byproduct of polyamine metabolism that is recycled via the same
pathway (Fig. 2A), also accumulates intracellularly and is excreted un-
der phosphate limited relative to replete conditions (Fig. 1). The sub-
stantially lower intracellular accumulation of methylthioadenosine
compared to adenine (Fig. 1) under similar phosphate-dependent
bottlenecks (Fig. 2A), suggests that deoxyribonucleotide recycling,
and not polyamine metabolism, is the primary source of adenine in
Prochlorococcus. A recent study showed that some strains of the pur-
ple sulfur bacterium Rhodopseudomonas palustris exude adenine
when a bottleneck arises in its intracellular salvage due to low levels of
the enzyme apt (30), highlighting a similar principle. In contrast, the
pyrimidine thymidine, which unlike purines is not internally recycled
(Fig. 2), never accumulates, and its extracellular levels are unchanged
under phosphorus stress (Fig. 1). Together, metabolite, genomic, and
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transcriptional data thus suggest that Prochlorococcus cells generate
excess deoxynucleoside triphosphate (ANTP) during genome replica-
tion and excrete whatever they do not reuse or recycle when transi-
tioning to ribosome synthesis. This in turn implies that Prochlorococcus
provides daily pulses of pyrimidines and purines to the surrounding
ecosystem. Time-resolved quantification of metabolites in the field
and in diel light:dark synchronized cultures of Prochlorococcus are key
areas of future study that will help constrain both the timing of release
and the relative contributions of Prochlorococcus to rhythms of these
substrates in the ocean ecosystem.

Niche partitioning of purine and pyrimidine usage among
heterotrophic bacterioplankton

We next sought to understand the ecological consequences of pu-
rine and pyrimidine excretion by Prochlorococcus. To this end, we
searched for purine and pyrimidine usage genes in 305 partial and
complete genomes of SAR11, SAR86, and SAR116, each among the
most abundant of Prochlorococcus’ sympatric heterotrophs (16, 31-
33). In SARI1, the occurrence of purine usage genes reaches fre-
quencies similar to the average genome completeness of ~72%,
suggesting that purine usage is a universal or nearly universal trait
in this genus, whereas pyrimidine usage genes occur at frequencies
of only ~3% (Fig. 3 and data S1). In contrast, in SAR86, thymidine
usage genes occur at frequencies similar to the average genome
completeness of ~71%, suggesting that thymidine usage is a univer-
sal or nearly universal trait in the genus, whereas purine usage genes
are absent (Fig. 3 and data S1). Last, in SAR116, purine usage genes
occur at frequencies of ~49%, whereas pyrimidine genes occur at
frequencies of ~43% (Fig. 3 and data S1), both below the average
genome completeness of ~75%. These observations suggest that re-
source niche partitioning within the oceanic bacterioplankton com-
munity has given rise to purine and pyrimidine specialists, as well as
generalists that use both classes of compounds, in turn driving dif-
ferentiation of cross-feeding with Prochlorococcus.

Niche partitioning of purine and pyrimidine cross-feeding oc-
curs across multiple taxonomic scales. For example, while at the
genus-level, SAR116 is a purine and pyrimidine generalist, it also
contains subgroups that have genes for only purine or pyrimidine
usage, but not both (Fig. 3 and fig. S2). In addition, different parts of
the SAR116 tree contain variations in the pathway of purine catabo-
lism that are characterized by differences in the presence or absence
of allantoin racemase and the production of either ammonia or urea
in the final steps of the pathway (Fig. 3 and fig. S3), as well as an as-
sociation with primary, ATP-consuming transporters or with sec-
ondary, ion gradient-driven transporters (Fig. 3).

Similarly, different SAR11 subgroups have gene profiles suggest-
ing that they use purines for different purposes. For example, most
genes making up a large operon for purine catabolism (34) occur in
~18 to 22% of genomes, but an uptake transporter and a purine
phosphoribosyltransferase that together perform the initial assimila-
tory portion of the pathway occur at frequencies similar to the aver-
age genome completeness of ~72% (Fig. 3 and data S1), suggesting
that they are universal or nearly universal. This suggests that some
SARI11 cells break purines down to their constituent components,
while others use them intact. Further, an allantoin transporter oc-
curs in ~12% of genomes (data S1), including in at least 10 genomes
that lack the full purine catabolism operon but retain genes involved
in allantoin catabolism (Fig. 3), leading to an overall higher frequen-
cy of allantoin catabolism genes (~22%) than upstream purine
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Fig. 3. Niche partitioning of purine and thymidine usage in oceanic bacterioplankton. (A) Phylometabolic diagrams show presence/absence of purine and pyrimi-
dine usage genes in the abundant heterotrophic bacterioplankton groups SAR11, SAR86, and SAR116. Transporter genes are indicated with pink asterisks. Gene colors
indicate different pathway functions as shown in the inset legend. Genome completeness statistics (%) are shown as bar graphs next to gene profiles. (B) Representative
genome profiles of SAR11 subgroups specializing in either purine assimilation (IMCC9063 and HTCC7211), purine assimilation and allantoin catabolism (HTCC1040), or full
purine catabolism (HIMB083). (C) Purine catabolism pathway in SAR11, with major degradation products underlined: energy in the form of NADH, carbon in the form of
glyoxylate, and nitrogen in the form of urea. Genes: a, purine NCS2 permease; b, purine deaminase 2 (tadA); ¢, purine ABC transporter permease; d, purine MFS permease;
e, purine phosphoribosyltransferase (PPRT); f, urate oxidase (PuuD); g, purine deaminase 1 (tadA); h, Xanthine dehydrogenase Mo-subunit (XDH_Mo); i, xanthine dehydro-
genase FAD-subunit (XDH_FAD); j, 5-hydroxyisourate lyase (hiuH); k, 2-oxo-4-hydroxy-4-carboxy-5-ureidoimidazoline decarboxylase (OHCU decarboxylase, uraD); |, al-
lantoin NCS1 permease; m, allantoicase (alc); n, ureidoglycolate lyase (ugl); o, allantoinase (Puuk); p, uracil phosphoribosyltransferase; q, cytidine deaminase; r, thymidine
kinase; s, pyrimidine ABC transporter; t, urease; u, urea ABC transporter; v, purine ABC transporter; w, purine ABC transporter; x, XDH accessory protein; y, purine NCS2
permease; z, purine deaminase; aa, allantoin racemase; ab, ureidoglycine aminohydrolase; ac, purine TRAP transporter; ad, DMT transporter; ae, purine/pyrimidine phos-
phoribosyltransferase; af, CNT transporter.

catabolism genes (~18%) in SAR11 (data S1). Allantoin is the prod-
uct of the first sequence of reactions of purine catabolism in which
one of the rings is cleaved and energy is released, while its further
degradation releases carbon and nitrogen (Fig. 3). It has been shown
that some benthic algae can use allantoin (35) and that sponges pro-
duce it (36), but, in general, this metabolite has been less studied in
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marine systems. Mammals have been observed to excrete allantoin
(37), while in plants, allantoin is transported across organelles dur-
ing purine degradation (38) and is thought to be important for com-
bating oxidative stress (39). Given the global abundance of SAR11
(31, 33), the occurrence of an allantoin-using subgroup (Fig. 3) sug-
gests that allantoin could have a broader role in marine ecosystems
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than currently recognized. SAR11 clades often co-occur in the same
environment (40), raising the possibility that in some environments,
SAR11 cells in search of energy incompletely degrade purines,
releasing allantoin that is taken up and further degraded by sur-
rounding allantoin-specialist SAR11 cells.

In contrast to the diversity in pyrimidine/purine usage functions
observed in SAR116 and SAR11, nearly all SAR86 genomes contain
just two, often-collocated thymidine usage genes: thymidine kinase
and a thymidine transporter (Fig. 3 and fig. S2). SAR116 genomes,
as well as some deep-branching SAR11 genomes, contain other
genes for interconverting among pyrimidines that are collocated
with thymidine kinase and the transporter, including uridine ribo-
hydrolase, uracil phosphoribosyltransferase, and cytidine deami-
nase, but these are absent in SAR86 (Fig. 3 and fig. S2). This suggests
that while SAR116 may have a more general pyrimidine usage strat-
egy, SAR86 focuses specifically on thymidine assimilation.

Niche partitioning of purine usage strategies in SAR11

Since SARII is the most abundant of Prochlorococcus’ sympatric
heterotrophs (31, 33), we decided to examine its diversity of purine
usage strategies more closely. As noted, purine catabolism in SAR11
leads to three products: energy in the form of reduced nicotinamide
adenine dinucleotide (NADH), carbon in the form of glyoxylate,
and nitrogen in the forms of ammonia and urea (Fig. 3). However,
the bulk of nitrogen released during purine catabolism is released as
urea, whereas assimilation of nitrogen into biomolecules universally
starts from ammonia. To use nitrogen in urea, cells across the tree of
life must first break it down to ammonia using urease. We searched
SARI11 genomes for urease genes and found that they occur at a
much lower frequency (~5%) than purine catabolism genes (~18 to
22%) (Fig. 3 and data S1). This suggests additional niche partition-
ing of purine catabolism within SAR11, with some cells using it to
obtain nitrogen, while others use it primarily to obtain energy and/
or carbon, releasing urea back to the environment. Genomes in our
sample that contain allantoin catabolism genes but lack the rest of
the purine catabolism operon also lack urease (Fig. 3), similarly sug-
gesting that these cells use allantoin as a carbon source and release
urea back to the environment.

These observations suggest the existence of purine:urea-mediated
cryptic nitrogen cycles involving many abundant microbial groups (Fig.
4). Thatis, in addition to exuding purines (Fig. 1) (21), Prochlorococcus
is also a major urea user (41, 42). This creates a putative cycle in
which purines transfer energy and carbon from Prochlorococcus to
SAR11 and urea transfers nitrogen back to Prochlorococcus. Incomplete
purine catabolism by some SAR11 cells leading to potential transfer of
allantoin to other surrounding SAR11 cells (Fig. 3 and surrounding dis-
cussion) may add an additional step to this cycle in some environments
(Fig. 4). Similarly, marine Synechococcus also uses urea (41, 42), and
a marine strain of Synechococcus elongatus (which branches outside
of marine picocyanobacteria) was found to exude thymidine (43), sug-
gesting that the deoxyribonucleotide recycling pathway we identified in
Prochlorococcus (Fig. 2) could have a broader distribution across other
cyanobacteria. Further, ammonia-oxidizing archaea (Thaumarcheota),
which are highly abundant autotrophic (CO,-fixing) microbes lying
at the base of the food web below the euphotic zone (44), also exude
thymidine and purines (45) and use urea (46). Last, SAR11 has a broad
geographic range that extends across all these groups, from coastal to
open waters and from the surface to the deep (40, 47). Together, these
observations suggest that purine:urea-mediated cryptic nitrogen cycles
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(Fig. 4) may operate throughout much of the world’s oceans, linking
many abundant groups, warranting their further study in both labora-
tory and field settings.

To further disentangle the forces shaping SAR11 purine usage
functions and associated putative nitrogen cycles, we next examined
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Fig. 4. Putative purine:urea-mediated cryptic nitrogen cycles among abundant
ocean microbes. Prochlorococcus and Thaumarcheota (and potentially Synechococcus,
see text) supply purines that are used by SAR11. Different SAR11 cell types, labeled
by representative strains (Fig. 3), have variants of purine catabolism as shown using
sequences of reactions that perform different purine usage functions. Underlined
metabolites (AMP, NADH, and glyoxylate) are the main products of purine assimilation/
breakdown inferred to be used by the shown SAR11 cell types, while blue metabo-
lites (adenine, allantoin, and urea) are inferred to be involved in cross-feeding inter-
actions. Many SAR11 genomes, including the examples shown, lack the urease
genes required to use urea, suggesting that it is released and available to surrounding
cells of other groups, including Prochlorococcus, Thaumarcheota, and Synechococcus.
Some SAR11 genomes lack purine catabolism genes but contain genes for using al-
lantoin, which is inferred to be released by other SAR11 cells that incompletely ca-
tabolize purines. Colors of purine usage functions are as defined in Fig. 3: purine
assimilation genes in yellow, purine catabolism genes in purple, and allantoin ca-
tabolism genes in green, while enzymes mediating different reactions are labeled
with letters, also as defined in Fig. 3. Reactions marked with a red asterisk represent
enzymes that in subsets of SART1 genomes are collocated with transporter genes
(Fig. 3). Black arrows represent inferred cross-feeding pathways.
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the abundance of relevant genes in metagenomes collected from di-
verse oceans. We estimated the fraction of SARI1 cells with the ca-
pacity for different purine usage strategies in different environments
by normalizing the abundance of purine usage genes to a set of
single-copy core genes (Materials and Methods). We found that
genes involved in purine assimilation are always abundant and have
a relatively uniform distribution geographically, with depth, and as
a function of nutrient concentrations (Fig. 5, figs. S4 to S9, and table
S2), consistent with their near-universal presence in SARI11 ge-
nomes (Fig. 3).

Genes mediating other purine usage functions in SAR11 have
distinct, nonuniform distributions: genes of the carbon- and energy-
harvesting portions of the pathway increase in frequency in envi-
ronments where nutrients are elevated, including in surface regions
in the Arabian Sea, the upwelling regions of the Eastern Equatorial
Pacific and the Benguela system off the tip of South Africa, and the
Amazon River plume off the northern coast of South America (Fig.
5 and figs. S4 to S9). Genes involved in harvesting nitrogen from
purines follow the opposite pattern, reaching their highest abun-
dances in environments where nutrients are depleted (Fig. 5 and fig.
S4 to S9). While energy and carbon harvesting can proceed without
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the downstream process of nitrogen harvesting, nitrogen harvesting
can only proceed if the full pathway is present (Fig. 4). Hence, the
similar abundance of genes for both functions in the nutrient-poor
open ocean—where the abundances of genes for carbon/energy-
harvesting reach their minimum—suggests that in those environ-
ments, SAR11 primarily uses purine catabolism to obtain nitrogen.

Further insight into the forces underlying niche partitioning
come from the depth distribution of purine catabolism functions in
SARI11, as seen most clearly in the North Atlantic (Fig. 5 and figs. S5
to S9). That is, both energy- and carbon-harvesting genes are most
abundant at depth, where inorganic nutrient concentrations increase
but the energy supply to heterotrophs from primary producers de-
creases. In contrast, nitrogen-harvesting genes are most abundant
near the surface where energy is more available, but nutrients are
depleted. Together these observations suggest that niche partitioning
of SAR11 purine usage functions occurs along a central axis defined
by the relative availability of nitrogen and energy. This is consistent
with the different transporters we identified in SAR11 as being as-
sociated with the different functions of purine catabolism in this
group: Nitrogen-harvesting genes are associated with an ABC trans-
porter, a high-affinity but energetically costly system requiring ATP
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Fig. 5. Distribution of SAR11 purine usage genes. Metagenomically derived estimates for the gene/genome frequency of different purine usage genes in SAR11 are
shown as a function of (A) surface (i.e., upper 100 m) biogeography, (B) depth in the water column in the North Atlantic, and (C) inorganic nitrogen concentration. Purine
usage functions are color coded as defined in Fig. 3. For surface biogeography panels, each data point represents the mean across samples within the upper 100 m of the
water column at a given station. Spearman rank correlation coefficients (rs) of the correlation between gene/genome frequency and nitrogen concentration are shown as

insets in panels on the right.
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hydrolysis (48), while both energy- and carbon-harvesting genes are
associated with more energetically efficient nucleotide:cation sym-
porters (figs. S4 to S9 and table S2) (49).

Genes for the allantoin transporter characteristic of the allantoin-
using SAR11 subgroup (Figs. 3 and 4) follow a broadly similar trend
as genes involved in energy harvesting but are nearly absent at the
surface where energy-harvesting genes remain present (Fig. 5 and
figs. S5 to S9). The frequency of carbon-harvesting genes also has a
stronger positive correlation with nutrient concentrations than the
frequency of energy-harvesting genes (Fig. 5, fig. $4, and table S2).
These observations are consistent with a decoupling of energy- and
carbon-harvesting portions of the purine catabolism pathway in
some SARI11 cells as the total flux of purine catabolism increases,
thereby making allantoin available to other surrounding cells (Fig.
4). This is further consistent with the use of symporter systems to
acquire purines and allantoin at depth, as it suggests that levels of
both are higher in deeper waters than at the surface.

While phylogenomic and metagenomic analyses identify pat-
terns in the genomic capacity of groups potentially involved in
cross-feeding, they do not directly address the interaction between
specificgroups. Inlong-term coculturesof SAR11and Prochlorococcus,
in turn, their growth rates match each other while their relative
abundance stabilizes (33), both of which are consistent with SAR11
becoming dependent on Prochlorococcus exudates, but the pathways
involved have not been unraveled. Metabolic processes in surface
oceans play out over diel light:dark cycles, which can lead to tempo-
ral niche partitioning (50). We therefore reexamined existing in situ
community gene expression data taken over several diel light:dark
cycles in the North Pacific Ocean (51) in search of additional evi-
dence regarding cross-feeding of purines between Prochlorococcus
and SAR11. We found that expression of the SAR11 purine transport-
er that we infer is involved in purine assimilation (i.e., yellow genes
in Figs. 3 and 4) closely follows in time expression of Prochlorococcus
RNA polymerase genes, with a nighttime maximum a few hours
after peak expression of Prochlorococcus DNA polymerase genes
(Fig. 6 and data S2). Since we inferred that the transition from DNA
to RNA synthesis is when Prochlorococcus releases purines (Fig. 2),
these patterns are consistent with cross-feeding of purines between
the two genera.

Transcripts of SAR11 purine catabolism genes have very low
abundances in the data (data S2), indicating that the sequencing
depth is insufficient to characterize patterns in their expression. We
suspect that this may in part reflect the observation that these genes
reach frequencies <25% in metagenomes from surface waters of the
North Pacific (Fig. 5 and fig. S5), where metatranscriptome samples
were obtained (51). The low abundance of SAR11 purine catabolism
genes and transcripts coinciding with a maximum in the frequency
of SAR11 urease genes in surface waters (Fig. 5 and figs. S5 to S9)
further suggests that any flux of purine catabolism that does occur
in SAR11 populations in that environment is primarily involved in
nitrogen harvesting, resulting in a small return of urea from SAR11
to Prochlorococcus (Fig. 4). Expression of both urea transporter
and urease genes in Prochlorococcus reaches a maximum before the
maximal expression of SAR11 purine assimilation genes (fig. S10),
suggesting that it obtains urea primarily from sources other than
SARII. Isotopic labeling studies and more deeply sequenced meta-
transcriptome data from both surface waters and from deeper in the
water column, as well as from other regions of the ocean with higher
frequencies of purine catabolism genes in SAR11 genomes, will help

Braakman et al., Sci. Adv. 11, eadp1949 (2025) 3 January 2025
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Fig. 6. In situ expression of genes related to putative purine cross-feeding be-
tween Prochlorococcus and SAR11. Normalized in situ expression of DNA poly-
merase (dnaE and dnaN) and RNA polymerase (rpoB and rpoC2) in Prochlorococcus,
and of a SAR11 purine MFS permease, in the North Pacific Ocean [data from (57)].
Prochlorococcus genes are in dark blue, while the SAR11 transporter gene is in or-
ange. The transition from DNA to RNA polymerase in Prochlorococcus is inferred to
be associated with the release of purines (Fig. 2), while the SAR11 purine MFS trans-
porter is inferred to be involved in the intact assimilation of purines (Figs. 3 and 4).

constrain variations in the flux through different components of pu-
tative cross-feeding interactions (Fig. 4).

Our findings suggest potentially generalizable principles of met-
abolic evolution in microbial ecosystems. That is, niche partitioning
describes how ecologically similar species may coexist in space and
time by using their shared environment differently (52). In mi-
crobes, this differentiation can be facilitated by acquiring traits via
horizontal gene transfer, decoupling the evolutionary history of
these traits from the parent species, suggesting that in some cases,
the genes themselves may be more appropriate units of study for
understanding processes of ecological differentiation. For example,
subpopulations of Prochlorococcus and SARI11 in different parts of
the ocean are differentially enriched in genes for nutrient stress and
nutrient assimilation due to local conditions (53-55), but individu-
als from these populations are interspersed with one another in phy-
logenies of universal core genes (53, 55). Here, we find a similar
pattern for genes involved in purine usage in SAR11, with their dif-
ferentiation being clearer in terms of their distribution in the envi-
ronment (Fig. 5) than in terms of their distribution across the
SARI1 tree (Fig. 3). Together, these findings suggest that metabolic
pathways—in this case involved in cross-feeding interactions among
microbial species—can themselves in effect undergo a process of
niche partitioning, driven by the biochemical and ecological trade-
offs between functions. This is consistent with the “It’s the song, not
the singer” framework of evolution, which proposes “casting meta-
bolic and developmental interaction patterns, rather than the taxa
responsible for them, as units of selection” (56).

While patterns of niche partitioning of SAR11 purine usage
functions are clearest at the level of the genes themselves, these pat-
terns are also still linked to the niche partitioning of taxonomically
defined clades, adding further support to our conclusions. For ex-
ample, clades IC and IIB, which dominate in the mesopelagic
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(40, 47) and upper mesopelagic (40, 57), respectively, have higher
frequencies of genes involved in harvesting energy (~71% in clade
IC, ~47% in clade IIB) and carbon (~57% in clade IC, ~44% in clade
IIB) from purines than other clades while also having a high fre-
quency of allantoin transporter genes (~57% in clade IC, ~50% in
clade IIB) but lacking urease genes (fig. S11 and table S3). This is
consistent with our conclusions that the harvesting of energy and
carbon from purines and the cross-feeding of allantoin become
more prominent at depth, whereas nitrogen harvesting from pu-
rines is restricted to surface environments (Fig. 5 and surrounding
discussion). Genomes of clade IA.1, which is abundant in cold sur-
face waters that are typically richer in nutrients than warmer waters
(58), in turn, have high frequencies of genes involved in allantoin
transport (~57%) and catabolism (~71%) but lack genes involved in
harvesting energy from purines. This is consistent with our conclu-
sion that in some environments, other SAR11 cells that are more
focused on obtaining energy from purines make allantoin available
to surrounding cells (Figs. 3 and 4 and surrounding discussion).
Further, genomes of clade IIIB, which represents a freshwater clade
of SAR11 (59), lack all purine catabolism genes, consistent with pu-
rine cross-feeding being a feature specific to oceanic populations
(fig. S11 and table S3). Last, clades IV, IIIA, and IIA, all of which are
abundant in surface waters in the northwestern Atlantic from spring
through early fall when waters are relatively more stratified (40),
lack all genes for purine catabolism but retain genes for purine as-
similation (fig. S11 and table S3), consistent with our conclusion
that this function is key in oligotrophic surface waters. Together,
these patterns suggest that differentiation of purine usage strategies
playedarolein the broader metabolic differentiation of SAR11 clades.

Inferred role of purines in the synchronization of
ocean-surface populations of SAR11 to daily rhythms in the
supply of carbon from photosynthesis
Phylogenomic and metagenomic analyses of the functions of purine
usage genes in SAR11 leave a key question unaddressed: What is the
function of purine assimilation (yellow pathway in Figs. 3 and 4) in cells
that lack the downstream purine catabolism pathway? In surface waters
of the open ocean, where Prochlorococcus dominates, the frequency of
purine catabolism genes in SAR11 genomes generally remains below
~30 to 35% (Fig. 5 and figs. S5 to S9), suggesting that assimilation of
intact purines is the major form of purine usage in these populations
(Fig. 6). To examine possible benefits of purine assimilation, we cul-
tured SAR11 HTCC7211, a strain having assimilation genes but lacking
purine catabolism genes (Fig. 3), in media amended with adenine at a
range of concentrations. Since purines are nitrogen rich and our
metagenomic analyses suggest that SAR11 cells near the surface are of-
ten in search of nitrogen (Fig. 5), we performed these experiments in
both nutrient-balanced (pyruvate:glycine:methionine = 1:1:0.2) and
glycine-depleted (pyruvate:glycine:methionine = 50:1:10) media (Ma-
terials and Methods). We expected that by lowering the need for de
novo purine synthesis, SAR11 cultures might receive a modest growth
boost from the adenine additions, reflected either as an increased
growth rate and/or a higher final culture density. However, we did not
observe growth stimulation but rather a decrease in growth rate at
higher adenine concentrations (Fig. 7). The decrease in growth rate oc-
curred at lower adenine concentrations in glycine-depleted than in
nutrient-balanced cultures (Fig. 7).

Puzzled by these results, we wondered whether adenine could pro-
vide an indirect benefit to cells lacking purine catabolism. A

Braakman et al., Sci. Adv. 11, eadp1949 (2025) 3 January 2025

potentially relevant clue comes from in situ studies of genes expression,
which indicate that in warm oligotrophic waters where Prochlorococcus
dominates, SAR11 metabolism is synchronized to the diel light:dark
cycle (51) despite not being a photoautotroph, and this coupling dissi-
pates in nutrient-enhanced upwelling regions with higher nutrient levels
and fewer Prochlorococcus (60). Further, negative feedbacks are often
central in the synchronization of biological systems (61-63), and in
eukaryotic systems, purine and pyrimidine additions have been used
to synchronize cell cultures (64-66). These purine and pyrimidine
“block” techniques rely on the fact that the specificity of ribonucleotide
reductase, which generates all ANTP precursors to DNA (Fig. 2), is
controlled through allosteric binding of ANTP molecules (67). Conse-
quently, it has been shown in eukaryotic systems that imbalances in
intracellular ANTP pools due to pyrimidine/purine amendments can
drive depletion in one or more dNTPs, thereby slowing down or fully
inhibiting DNA synthesis and genome replication (66). Subsequent
removal of the pyrimidine/purine block amendments by washing cul-
tures results in cells undergoing genome replication and cell division in
synchrony (64, 65). If similar or related mechanisms play out in bacte-
ria, this raises the possibility that inferred daily pulses of purines from
Prochlorococcus (Fig. 2 and surrounding discussion) could act as a sig-
nal that helps SAR11 synchronize its metabolism to the daily rhythms
of primary production.

To explore this hypothesis, we first examined flow cytometric
data from SAR11 cultures amended with adenine to better under-
stand how adenine inhibits SAR11 growth. Cells in SAR11 cultures
amended with adenine have a lower average DNA content, and DNA
content decreases as adenine concentrations increase (Fig. 7 and fig.
S$12). Further, cells from adenine-amended cultures are also larger at
the higher concentrations of adenine that inhibit growth (Fig. 7).
This increase in size is particularly noticeable in glycine-depleted
cultures where growth inhibition sets in at lower adenine concentra-
tions (Fig. 7). Together, these results suggest that adenine additions
inhibit DNA synthesis in SAR11, which, as the inhibition strength-
ens, leads to inhibition of cell division. This is similar to how purine
and pyrimidine blocks function in eukaryotic systems (64-66).

In eukaryotic systems, purine and pyrimidine blocks in which
DNA synthesis has been inhibited lead to cells being poised for divi-
sion (64, 65). Hence, we next examined whether SAR11 cells whose
DNA synthesis has been inhibited by adenine are poised to divide.
Since plating-based techniques or microscopic tracking of division in
single cells are currently intractable in SAR11, we instead opted for a
population-level approach to testing this possibility. That is, we grew
SARI11 cultures in media with and without adenine, washed cells in
mid-exponential growth, and compared their growth after resus-
pending in adenine-free media. Control cultures grown without ad-
enine often experienced substantial growth retardation after washing,
with >60% of replicates experiencing major lags and/or never fully
recovering (Fig. 8), suggesting that the ultracentrifugation-based
washing protocol induces stress in SAR11 cells. The reasons for the
notable divergence of growth trajectories after washing among repli-
cates are not clear, but it was a highly repeatable hallmark of cultures
not exposed to adenine. In contrast, cultures treated with adenine
display fewer signs of stress after washing, with <20% of replicates
experiencing lags or failing to resume growth under most conditions
tested (Fig. 8). In nutrient-balanced cultures, the benefit of adenine
additions is clearest at higher adenine concentrations, while in
glycine-depleted cultures, the benefit of adenine additions was clear
across the full range of concentrations we examined (Fig. 8). Higher
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Fig. 7. Growth and cell physiology of SAR11 HTCC7211 grown with and without adenine. Top, growth curves of SAR11 cells in nutrient-balanced [(pyruvate):(glycine):
(methionine) = 1:1:0.2] and glycine-depleted [(pyruvate):(glycine):(methionine) = 50:1:10] media amended with different concentrations of adenine (shades of blue).
Black bars at the bottom reflect the time frame used to determine growth rates, which are shown in the insets. Middle and bottom, histograms of the averages of bead-
normalized relative DNA fluorescence per cell and bead-normalized forward angle light scatter (FALS) per cell, respectively, at several time points between mid-exponential
growth and stationary phase. For all panels, error bars reflect the SD across three biological replicates, while values significantly different (P < 0.05, two-tailed Student’s t
test) between adenine-treated and unamended controls are highlighted with a pink asterisk.

adenine concentrations, as well as adenine amendments in glycine-
depleted relative to nutrient-balanced cultures, are both associated
with greater inhibition of DNA synthesis and cell division (Fig. 7).
More consistent reignition of growth after washing of SAR11 cultures
experiencing greater inhibition of DNA synthesis is consistent with
the inhibition poising cells for replication. However, we cannot fully
rule out that other possible mechanisms underpin the indirect ben-
efit of adenine in our experiments, particularly as it has other meta-
bolic roles, including as the backbone for the central energy currency
ATP. While DNA synthesis is partially inhibited in SARI1 under a
wide range of adenine concentrations, as evidenced from a decrease
in DNA/cell, growth is not affected at most concentrations we tested
(Fig. 6). This suggests that more consistent reignition of growth after
washing in those cases (Fig. 7) could be due to energetic priming of
metabolism rather than poising of cells for division.

Braakman et al., Sci. Adv. 11, eadp1949 (2025) 3 January 2025

From these observations, a conceptual model emerges in which
SAR11 populations in surface waters of the open ocean use purines
from Prochlorococcus as a signal to synchronize to daily rhythms in the
supply of energy and carbon from photosynthesis (Fig. 9). While it is not
clear whether negative inhibition from adenine is absolutely required to
achieve synchronization, we summarize the evidence in favor of the hy-
pothesis that it plays this role: (i) Absent an indirect benefit of exogenous
purines, we lack an explanation for why natural selection maintained
purine assimilation genes in SAR11 when other purine catabolism genes
were lost (Fig. 3); (ii) biochemical oscillators generally rely on some form
of negative feedback to achieve sustained synchronicity due to its role in
returning the system to a given baseline state (61-63), and we experi-
mentally detect inhibition of DNA synthesis by exogenous purines in
SARI11 (Fig. 7); (iii) we observe a correlation between the strength of
inhibition of DNA synthesis and the likelihood of growth reignition in
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Fig. 8. Post-washing response of SAR11 HTCC7211 previously grown with and without adenine. Growth curves of SAR11 cultures grown with and without adenine,
before and after washing and resuspension in adenine-free media. Three identical experiments were performed in both nutrient-balanced and glycine-depleted cultures,
which are labeled using roman numerals. Each experiment included cultures grown with adenine at three different concentrations as well as an adenine-free control, with
six biological replicates for each condition. Empty entries at given concentrations in different rows represent adenine concentrations not included in different experi-
ments. Fractions of replicates experiencing a lag of two or more days after washing at a given adenine concentration and culture condition are shown as inset within each
experimental panel, and as fractions of totals across experiments at bottom. Statistically significant differences between adenine amended and adenine-free cultures
according to a two-tailed Fisher’s exact test are shown as single pink asterisks for P < 0.05 and double pink asterisks for P < 0.01.
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Fig. 9. Hypothesized role of purines in driving synchronization of SAR11 me-
tabolism to the diel light:dark cycle. Organic carbon produced by phytoplank-
ton during the day (photosynthate, blue) stimulates SAR11 metabolism, while
purines (orange) exuded by Prochlorococcus at night after genome replication (Fig.
2) inhibit SAR11 metabolism (Fig. 6). Daily alternation of these positive and nega-
tive signals over long timescales drives synchronization of metabolism to the
24-hour period as observed in in situ gene expression data (57).

SARI11 cultures experiencing stress (Fig. 8), suggesting that the inhibi-
tion of DNA synthesis propagates through cellular physiology, priming
metabolism and/or poising cells for division; (iv) we infer from
metabolic reconstructions (Figs. 1 and 2) that Prochlorococcus releases
nightly pulses of purines, providing a potential ecological timing mecha-
nism to SAR11; (v) in situ community gene expression data (51) show
that expression of the inferred SAR11 purine assimilation transport-
er closely follows that of Prochlorococcus metabolism genes inferred to
be associated with purine release (Fig. 6); (vi) similar or related mecha-
nisms based on inhibition of DNA synthesis by exogenous pyrimidines
and purines have been used to synchronize eukaryotic cell cultures
(64-66). Together, this leads us to propose a model (Fig. 9) in which the
daily alternation of positive and negative cross-feeding signals increases
the effective metabolic coupling of SARI1 to the daily solar energy
supply, thereby providing the selective pressure to maintain purine
assimilation genes when other catabolism genes were lost.

The degree to which diel light:dark synchronization extends
from metabolism to cell division in wild populations of SAR11 is an
open question. First, as pointed out above, at lower concentrations
likely to be more ecologically relevant, adenine inhibits DNA syn-
thesis but not growth of SARI1 (Fig. 7) and still promotes greater
reignition of growth after washing (Fig. 8), suggesting that meta-
bolic effects not directly linked to cell division could be at play. Further,
metagenomics-based computational approaches that detect known
diel replication patterns in Prochlorococcus do not detect them in
SAR11 (68), suggesting that if diel replication does occur in the latter, it
will be less pronounced. Last, in cocultures maintained in balanced
growth over many transfers, the growth rates of Prochlorococcus and
SARI11 match each other and their relative abundances remain stable
(33), suggesting a coupling of their metabolisms, but patterns of division
have not been characterized for growth under diel light:dark conditions.
Further studies of daily cellular replication patterns in SAR11, both
in the field and in laboratory cocultures with Prochlorococcus, are key
areas of future research that will deepen our understanding of mecha-
nisms of synchronization within oceanic microbial ecosystems.

In the context of our proposed framework (Fig. 9), it is worth recon-
sidering SAR86’s genomic profile for using thymidine, which our meta-
bolic reconstructions suggest is also released by Prochlorococcus in
nightly pulses (Fig. 2). That is, SAR86 has a genomic profile that suggests

Braakman et al., Sci. Adv. 11, eadp1949 (2025) 3 January 2025

that it focuses specifically on assimilating—and not interconverting or
breaking down—thymidine (Fig. 3), and in that sense is like SAR11
populations that have purine assimilation genes but lack purine catabo-
lism genes. Further, as in SAR11, in situ gene expression studies indicate
that SAR86 metabolism is synchronized to the diel light:dark cycle
in oligotrophic waters (51) but not in regions of upwelling where
Prochlorococcus is less abundant (60). This raises the possibility that
thymidine could play a similar metabolic role in SAR86 that adenine
plays in SAR11. Our findings highlight the potential value of studies
of the dynamics of dissolved purines and pyrimidines in wild microbial
communities and in microbial cultures, as well as of the coupled dynam-
ics of Prochlorococcus and sympatric heterotrophs.

MATERIALS AND METHODS

Determining the scale of pyrimidine and purine production
and exudation by Prochlorococcus

Data on the intra- and extracellular abundance of metabolites in
Prochlorococcus were obtained in (21) (also available at Metabo-
Lights (https://ebi.ac.uk/metabolights/MTBLS567). Briefly, in our
previous study (21), spent medium was obtained in mid-exponential
growth from nutrient replete batch cultures of Prochlorococcus strains
MIT9301, MIT0801, and MIT9313 grown at multiple light levels, as
well as from semicontinuous P-limited cultures of Prochlorococcus
MIT9301. Intracellular metabolites were directly extracted from cells
using organic solvents and water. Metabolites from the spent media
were first extracted using solid phase extraction. Extracts were then
analyzed using UPLC-MS/MS to determine concentrations. For ex-
tracellular metabolites, concentrations in the extracts were corrected
for the extraction efficiency using the formula: [m]pedia = 100 X
[m]extract /EF%, where [m]meqia is the concentration of metabolite m
in the spent media, [#]extract is the measured concentration in the
extract, and EF% (range = 0 to 100) is the efficiency with which the
solid phase extraction resin extracts metabolite m from seawater
(69). This correction is only performed for metabolites with EF% > 1
due to associated uncertainties in precisely determining extraction
efficiencies when they are low (2I). While thymidine and methyl-
thioadenosine have an EF% > 1, adenine and guanine have an
EF% < 1, and so their concentrations are left uncorrected.

Next, extracellular concentrations of purines and thymidine were
normalized to the total amount of these compounds incorporated into
DNA over the course of the experiment using experimentally deter-
mined cell counts and known GC% of the genomes for each strain, and
assuming one chromosome per Prochlorococcus cell (29). Thymidine,
adenine, and methylthioadenosine were normalized to the AT% of
genomes, while guanine was normalized to the GC% of genomes.

For intracellular purines and pyrimidines, concentrations were
measured in units of nanogram per milliliter in the cell extract and
converted to femtogram (fg) per cell using the extract volume and
the total number of cells captured on the filter. Total cell numbers are
obtained by multiplying culture volume and culture density as deter-
mined by flow cytometry. Concentrations in units of femtogram per
cell are then divided by the molar mass of metabolites to obtain con-
centrations in units of moles per cell. Last, concentrations in units of
moles per cell are divided by cellular volume to obtain molar concen-
trations. Cellular volumes for Prochlorococcus were determined as
follows. The volumes of Prochlorococcus strains MIT9313 (0.44 pm3)
and MED4 (0.2 pm®) were measured in (70), while the cellular dry
masses of strains MIT9301 (60 fg), MED4 (66 fg), NATL2A (91 fg),

110f 15

GZ0Z ‘S0 Yoe | Uo A1S,eAIUN NN Te BI0°80uUs 105 MMM,/SANY WO | Papeo JumMoQ


https://ebi.ac.uk/metabolights/MTBLS567

SCIENCE ADVANCES | RESEARCH ARTICLE

and MIT9313 (158 fg) were measured in (7I). The volume of
MIT9301 was estimated from that of MED4 by scaling by the relative
dry weight masses of the two strains (i.e., 60 fg per cell for MIT9301
and 66 fg per cell for MED4, giving a ratio of 60/66), leading to
0.18 pm” for MIT9301. While there are no volume or mass measure-
ments of MIT0801, it belongs to the same “low light adapted I” (LLI)
ecotype as NATL2A, and so we estimated its volume from that of MED4
by scaling the relative dry weight masses of NATL2A and MEDA4 (i.e.,
91 fg per cell for NATL2A and 66 fg per cell for MED4, giving a ratio
of 91 per 66), leading to 0.28 pm® for MIT0801.

Reconstructing putative deoxyribonucleotide

recycling pathway

To identify possible pathways involved in the production and/or
consumption of thymidine, adenine, and guanine, we searched the
annotated genomes of all Prochlorococcus strains available on the
KEGG database (72) for all possible genes involved in the metabo-
lism of these compounds. All strains used in this study (MIT9301,
MIT0801, and MIT9313) are included on KEGG. To place findings
in a broader context, we also searched all Prochlorococcus genomes
for all genes involved in the metabolism of nucleobases, nucleosides,
deoxynucleosides, ribonucleotide monophosphates, and deoxyribo-
nucleotide monophosphates, all intermediates of a larger nucleotide
metabolic network that thymidine, adenine, and guanine could be a
part of. To account for the possibility of gene misannotations or in-
correct functional assignments in some Prochlorococcus strains, ho-
mologs identified in some Prochlorococcus strains were used to
query all Prochlorococcus genomes using the BLASTp algorithm
within the KEGG BLAST feature, using an e value cutoff of E < 1 X
1072, We included in our search Fatty Acid Metabolism-Immunity
Nexus (FAMIN), a recently characterized enzyme that is highly
multifunctional and catalyzes multiple reactions within nucleotide
metabolism (73). Last, to identify potentially relevant genes that are
present but not functionally assigned in any Prochlorococcus ge-
nome, we also used the BLASTp algorithm within KEGG to search
sequences of additional purine/pyrimidine metabolism genes from
Escherichia coli (which has an extensive network of nucleotide me-
tabolism) against Prochlorococcus genomes using a permissive E value
cutoff of E < 1 x 107'%, but this did not lead to identification of any
further genes. Together, we identified nine genes, five of which are
universal in all strains used in this study (table S4). Of these five
genes, only three (SurE, MTAP, and apt) could be assembled into
a putative pathway that involves purines and pyrimidines exuded
by Prochlorococcus. Data on the temporal transcriptional profiles of
all nine genes were obtained from a study in which the growth of
Prochlorococcus MED4 was synchronized to diel light:dark condi-
tions (29). To evaluate transcriptional dynamics of these genes rela-
tive to DNA and RNA synthesis, the transcriptional profile of each
gene was plotted alongside the transcriptional profile of DNA poly-
merase and RNA polymerase genes (fig. S1). Pearson correlation
coeflicients of the expression of each gene relative to DNA and RNA
polymerase genes were calculated in Excel (table S5).

Phylometabolic analysis of purine and pyrimidine strategies
in heterotrophs

Genomes, curated genome phylogenies, and associated metadata for
SAR11, SAR86, and SAR116 were obtained from the MARMICRODB
database (74). The MARMICRODB database includes genomes from
a variety of sources, including isolate genomes, single-cell amplified
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genomes (SAGs), and metagenome assembled genomes (MAGs), but
genomes with %completeness — 5X %contamination <30 were ex-
cluded in the final dataset, resulting in 186 SAR11 genomes, 57 SAR86
genomes, and 59 SAR116 genomes. While exploring these genomes,
we noticed many contained operons of purine and pyrimidine usage
genes (Fig. 3 and fig. S2). Homologs from those operons were used for
local searches using the BLASTp algorithm obtained from NCBI (75),
using an E value cutoff of E < 1 x 10™*°. However, since some homo-
logs with other functions occasionally fall below this cutoft and our
genome set also included MAGs and SAGs that contain partial genes
that can have higher E values, final counting of genes relied on a com-
bination of sequence similarity, E values, and genomic context (i.e.,
whether genes occurred in operons). For example, many SAR11 and
SAR116 genomes that contain a complete purine catabolism operon
contain a second homolog also annotated as 5-hydroxyisourate lyase,
but which occurs in a different genomic location and has low sequence
similarity to the homolog occurring in the operon. Since this gene fur-
ther occurs in many genomes that do not contain any other purine
catabolism genes, we conclude that it has a different function and leave
it out of our final tally. All purine and pyrimidine usage genes thus
identified are listed, along with their gene/genome frequencies, in data
S1. Last, presence/absence data of genes for individual genomes were
mapped onto the leaves of the SAR11, SAR86, and SAR116 genome
phylogenies to generate phylometabolic trees.

Metagenomic analyses

A total of 675 metagenomes were obtained from TARA and
BioGeoTRACES (76, 77). These metagenomes were searched for SAR11
purine usage genes and SAR11 ribosomal proteins using custom hidden
Markov models (HMMs) that were created as follows. First, a set of
~20 representative sequences for the genes of each individual step in
the purine catabolism pathway (Figs. 3 and 4), as well as for a set of 14
single-copy ribosomal proteins (78) were obtained at UniProt (79)
and assembled into HMMs. For phosphoribosyltransferase, which has
many homologs operating on different nucleobases, the initial set was
very narrowly chosen to consist of primarily SAR11 variants occur-
ring with purine catabolism operons. The resulting HMMs were
searched against the UniProt database using the PHMMER algorithm
within the HMMER web portal (80), and the results were manually
inspected to determine E value cutoffs (data S3) that captured maxi-
mal taxonomic diversity while eliminating homologous genes associ-
ated with other functions. The original 20-gene HMMs were then
searched against the MARMICRODB database (33, 74), and all se-
quences falling below the E value cutoffs determined from HMMER
results were included in our final HMMs to ensure that they have
broad coverage of diversity within the extant microbial oceans. Next,
our custom HMMs were searched against our full set of metagenomes
using the GraftM algorithm (78). The results of this search were again
manually inspected to determine E value cutoft scores (data S3) that
mostly eliminate homologous genes associated with other functions
while mostly capturing sequences of interest. Taxonomy of metage-
nome reads that mapped to our HMMs was assigned using the pplac-
er function, which places reads in a phylogenetic tree implicitly
generated from the sequence alignment underlying an HMM (81). To
estimate gene/genome frequencies of individual purine usage genes in
SARL11, the counts for each purine usage gene were then normalized
to the HMM amino acid length and to the median count of the 14
single-copy ribosomal protein genes. Similarity in the resulting bio-
geographical distributions of genes grouped together into overarching
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purine usage functions (figs. S4 to S9), each of which were indepen-
dently analyzed, confirms robustness of the approach.

Chemical and hydrographic data associated with the BioGEO-
TRACES metagenomes (77) were obtained from the GEOTRACES
Intermediate Data Product IDP2017 version 2 (accessed January
2019), specifically from sections GA02 (82, 83) GA03, GA10 (84),
and GP13. Environmental data from the Tara Oceans project was
obtained from https://doi.pangaea.de/10.1594/PANGAEA.875579.
Metagenome sequence data were quality controlled, environmental
data matched to metagenomic samples, and missing environmental
data were imputed as described in detail in the Supplementary Ma-
terials of Hogle et al. (85). Spearman-rank correlations between nu-
trient concentrations and gene frequencies were determined in R.

Purine usage genes were grouped into overarching functional
categories using a combination of their biogeography (fig. S5 to S9),
correlations with nutrient concentrations (fig. S4 and table S2), and
correlations in their gene/genome frequencies across metagenomes
(table S6). We assumed that frequencies of genes would show great-
er correlations to those of genes belonging to the same functional
categories than for genes belonging to different categories and that
we could therefore use correlations as one criterion for grouping
genes. To this end, Pearson correlation coefficients for the metage-
nomic gene/genome frequencies of all genes relative to each other
were determined in Excel (table S6). The frequency of one SAR11
purine deaminase homolog (here “purine deaminase 2”), whose
biochemical function involves nitrogen harvesting, was uncorrelat-
ed with nutrient concentrations (fig. S4 and table S2), whereas the
frequencies of other genes associated with nitrogen harvesting are
negatively correlated with nutrient concentrations (fig. S4 and table
S2). However, the frequency of the purine deaminase 2 gene was
highly correlated with the frequencies of other genes involved in ni-
trogen harvesting (table S6) and like other genes in this category
remained below ~40 to 45% in our full dataset, leading us to con-
clude they group together.

Metatranscriptome analysis

Time-resolved in situ community gene expression data from the
North Pacific were obtained from (51). Transcript counts for indi-
vidual genes were normalized to total SAR11 or Prochlorococcus
transcripts at each time point, and the results were further z score
normalized to allow comparison across genes (data S2).

SAR11 adenine amendment experiments

Cells of SAR11 strain HTCC7211 were cultured under constant light
at 22°C in ProMS medium (33). ProMS is a seawater-based modified
version of the artificial AMS1 medium (15), in which the concentra-
tions of the main sources of carbon (pyruvate), nitrogen (glycine),
and sulfur (methionine) have been lowered 50-fold to promote de-
tection of the impact of added organic substrates or phytoplankton
exudates (33). In addition, HTCC7211 cells were cultured in a glycine-
depleted version of ProMS in which the concentration of all nutrients
other than glycine was increased 50-fold to bring them back to the
levels of the AMS1 medium. These cultures were then amended with
adenine at concentrations ranging seven orders of magnitude, from
10 pM to 100 pM, and their growth was tracked alongside that of
adenine-free control cultures for an entire growth curve. Culture
density and purity and cell size and DNA content were measured us-
ing flow cytometry. Because subpopulations in different phases of the
cell cycle are difficult to distinguish in SAR11 (I15), we instead
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quantified the averages and SDs over the total bulk fluorescence dis-
tributions (fig. S12). To examine whether adenine exposure poises
SARI1 cells for replication, cultures grown with and without adenine
were harvested in mid-exponential growth and washed three times
using adenine-free culture media and ultracentrifugation at ~25,000g
(15,000 rpm) for 45 min at 22°C. After the final washing step, cell
pellets were resuspended in adenine-free media and subsequent
growth was monitored via flow cytometry. Fisher’s exact tests of the
significance in the differences of the number of cultures experiencing
lags were determined in R.

Supplementary Materials
The PDF file includes:

Figs.S1to S12

Tables S1to S6

Legends for data S1to S3

Other Supplementary Material for this manuscript includes the following:
Data S1to S3
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