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Abstract

Prochlorococcus is found throughout the euphotic zone in the oligotrophic open ocean. Deep mixing and sinking while attached to
particles can, however, transport Prochlorococcus cells below this sunlit zone, depriving them of light for extended periods of time.
Previous work has shown that Prochlorococcus by itself cannot survive extended periods of darkness. However, when co-cultured
with a heterotrophic microbe and subjected to repeated periods of extended darkness, Prochlorococcus cells develop an epigenetically
inherited dark-tolerant phenotype that can survive longer periods of darkness. Here we examine the metabolic and physiological
changes underlying this adaptation using co-cultures of dark-tolerant and parental strains of Prochlorococcus, each grown with the
heterotroph Alteromonas under diel light:dark conditions. The relative abundance of Alteromonas was higher in dark-tolerant than
parental co-cultures, while dark-tolerant Prochlorococcus cells were larger, contained less chlorophyll, and were less synchronized to the
light:dark cycle. Meta-transcriptome analysis revealed that dark-tolerant co-cultures undergo a joint change, in which Prochlorococcus
undergoes a relative shift from photosynthesis to respiration, while Alteromonas shifts toward using more organic acids instead of sugars.
Furthermore, the transcriptome data suggested enhanced biosynthesis of amino acids and purines in dark-tolerant Prochlorococcus
and enhanced degradation of these compounds in Alteromonas. Collectively, our results demonstrate that dark adaptation involves
a strengthening of the metabolic coupling between Prochlorococcus and Alteromonas, presumably mediated by an enhanced, and
compositionally modified, carbon exchange between the two species.

Keywords: Prochlorococcus, Alteromonas macleodii, microbial interactions, metabolic coupling, extended darkness, cross-feeding

Introduction that could not only affect global biogeochemical processes, but

Prochlorococcus is the most abundant photoautotrophic organism
of the tropical and subtropical ocean, with an estimated global
population of ~3x 10%cells [1]. These small non-motile cells
are found throughout the euphotic zone (~0-200 m), reaching
densities of ~10° cells ml~! in surface waters and up to 10* cells
ml~! at the base of the euphotic zone [2]. Prochlorococcus also
occurs below the euphotic zone—presumably due to deep vertical
mixing or aggregation with sinking particles—and the cells have
been detected in metagenomes as deep as the bathypelagic zone
(~1000-4000 m) [3-5] and have also been found at densities as
high as 10%-10% cells m1~! in the mesopelagic zone (~200-1000 m)
[6, 7]. However, it is unclear whether Prochlorococcus cells in the
aphotic zone are alive or dead. If viable, they would represent a siz-
able unaccounted fraction of the global Prochlorococcus population

also represent a large genetic reservoir shaping Prochlorococcus
ecology and evolution.

We have been studying whether and how Prochlorococcus sur-
vives extended periods of darkness to better understand this
phenomenon. We previously found that axenic cultures can-
not survive more than a day in the dark, but when co-cultured
with heterotrophic bacteria of the Alteromonas genus, Prochloro-
coccus cells can survive up to 11 days of darkness [7]. Moreover,
axenic cells can survive 3 days of darkness when the media is
amended with both a reactive oxygen species scavenger (pyru-
vate) and an organic carbon substrate (glucose) [7], suggesting
that heterotrophic metabolism of organic carbon obtained from
its co-culture partner could be important for dark survival of
Prochlorococcus. Indeed, Prochlorococcus is capable of assimilating
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diverse organic compounds [8-12], and it has been estimated
that cells at the bottom of the euphotic zone obtain >80% of
carbon from organic compounds [13], supporting the potential
importance of heterotrophic metabolism in Prochlorococcus. We
have shown further that when Prochlorococcus cells are subjected
to repeated episodes of extended darkness, only co-cultures with
heterotrophic bacteria exhibit significantly faster growth recov-
ery relative to parental cells, producing a non-genetic, heritable
dark-tolerant phenotype [14]. The emergence of dark tolerance
in Prochlorococcus is a facilitated adaptation as it depends on
the presence of the heterotroph and does not occur in axenic
cultures [14].

Here, we investigate the metabolic basis of dark tolerance in
Prochlorococcus and begin to unpack the nature of its metabolic
interactions with Alteromonas. For this purpose, we compare
the population dynamics and cell cycle in co-cultures of
dark-tolerant Prochlorococcus and Alteromonas with those in
parental co-cultures that have not been adapted to extended
darkness. Furthermore, we analyze the meta-transcriptome of
Prochlorococcus and Alteromonas in dark-tolerant and parental co-
cultures to assess changes in important metabolic processes such
as the electron transport chain, Calvin Cycle, EMP glycolysis,
and the TCA cycle. The results suggest that Prochlorococcus’
adaptation to survive periods of extended darkness is due to
a decreased use of photosynthesis and an increased use of
exogenous organic carbon, mediated by cross-feeding with the
heterotroph Alteromonas.

Materials and methods
Cultures

Co-cultures of Prochlorococcus NATL2A and A. macleodii MIT1002
were prepared as previously reported [14] and were grown in
a 13:11 light dark cycle with simulated dawn and dusk [15] at
37 umol photons m~? s~! in 24°C. Exponentially growing cultures
were placed into a 24°C dark incubator at “sunset” for a total
of 83 h (~3.46 d) of darkness (referred to as 3 days of darkness
hereafter). As described in Coe et al. [14], after 3 days of dark,
cultures were shifted back into the 13:11 light dark incubator
at “sunrise” and recovery was monitored via bulk chlorophyll
fluorescence (10 AU model, Turner Designs, Sunnyvale, California)
and flow cytometry (see below). Once recovered cells reached
late-exponential growth, they were transferred into fresh media
and the process was repeated six more times. After the seventh
transfer, cells were moved to continuous light at equivalent inte-
grated photons day~* for seven additional transfers (no extended
darkness) to determine if the phenotype remained stable and
heritable. On the 15th transfer, cells were returned to the 13:11
light:dark incubator and subjected to 3 days of extended darkness
as described above. Measurements and sampling during dark
periods were performed under green light [7, 16].

Flow cytometry and cell cycle analysis

Using sample preparation methods previously described [14],
Prochlorococcus cell abundance samples were processed on a Guava
12HT flow cytometer (Luminex Corp., Austin, TX, USA) by exciting
cells with a blue 488 nm laser and analyzing for chlorophyll
fluorescence (692/40 nm), 1x SYBR Green I (Invitrogen, Grand
Island, New York, USA) stained DNA fluorescence content
(530/40 nm), and cell size (forward scatter). Calculations for
relative cell size and chlorophyll per cell were performed by
normalizing to 2 um diameter beads (catalogno. 4500-0025, Guava

easyCheck kit, Luminex Corp.) as previously described [7]. Flow
cytometry was analyzed using FlowJo version 10.7.1 (FlowJo LLC,
BD Life Sciences, Ashland, OR, USA) and cell cycle analyses were
performed using ModFit LT version 5.0 (Verity Software House,
Topsham, ME USA).

Transcriptomic sampling

Samples were taken from exponentially growing cells in stan-
dard 13:11 light:dark conditions, 2 days prior to placement into
extended darkness on the seventh transfer. The cultures were
sampled across one complete diel cycle at 0, 4, 8, 16, 20, and
24 h by removing 8 ml of culture and placing it immediately into
24 ml of 4°C RNALater. Samples were incubated at 4°C for up
to 5 days, filtered onto 25 mm 0.2 um Supor filters (Pall, Port
Washington, NY), and stored at —80°C until RNA extraction as
previously described [17].

RNA extraction and RNA-Seq library construction

As described in Biller et al. [34], cell biomass filters were incubated
in 10 mM Tris (pH 8), 20,000 U of Ready-Lyse lysozyme (Epicentre,
Madison, WI, USA), and 40 U of SUPERase-In RNase inhibitor for
5 min at room temperature to extract total RNA. Following the
manufacturer’s instructions for the mirVana microRNA (miRNA)
extraction kit (Ambion, Carlsbad, CA, USA), RNA was extracted.

Ribosomal RNA was depleted using the RiboZero kit (Illumina,
San Diego, CA, USA) and strand-specific transcriptome sequenc-
ing (RNA-Seq) libraries were constructed using the KAPA RNA
HyperPrep kit (Illumina, San Diego, CA, USA). Sequencing was
carried out on an Illumina NextSeq 500 instrument at the BPF
Next-Gen Sequencing Core Facility at Harvard Medical School,
with a High-Output 75-cycle kit to obtain Single-Read 75 bp reads.
Libraries yielded ~1.3 to 5 million reads (average, 2.3 million) per
library (Table S1).

RNA-seq statistical analysis

Adapters and low-quality sequence regions were removed with
BBDuk (V38.16) [18], with the settings ktrim =1, k=23, mink =11,
hdist=1, gqtrim =11, trimq =6. Trimmed reads were aligned to the
Prochlorococcus NATL2A (accession # NC_007335.2) and A. macleodi
MIT1002 (accession # NZ_JXRW01000001.1) genomes as in Biller
et al. [34] (Table S1). The number of reads that aligned to each
annotated ORF in the “sense” orientation was determined using
HTSeq (V0.11.2) [19], with default parameters and the “nonunique
all” option (Table S1).

Genes that displayed differential expression were identified
using the DESeqg2 R package (V1.24.0) [20]. Reads that mapped
to the Prochlorococcus and A. macleodii MIT1002 genomes were
analyzed separately (Table S1). Tests for differential expression
were then performed on each pairwise comparison of interest
for Prochlorococcus and A. macleodii MIT1002 with the Wald test,
using a negative binomial generalized linear model. P-values were
adjusted for multiple testing with the Benjamini-Hochberg proce-
dure, and genes with an adjusted P-value of <.01 were considered
to be significantly differentially abundant [20]. Results were visu-
alized using ggplot2 [21].

Cell cycle periodicity

Genes that showed periodic expression over the diel cycle in
Prochlorococcus (Table S3) were detected with the R package RAIN
[22], using the default workflow and a corrected P-value of <.1.
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Results and discussion
Obtaining the dark-tolerant phenotype

To study the metabolic basis of dark tolerance, we first generated
the dark-tolerant phenotype as described previously [14] by
subjecting exponentially-growing cultures of Prochlorococcus
NATL2A co-cultured with Alteromonas to 3 days of darkness,
and then returned them to a 13:11 h light:dark cycle. Once
cultures resumed growth and reached the late-exponential
growth phase, they were transferred into fresh media and the
process was repeated until dark tolerance—defined here by the
ability to resume growth within 1-2 days after dark exposure—
was achieved. Dark tolerance was reproducibly achieved after
three consecutive transfers and remained stable over many
generations (at least 15 transfers). The dark-tolerant cells grew
more slowly than the parental cells under light:dark conditions
(0.31 day~! vs 0.50 day~'), but they had the same growth rate
in constant light (0.61-0.63 day~?; Fig. 1A and B), suggesting that
changes in the entrainment of Prochlorococcus to the light:dark
cycle may play a role in dark tolerance.

Cell cycle and population dynamics

To understand how dark tolerance affects growth on a light:dark
cycle, we compared cell division and cell cycle progression of
dark-tolerant and parental Prochlorococcus in co-cultures with
Alteromonas using flow cytometry. In the parental cultures, cell
division of Prochlorococcus was tightly synchronized with the
light:dark cycle, occurring only during the first half of the dark
period (Fig. 1C, black line), as has been previously reported [15, 23].
In contrast, in dark-tolerant cultures, Prochlorococcus cells divided
both in the light and in the dark, suggesting a loosening of the
coupling of cell division to the light:dark cycle (Fig. 1D, black
line). Accordingly, parental cultures displayed rapid progression
through the S (chromosomal replication) and G2 (cell division)
phases of the cell cycle at dusk (Fig. 1E), whereas S and G2
phases extended over the entire night period in the dark-tolerant
cultures, with fewer cells in the G1 phase throughout (Fig. 1F).
Finally, forward angle light scatter (FALS) per cell —a proxy for
cell size—and chlorophyll fluorescence per cell were both tightly
entrained to the light:dark cycle in parental lines, butless so in the
dark-tolerant cultures (Fig. 1E and F). Dark-tolerant cells were on
average significantly larger than parental Prochlorococcus (Welch's
t-test: t=2.52, df=15, P<.05), consistent with the increased
proportion of cells in the G2 phase throughout the light:dark
cycle. Finally, dark-tolerant cells had on average significantly
less chlorophyll fluorescence than parental cells (Welch’s t-
test: t=-3.09, df=18, P <.01), suggesting they may have lower
light-harvesting capability. Together these observations further
support the hypothesis that the emergence of dark tolerance in
Prochlorococcus involves a loosening of the coupling between the
daily light:dark cycle and cell cycle progression and a decreased
reliance on photosynthesis.

To understand the decreased entrainment of dark-tolerant
Prochlorococcus to the light:dark cycle in the context of its inter-
actions with Alteromonas, we examined features of both partners
under the two conditions. The relative abundance of Alteromonas,
as measured by the average Alteromonas:Prochlorococcus ratio
across the 48 h time period, increased from 1:71 in parental co-
cultures to 1:30 in the dark-tolerant co-cultures (Fig. 1C and D,
note differences in y-axis scales). Since the mineral medium does
not contain organic carbon, Alteromonas growth relies entirely
on carbon sources obtained from Prochlorococcus. For example,

the high Alteromonas:Prochlorococcus ratio could be attributed to
additional carbon from dead Prochlorococcus cells in the dark-
tolerant co-cultures. However, the prolonged dark survival of
dark-tolerant Prochlorococcus does not point at an enhanced
cell death of dark-tolerant cells in comparison to parental
cells. Hence, we think it is more likely that the higher relative
abundance of Alteromonas in the dark-tolerant co-cultures is due
to either an increased exudation of organic molecules by living
Prochlorococcus, and/or an increase in the fraction of Prochlorococcus
exudates that is available to Alteromonas. Further, unlike in the
parental co-cultures, changes in the population abundances of
Alteromonas and Prochlorococcus over time were highly correlated
in the dark-tolerant co-cultures (Pearson’s correlation: P =.87,
P <.005) (Fig.1C and D), indicating an enhanced synchrony
between both taxa. This suggests that the decreased entrainment
of Prochlorococcus with the light:dark cycle is linked to an increased
metabolic coupling between Prochlorococcus and Alteromonas in the
dark-tolerant co-cultures.

Transcriptional patterns in Prochlorococcus

To gain additional insights into the metabolism of the dark-
tolerant phenotype, we compared the transcriptomes of parental
and dark-tolerant Prochlorococcus cells, when grown in co-culture
with Alteromonas, every 4 h over a full light:dark cycle using RNA-
Seq (Table S2). While nearly all Prochlorococcus genes retained
periodicity in dark-tolerant cells (Table S3), the vast majority of
genes showed significant differences in expression relative to
parental cells, with the largest magnitudes of expression differ-
ences occurring at night (Fig. S1, Text S1). Below we highlight key
differences in transcript expression patterns of dark-tolerant cells
relative to parental cells.

Regulation of circadian rhythm

Given the decoupling of the cell cycle from the light:dark cycle
(Fig. 1) and maintenance of periodic gene expression in dark-
tolerant cells (Table S2), we first examined the expression patterns
of genes related to the circadian clock. Prochlorococcus has a partial
KaiBC circadian oscillator which must be reset each morning
to sustain periodicity, likely through interactions that sense the
cellular redox state [24-26]. It uses a two-component regula-
tory system, SasA-RpaA, to transmit the clock’s output to the
rest of the genome, ultimately driving genome-wide transcription
rhythms [27-30]. In the dark-tolerant cells, transcripts for all clock
genes (sasA, rpaA, kaiB, and kaiC) were depleted relative to parental
cells, particularly during the night (Fig. 2), indicating a potential
dysregulation of the circadian rhythm, consistent with physio-
logical measurements (Fig. 1). Circadian rhythms in cyanobacte-
ria are known to be influenced by changes in metabolic activ-
ity [31-33], biotic interactions [34], and glucose assimilation [35,
36]. Although both dark-tolerant and parental Prochlorococcus cul-
tures were co-cultured with Alteromonas, we hypothesize that
changes in the metabolism of the dark-tolerant Prochlorococcus
cells enhance their responsiveness to Alteromonas-mediated fac-
tors, which could contribute to the reduced light:dark entrain-
ment of dark-tolerant cells (Fig. 1).

Electron transport chain and ATP synthesis

We next explored how changes in the circadian rhythms of cells
intersect with regulation of the electron transport chain, where
the reductants and ATP that drive all metabolic processes are
generated. Changes in expression were consistently seen across
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Figure 1. Population dynamics and cell cycle progression of parental and dark-tolerant co-cultures of Prochlorococcus NATL2A and Alteromonas grown
on a 13:11 h light:dark cycle. (A) Parental co-cultures were grown under standard 13:11 h light:dark conditions. When cells reached the
late-exponential growth phase, they were transferred to fresh media and this process was repeated several times. After seven transfers, cells were
moved into continuous light (yellow shading) for seven transfers, at an equivalent amount of photons day~?, before returning to light:dark conditions.
(B) To establish the dark-tolerant phenotype, co-cultures of Prochlorococcus and Alteromonas were subjected to 3 days of extended darkness halfway
their exponential growth phase (vertical gray bars in B) and then allowed to recover under standard 13:11 light:dark growth conditions. The time
required to resume growth after dark exposure is indicated above the black horizontal bars. Again, after seven transfers, cells were moved into
continuous light (yellow shading) for seven transfers, before returning to light:dark conditions. (C-H) The parental and dark-tolerant co-cultures were
monitored over a 48 h period (indicated by the light blue lines below A and B) under 13:11 light:dark conditions to study (C,D) the population dynamics
of Prochlorococcus and Alteromonas (E,F) cell cycle phase analysis of the Prochlorococcus population (percentage in G1, S, and G2 phases), and (G,H) relative
bulk chlorophyll fluorescence and mean forward angle light scatter (FALS, a proxy for cell size) per Prochlorococcus cell. In (C) and (D), we calculated
Pearson’s correlation coefficient (p) between the short-term increments in population abundance of Prochlorococcus and Alteromonas, and their
significance (p), to assess population synchrony. Gray shading in (C-H) indicates the 11 h night period on the diel cycle. Error bars for triplicate cultures
are included, but may not always extend beyond the data point.
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indicated time points (P <.01).

subunits of larger complexes in the electron transport chain
(Text S2, Fig. S2). In particular, transcripts of genes involved in
mediating photosynthetic electron flow (i.e. genes involved in
photosystem I and II (PSI and PSII) and ferredoxin-NADP oxi-
doreductase (FNR) were depleted in dark-tolerant cells relative
to the parental cells (Fig. 3, red panels). Conversely, transcripts
of genes involved in mediating respiratory electron flow, such
as NADH dehydrogenase (NDH) and cytochrome oxidase (COX),
were relatively enriched (Fig. 3, blue panels), especially during the
night. Transcripts of genes involved in both pathways, including
cytochrome béf (Cyt b6f) and plastocyanin (PC), showed more
subtle changes (Fig. 3, black panels), but the nature of those
changes were also consistent with a relative shift from autotrophy
toward heterotrophy. That is, in dark-tolerant cells, transcripts for
Cyt béf and PC were relatively enriched at dusk when transcripts
for respiration were most abundant, and relatively depleted in the
period around dawn when transcripts for photosynthesis were
most abundant. Finally, ATP synthase genes were depleted in
dark-tolerant cells (Fig. 3, Table S2), suggesting a reduction in
ATP synthesis. We note that one of the largest ATP-demanding
processes in photosynthetic organisms is CO,-fixation. Taken
together these data indicate a relative shift from photosynthesis
toward respiration, potentially suggesting a greater use of organic
carbon in dark-tolerant Prochlorococcus.

Central carbon metabolism

Next, we examined genes involved in the central carbon
metabolism of Prochlorococcus cells. Transcripts of genes involved
in CO,-fixation via the Calvin cycle—a major sink of ATP
and reductants—were depleted in dark-tolerant cells, whereas
expression levels of genes from the pentose phosphate pathway,
which feeds reductants into the respiratory electron transport
chain, either changed little or increased (Fig. 4). These patterns
are consistent with an increase in organic carbon use and a
decrease in photosynthesis in dark-tolerant cells. Transcripts of
genes that encode two enzymes involved in converting fumarate
and malate to oxaloacetate were relatively depleted in dark-
tolerant cells (Fig. 4). These enzymes participate in the incomplete
TCA cycle of Prochlorococcus, driving an adjacent cycle that
performs a key amination step during the synthesis of ATP
(Fig. 3). Since transcripts of TCA cycle enzymes that catalyze the
conversion of pyruvate to alpha-ketoglutarate—in the process
of generating NADH—were unchanged or slightly enriched,
we conclude that the respiratory function of the TCA cycle is
unchanged or relatively increased in these cells. Additionally,
transcripts for glycolysis genes and genes for a putative pyruvate
exporter, salY, were depleted in dark-tolerant cells (Fig. 4). This
putative decrease in pyruvate excretion, coupled to a decrease
in ATP synthesis (Fig. 3) and CO,-fixation (Fig. 4), suggests the
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possibility that dark-tolerant Prochlorococcus cells may exude a
smaller fraction of the carbon they acquire relative to parental
cells, contributing to longer dark-survival. Since we observed an
increase in the relative abundance of Alteromonas (as measured by
the Alteromonas:Prochlorococcus ratio) in dark-tolerant co-cultures
(Fig. 1), this indicates that a greater fraction of the carbon exuded
by Prochlorococcus is accessible to its co-culture partner. Finally,
we observed changes in nearly all regulatory genes driving these
metabolic changes, hinting at a broader regulatory framework
governing dark tolerance (Fig. S3, Text S3).

While expression profiles of ETC and core carbon metabolism
genes are consistent with a decrease in photosynthesis and an
increase in using organic carbon obtained from Alteromonas by
dark-tolerant Prochlorococcus, an alternative explanation for dark
tolerance could be that cells have acquired a greater ability to
store and reoxidize organic carbon to survive extended dark-
ness. To explore this, we looked at genes related to metabolism
of glycogen, considered the major carbon storage compound in
Prochlorococcus [15]. Expression for all glycogen synthesis genes is
lower in dark-tolerant cells, potentially indicating a decrease in
glycogen storage (Fig. 5). However, glycogen phosphorylase (GlgP),
which mediates glycogen breakdown to glucose-1-phosphate, is
significantly higher around sunrise (Fig. 5), which may support
the transition to daytime metabolism in dark-tolerant cells, as
glycogen degradation has in other cyanobacteria been found to
facilitate initiation of photosynthesis by using reactions shared
with the Calvin cycle [37]. It has been observed that Prochlorococcus

exudes substantial levels of polysaccharides when grown with
heterotrophs [38]. Hence, a decrease in expression of glycogen
synthesis genes—even as expression of glycogen usage genes
increases—could reflect a decrease in polysaccharide exudation,
consistent with our inference from core metabolic pathways that
dark-tolerant cells exude less carbon (Figs 3 and 4 and surround-
ing discussion).

Compatible solutes

Small molecules that are generally used for osmoprotection—
can make up large fractions of cellular resources and could be
used as an alternative energy storage mechanism in dark-tolerant
Prochlorococcus. The major compatible solutes in Prochlorococcus
NATL2A are sucrose and glucosylglycerate [39], the breakdown of
which generates glucose-6-phosphate and/or 3-phosphoglycerate
(Fig. 5), which feed directly into respiration pathways (Fig. 4). Tran-
scripts of genes involved in sucrose metabolism were largely
unchanged between dark-tolerant and parental cells, but there
were clear transcriptional changes in the metabolism of gluco-
sylglycerate (Fig.5). In particular, transcripts of genes involved
in the de novo synthesis of glucosyl 3-phosphoglycerate (G3PG),
the immediate precursor to glucosylglycerate, were depleted in
dark-tolerant cells, while those for genes involved in the recy-
cling of glucosylglycerate to glucose-1-phosphate (G1P) and 3-
phosphoglycerate (3PG) were enriched (Fig. 5). In addition, tran-
scripts for a putative transporter gene that we identified within
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the glucosylglycerate metabolism operon in Prochlorococcus [40] are
enriched in dark-tolerant cells (Fig. 5). These patterns suggest that
dark-tolerant Prochlorococcus cells are not making greater use of
compatible solutes as an energy storage mechanism, but instead
raise the possibility that glucosylglycerate could be an external
source of organic carbon it receives from Alteromonas, which may
release these compounds as a result of a stress response due
to nutrient limitation or environmental or metabolic cues, as
observed in other bacteria [41, 42].

Transcriptional patterns in Alteromonas

Next, we explored Alteromonas metabolism in the presence of
both dark-adapted and parental Prochlorococcus cells. In contrast
to the extensive transcriptional changes in Prochlorococcus,
only 9% of Alteromonas genes had significant differences in
expression between parental and dark-tolerant co-cultures
(Fig. S4). While a large number of Prochlorococcus genes showed
differential expression between dark-tolerant and parental phe-
notype at night (Fig. S1B), differential expression in Alteromonas
was relatively more common during the daytime (Fig. S4B),
suggesting Alteromonas may be responding to changes in
metabolic byproducts released by Prochlorococcus during the light
period.

Central carbon metabolism and electron transport

To explore how the emergence of dark tolerance in Prochloro-
coccus affects Alteromonas, we first examined its central carbon
metabolism (Fig. 6), where organic carbon obtained from Prochloro-
coccus—the only source of organic carbon for Alteromonas—is pro-
cessed and energy is generated. While expression differences
between Alteromonas from dark-tolerant and parental co-cultures
were generally only significant at a few individual time points,
clear trends emerged across pathways. For example, transcripts

of genes in the pentose phosphate pathway, lower glycolysis,
and TCA cycle—the main pathways for breaking down sugars
and feeding reductants into the electron transport chain—were
depleted during daytime in Alteromonas cells from dark-tolerant
relative to parental co-cultures (Fig. 6), suggesting a decrease in
sugar usage and respiration during the light period. This is consis-
tent with a concurrent decrease in the expression of Cytochrome c
oxidase (COX) and ATP synthetase (Fig. 7), as well as the inference
that dark-tolerant Prochlorococcus may exude less polysaccharides
than parental cells (Fig. 4). An inferred decrease in the break-
down of sugars further suggests that a decrease in respiration
is not linked to an increase in fermentation, which is consis-
tent with the observation that transcripts of genes involved in
producing acetate and lactate, two key fermentation products,
are relatively unchanged between Alteromonas from dark-tolerant
and parental co-cultures (Fig. S5). Collectively, these observa-
tions suggest that the increased metabolic coupling between
Prochlorococcus and Alteromonas during the emergence of dark tol-
erance involves a redirection of carbon flow in Alteromonas, likely
reflecting changes in the nature of organic carbon supplied by
Prochlorococcus.

Heterotrophic metabolism generally operates in one of two
basic modes: glycolytic metabolism, based on the degradation of
sugars, and gluconeogenic metabolism, based on the degradation
of organic acids and/or amino acids [43, 44]. While we inferred
a decrease in sugar degradation in Alteromonas (Fig. 6), we also
observe a relatively unchanged expression of genes for the
glyoxylate bypass, which often serves as the endpoint of organic
acid degradation as it bypasses CO,-releasing reactions in the TCA
cycle and preserves carbon backbones for gluconeogenesis and
biosynthesis [45, 46]. Together this suggests a relative shift toward
a more gluconeogenic metabolism in Alteromonas during the
emergence of dark tolerance in Prochlorococcus. Additional clues
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Figure 6. Expression patterns of genes involved in the central carbon
metabolism of Alteromonas, grown in co-culture with Prochlorococcus
NATL2A. Schematic of oxidative pentose phosphate pathway (blue
shading), ED and EMP glycolysis (purple shading), and TCA cycle (orange
shading). Panels associated with select genes in each pathway show
relative transcript abundance of dark-tolerant phenotype (black line)
and parental phenotype (gold line) of Alteromonas over a 13 h day (white)
and 11 h night (gray) cycle, with representative genes shown for
multi-subunit complexes (Table S4). Asterisks (x) indicate significant
log2 fold differences in gene expression between the dark-tolerant and
parental phenotype at the indicated time point (P <0.01). Abbreviations:
Ga6P, gluconate 6-phosphate; GLP, glucono-1,5-lactono 6-phosphate;
G6P, glucose 6-phosphate; F6P, fructose 6-phosphate; X5P, xylulose
S-phosphate; Ru5P, ribulose 5-phosphate; RSP, ribose 5-phosphate; E4P,
erythrose 4-phosphate; S7P, sedoheptulose 7-phosphate; SBP,
sedoheptulose bisphosphate; RBP, ribulose bisphosphate; FBP, fructose
1,6-bisphosphate; G3P, glyceraldehyde 3-phosphate; BPG, 2,3
bisphosphoglycerate; 3PG, 3-phosphoglyceric acid; 2PG,
2-phosphoglyceric acid; PEP, phosphoenolpyruvate; PYR, pyruvate; KDGP,
2-keto-3-deoxygluconate 6-phosphate; ACA, acetoacetate; CIT, citrate;
ISC, isocitrate; GOX, glyoxylate; AKG, alpha-ketoglutarate; SUC,
succinate; SCA, succinyl coenzyme A; OXA, oxaloacetate; MAL, malate;
FUM, fumarate.

on the changing nature of organic carbon used by Alteromonas in
dark-tolerant co-cultures come from its highly versatile electron
transport chain, which can mediate multiple different pathways
of electron flow that pump different numbers of protons per elec-
tron transported (Fig. 7). That is, while transcripts for cytochrome

c oxidase (COX) —whose use yields the most protons pumped
per electron transported—were depleted, transcripts for other
lower-yield complexes were either unchanged or slightly enriched
in Alteromonas from dark-tolerant co-cultures. This suggests
that the emergence of a more gluconeogenic metabolism in
Alteromonas is linked to a lowering of the H*/e~pumping
stoichiometry of its electron transport chain, in turn suggesting
the carbon substrates it uses are more reduced in dark-tolerant
co-cultures than in parental co-cultures.

Substrate cross-feeding and the role of stress in
dark-tolerant co-cultures

In an attempt to identify potential substrates from Prochlorococcus
that fuel Alteromonas’ shift toward a gluconeogenic metabolism,
we examined expression of Alteromonas genes involved in
catabolism of diverse substrates (Table S5). While expression
in most pathways appear relatively unchanged, we observed
enrichment of transcripts for genes involved in degradation of
tyrosine, phenylalanine, proline, threonine, tryptophan, benzoate,
and purines in Alteromonas from dark-tolerant co-cultures
(Fig. S6). Purines, tyrosine, hydroxybenzoate, and phenylalanine
have each been identified as exudates of Prochlorococcus [47].
Further, levels of tyrosine and phenylalanine have been shown to
be elevated in cultures of Prochlorococcus MIT0801, which belongs
to the same ecotype as NATL2A [48], compared to strains from
other ecotypes [47]. Moreover, transcripts of several biosynthesis
genes of tyrosine, proline and purines were elevated in dark-
tolerant Prochlorococcus cells (Fig. S7). In particular, transcripts
for the biosynthesis of tyrosine in Prochlorococcus were enriched
during the night period, while transcripts for degradation of
tyrosine in Alteromonas were enriched during the day. This
pattern suggests Prochlorococcus produces certain compounds
during the night, which Alteromonas subsequently degrades
during the day. If cross-feeding of tyrosine indeed occurs in
this system, this pattern could suggest a delay between the
accumulation of tyrosine in Prochlorococcus cells and its release
to the environment, or a regulatory process in Alteromonas
that prioritizes different substrates at different times. While
amino acids and purines may not typically accumulate to high
levels in the environment [49, 50], these compounds may serve
as key metabolic intermediates, particularly under nutrient-
limited conditions, and their exchange could enhance the
survival and metabolic flexibility of both species under extended
darkness.

Additionally, Kujawinski et al. [47] identified a putative link
between cellular stress and amino acid exudation in Prochlorococ-
cus, suggesting that stress could play a role in reinforcing putative
cross-feeding of amino acids in dark-tolerant co-cultures. This is
consistent with observations that under stress many other bacte-
ria, including other cyanobacteria, activate the stringent response
pathway, a regulatory mechanism designed to slow down growth
and conserve cellular resources [51-53], in some cases specifi-
cally to drive an increase in amino acid biosynthesis [54]. Sim-
ilarly, we observe significant changes in multiple general stress
and stringent response genes in dark-tolerant cells compared to
parental Prochlorococcus cells (Fig. S8, Text S4), including nighttime
enrichment of transcripts for the hibernation promoting factor
hpf (Fig. S8D) in dark-tolerant cells, which binds to ribosomes,
reducing ribosomal activity and protein synthesis to conserve
energy [52, 55]. Collective observations suggest that the stress
from a lack of energy due to extended darkness may trigger
the stringent response in Prochlorococcus, which then drives an
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increase in amino acid synthesis, thereby changing the nature of
cross-feeding with Alteromonas.

Conclusions

This work suggests that the mechanisms underlying dark
tolerance in Prochlorococcus co-cultured with Alteromonas involve
a dynamic interplay of their metabolisms (Fig. 8). The observed
changes in gene expression suggest a model in which metabolic
adjustments of both partners shape the flow of carbon and
energy between the two taxa (Fig. 8). Dark-tolerant Prochlorococcus
cells showed a loosened coupling between cell division and
the light:dark cycle (Fig. 1), a reduction in transcripts involved

in photosynthesis and an enrichment of transcripts involved
in respiration (Fig.3), which point at a relative shift from
photosynthesis toward respiration throughout the diel light:dark
cycle (Fig. 8, yellow arrows). Further, dark-tolerant Prochlorococcus
showed a lower growth rate and its gene expression patterns
indicate a reduction in CO,-fixation and ATP synthesis (Figs 3
and 4) and a putative decrease in excretion of pyruvate and
possibly polysaccharides in comparison to parental cells, hinting
at a more economical use of energy and organic carbon (Fig. 8,
red arrows). These physiological (Fig. 1) and metabolic (Figs 3-
5) adaptations underscore the multifaceted nature of dark
tolerance, which is driven by broad-scale adjustments in multiple
regulatory mechanisms (Fig. 2 and Fig. S3).
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As shown by our previous studies [7], extended dark survival of
Prochlorococcus depends on the presence of a heterotroph, such as
Alteromonas. Conversely, the medium supporting the co-cultures
of Prochlorococcus and Alteromonas lacks supplemented organic
carbon sources, and therefore the heterotroph Alteromonas is fully
dependent on Prochlorococcus for its carbon supply. The increased
Alteromonas:Prochlorococcus ratio in dark-tolerant cultures (Fig. 1),
the tighter coupling of their population dynamics, and the implied
relative shift toward heterotrophic metabolism in Prochlorococcus
suggest that this metabolic coupling is strengthened compared
to parental co-cultures due to an enhanced carbon exchange
between the two partners (Fig. 8, blue arrows). Our results hint
at the organic carbon compounds that might be involved. The
gene expression patterns in Alteromonas cells from dark-tolerant
co-cultures indicate a reduction in use of respiratory pathways,
a decrease in the H*/e~pumping stoichiometry, and a shift away
from using sugars toward more reduced organic acids, likely
reflecting changes in the nature of organic carbon supplied by
Prochlorococcus (Figs 6 and 7). In line with this, the data showed
an enrichment of transcripts involved in the biosynthesis of
amino acids and purines in dark-tolerant Prochlorococcus (Fig. S7)
and an enrichment of transcripts for degradation of those
same compounds in Alteromonas (Fig. S6). We speculate that, in
return, the release of some partially processed organic carbon by
Alteromonas could be a way to maintain its redox balance and,
at the same time, provide Prochlorococcus with the organic carbon
needed to survive extended darkness (Fig. 8, blue arrows). Indeed,
we observed a reduction in transcripts for biosynthesis, combined
with an increase of transcripts for the degradation and transport,
of the compatible solute glucosylglycerate in Prochlorococcus
(Fig. 5), suggesting that dark-tolerant Prochlorococcus cells might
be acquiring this organic carbon source from Alteromonas (Fig. 8,
blue arrows).

The results of this study lead us to suspect that in the
wild, Prochlorococcus is able to survive prolonged periods in
the dark waters of the deep ocean through adaptations that
promote mutual exchange of carbon and energy with surrounding
microbial cells with complementary metabolisms.
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