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Proteorhodopsin (PR) is present in half of surface ocean bacterio-
plankton, where its light-driven proton pumping provides energy to
cells. Indeed, PR promotes growth or survival in different bacteria.
However, the metabolic pathways mediating the light responses
remain unknown. We analyzed growth of the PR-containing
Dokdonia sp. MED134 (where light-stimulated growth had been
found) in seawater with low concentrations of mixed [yeast ex-
tract and peptone (YEP)] or single (alanine, Ala) carbon compounds
as models for rich and poor environments. We discovered changes
in gene expression revealing a tightly regulated shift in central
metabolic pathways between light and dark conditions. Bacteria
showed relatively stronger light responses in Ala compared with
YEP. Notably, carbon acquisition pathways shifted toward anaplerotic
CO2 fixation in the light, contributing 31 ± 8% and 24 ± 6% of
the carbon incorporated into biomass in Ala and YEP, respectively.
Thus, MED134 was a facultative double mixotroph, i.e., photo- and
chemotrophic for its energy source and using both bicarbonate and
organic matter as carbon sources. Unexpectedly, relative expression
of the glyoxylate shunt genes (isocitrate lyase and malate synthase)
was >300-fold higher in the light—but only in Ala—contributing a
more efficient use of carbon from organic compounds. We explored
these findings in metagenomes and metatranscriptomes and ob-
served similar prevalence of the glyoxylate shunt compared with
PR genes and highest expression of the isocitrate lyase gene coin-
ciding with highest solar irradiance. Thus, regulatory interactions
between dissolved organic carbon quality and central metabolic
pathways critically determine the fitness of surface ocean bacteria
engaging in PR phototrophy.
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Proteorhodopsins (PRs) are membrane-embedded light-driven
proton pumps discovered more than a decade ago in marine

bacteria (1, 2). The gene encoding PR is widely distributed among
bacterial taxa, shows a large sequence divergence, and is abundant
throughout the world oceans (1–7). PR is highly expressed in
marine environments both at the RNA and the protein level (1, 2,
8–10) and is thus expected to have a significant impact on surface
ocean energy budgets. PR gene expression can be induced by light,
as observed both in model bacteria and in some natural marine
bacterial communities (11–14). The functional characterization of
PR has been done mainly using Escherichia coli or Shewanella
oneidensis as heterologous experimentation systems (1, 15–19),
but also in native marine bacterioplankton assemblages (2, 9).
Although these studies provide a fairly complete picture of the
biochemistry of PR in the form of proton pumping and spectral
tuning, little is known about its energy contribution to marine
bacteria and how this relates to cellular metabolism or carbon
acquisition strategies.
Thus far, experiments with marine bacteria have demonstrated

that PR phototrophy provides sufficient amounts of energy for
significantly promoting growth in the Flavobacteriia Dokdonia

sp. MED134 and Psychroflexus torquis and for improving survival
during starvation in the Gammaproteobacteria Vibrio sp. AND4
and Vibrio campbellii BAA-1116 (11, 12, 20–22). If this were the
case in natural seawater, PR light harvesting could indeed be
quantitatively important. Further, work on MED134 showed that
the net benefit of PR phototrophy was larger in seawater with
lower concentrations of dissolved organic carbon (DOC), indi-
cating that exposure to light confers a stronger selective advantage
in oligotrophic environments (11). This finding was confirmed by
Kimura et al. (12), who extended the analysis to include inhibitors
of biosynthesis of the light-harvesting cofactor retinal, thereby
providing direct evidence that PR light harvesting accounts for the
light-induced growth response. In other marine bacteria, the PR-
mediated light response is less clear. For example, first analyses
of PR-containing bacteria belonging to the ubiquitous SAR11
and SAR92 clades showed no responses to light (9, 23). How-
ever, subsequent comprehensive analyses of the SAR11 clade
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representative Candidatus Pelagibacter ubique strain HTCC1062
showed that oxygen consumption decreased considerably in the
light compared with darkness when DOC availability became
limiting. Consequently, ATP generation from PR phototrophy
potentially provides an alternative to respiration under starva-
tion conditions (24). The continued study of PR phototrophy in
bacteria with different genome contexts promises to reveal novel
strategies for PR-bearing bacteria to adapt to life in oligotrophic
environments.
Working on the PR-containing Polaribacter sp. MED152 (Fla-

vobacteriia), González et al. (25) observed higher rates of ana-
plerotic CO2 fixation in the light even though no growth differences
between light and darkness were found. They thus proposed that
light-induced inorganic carbon fixation could be a means for PR-
bearing bacteria to make more efficient use of dissolved organic
matter. Further genomic analyses revealed that both Polaribacter
sp. MED152 and Dokdonia sp. MED134 contain several enzymes
involved in anaplerotic reactions that replenish intermediates in
the tricarboxylic acid (TCA) cycle when they are used for bio-
synthesis (25, 26). Recently, Kimura et al. (12) used a genome-wide
transcriptomics approach in an attempt to obtain more detailed
information on the metabolic response to light in Dokdonia sp.
MED134. They showed that 601 of a total of 2,944 protein coding
genes were differentially expressed in light compared with darkness,
including several genes involved in central metabolic pathways (e.g.,
glycolysis, TCA cycle). Collectively, these results suggest that critical
insights into the quantitative importance and regulation of PR
phototrophy could be gained from linking gene expression analyses
with ecophysiological response experiments in marine bacteria.
Although the benefit of PR phototrophy is dependent on DOC

concentrations (11), the potential role of DOC quality in deter-
mining the response of PR-containing bacteria to light remains
unexplored. This lack of knowledge potentially hampers our un-
derstanding of the role of PR light energy harvesting in surface
waters, considering that the concentrations of different DOC
components are known to vary substantially in a spatiotemporal
manner (27). In this context, quality of DOC with respect to bac-
teria includes considerations both of the actual chemical composi-
tion of DOC, i.e., which compounds are there or not, and the ease
and/or benefit with which available compounds are used, e.g.,
compound lability, energetic value in chemical bonds or number
of carbon atoms available for bacteria.
In this study, we investigated light-induced differences in

growth performance and expression patterns of selected genes in
the PR-containing Dokdonia sp. MED134 during organic car-
bon-limited growth in seawater enriched with different organic
matter sources. As a model for mixed organic matter, we used a
mixture of yeast extract and peptone (i.e., dominance of poly-
peptides), and as a single organic compound, we used the amino
acid alanine. Alanine was chosen because it is one of the most
abundant amino acids in seawater, and it is one of few specific
compounds known to sustain growth of native bacteria in the sea
(27–29). We hypothesized that PR phototrophy is regulated not
only by PR gene responses to light, but also by DOC quality and
the expression of genes involved in anaplerotic reactions and/or
central metabolic pathways.

Results
Growth and Carbon Incorporation of Dokdonia sp. MED134 Under
Different Conditions. Dokdonia sp. MED134 was incubated in the
light and in darkness in seawater enriched with either a mixed [yeast
extract and peptone (YEP)] or single (alanine, Ala) dissolved or-
ganic carbon source (Fig. 1). In both media, growth rate, final yield,
and cell volume were higher in the light than in the dark (Table 1).
Differences in specific growth rates and yields were larger in Ala
(2.4× and 4.2× higher in light; Fig. 1B) than in YEP (1.2× and
1.3× higher in light; Fig. 1A), whereas cell volumes were 1.2×
higher in light in both media (Table 1).

Bicarbonate (a measure of CO2 fixation) and leucine (a mea-
sure of protein synthesis/heterotrophic activity) incorporation
rates were measured during growth (Fig. 2 and Table 1). In
both media, bicarbonate incorporation rates were higher in
cultures grown in the light (light-to-light) than in the dark (dark-
to-dark): 4.8× and 1.3× higher in YEP and Ala (Fig. 2A), respec-
tively. For leucine incorporation, rates in the light (light-to-light)
were 1.4× higher than in the dark in YEP, whereas rates in Ala in
the light were 1.8× lower than in the dark (dark-to-dark) (Fig. 2B).
Bicarbonate and leucine incorporation rates in both YEP and

Ala media decreased after transfer of cultures from light to dark
but increased on transfer from dark to light (Fig. 2). In YEP,
bicarbonate and leucine incorporation decreased 1.5× and 1.3×,
respectively, in light-to-dark samples, and rates increased in similar
magnitude in the dark-to-light samples (Fig. 2A). In Ala, bi-
carbonate and leucine incorporation decreased 6.8× and 1.5×
in light-to-dark samples but increased 2.3× and 1.3× in dark-to-
light samples (Fig. 2B). Thus, on transfer between light conditions,
stronger responses were found in Ala than in YEP, with the am-
plitude in response being largest for bicarbonate incorporation
in Ala.
We calculated the amount of carbon produced from the increase

in cell production, cell volumes, and experimentally determined
strain-specific carbon per volume estimates for Dokdonia sp.
MED134 cells grown in YEP (Table 1). The bicarbonate in-
corporation accounted for a substantial part of this produced
carbon, and the proportion was significantly higher in the light
than in the dark: 24 ± 6% in the light and 5 ± 1% in the dark
for YEP (Student t test, P < 0.01) and 31 ± 8% and 14 ± 2% for
Ala in the light and the dark (P < 0.05), respectively.

Gene Expression Patterns. In YEP, the highest relative expression
of all quantified genes was that of the PR gene in the light (Fig. 3;
see Fig. 4 for summary of expression results). Although PR gene
expression was very low early on, it reached a 30-fold higher peak
in the light than in the dark at late exponential phase (45 h), and
then decreased into stationary phase. Expression levels in the dark
remained low throughout the experiment. In Ala, the PR gene
expression pattern was similar, with up to 57-fold higher levels in
the light during late exponential and early stationary phase. In
both YEP and Ala, the difference in PR gene expression between
cultures in the light or in darkness changed significantly over time
(repeated-measures ANOVA: F > 12.22, df = 4, 16, P < 0.006).
Gene expression for the bicarbonate membrane transporter

BicA and the bicarbonate:carbon dioxide interconvertor carbonic
anhydrase generally decreased during the experiment (Fig. 3 and
Table S1). Differences in expression levels for these genes between
light and dark cultures changed significantly over time in both
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Fig. 1. Growth response of Dokdonia sp. MED134 in artificial seawater with
mixed or single dissolved organic matter compounds at different light con-
ditions. (A) Growth in seawater with yeast extract and peptone (YEP; 0.30 mM
carbon). (B) Growth in seawater with alanine (Ala; 0.70 mM carbon). Error bars
denote SDs of triplicate cultures; if not visible, error bars are hidden by sym-
bols. Asterisks denote the time points when bicarbonate and leucine in-
corporation rates were measured, whereas arrows denote the time points for
gene expression analyses.
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YEP and Ala (F > 9.72, df = 4, 16, P < 0.015) but were more
pronounced in Ala. The relative expression levels of these genes
were 5- to 10-fold higher in Ala, where significantly higher expres-
sion levels were found in the light from 51 to 94 h (i.e., well into
stationary phase; Fig. 3).
For the genes encoding the two TCA cycle enzymes tested,

differences in isocitrate dehydrogenase gene expression levels
between light and dark cultures did not change significantly over
time (Fig. 3; F < 5.28, df = 4, 16, P > 0.05), whereas for the
2-oxoglutarate dehydrogenase (E1) gene there were significant
changes in both YEP and Ala (F > 7.73, df = 4, 16, P < 0.023).
Gene expression levels for isocitrate dehydrogenase showed
marked decreases from initially high levels in both YEP and Ala
[Fisher’s least significant difference (LSD) test; Table S1; P < 0.01].
The expression pattern was similar for the 2-oxoglutarate
dehydrogenase (E1) gene, with the exception of the Ala light
cultures where its expression remained stable (Fig. 3).

For the four anaplerotic enzymes [i.e., pyruvate carboxylase,
phosphoenolpyruvate (PEP) carboxykinase, PEP carboxylase,
and malate dehydrogenase (NADP+, decarboxylating)] (Figs. 3
and 4), there were no consistent differences in expression be-
tween light and darkness in YEP over time (F < 3.58, df = 4, 16,
P > 0.08). Although pyruvate carboxylase gene expression in
YEP peaked in midexponential phase (36 h), the other three
genes reached highest levels during early growth and decreased
significantly over time (Table S1; P < 0.05). This decrease was
especially pronounced for the malate dehydrogenase (NADP+,
decarboxylating) gene.
In Ala, the anaplerotic enzyme genes were generally expressed

several-fold higher than in YEP, with the exception of the py-
ruvate carboxylase gene (Fig. 3). In contrast to YEP cultures,
differences in expression levels for the four anaplerotic enzymes
in Ala light and dark cultures changed significantly over time
(F > 6.8, df = 4, 16, P < 0.05). Interestingly, the pyruvate
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Fig. 2. Bicarbonate and leucine incorporation rates per cell of Dokdonia sp. MED134 at different light conditions. (A) Bicarbonate incorporation rates in artificial
seawater with YEP and Ala. (B) Leucine incorporation rates in artificial seawater with YEP and Ala. Light-to-Light and Light-to-Dark denote subsamples of cultures
grown in the light and incubated with radiolabeled bicarbonate or leucine in light and dark, respectively. Dark-to-Dark and Dark-to-Light denote subsamples of
cultures grown in darkness and incubated with radiolabeled bicarbonate or leucine in dark and light, respectively. Subsamples for the bicarbonate and leucine
incorporation assays were collected at 36 (YEP) and 51 h (Ala) as marked with asterisks in Fig. 1. Error bars denote SDs of four (bicarbonate) or six (leucine)
subsamples of duplicate biological replicates. Asterisks denote significance levels (*P < 0.05, **P < 0.01, ***P < 0.001) for the Student t test.

Table 1. Growth characteristics of Dokdonia sp. MED134 at different light conditions

Seawater
culture
enrichment Treatment

Specific
growth rate
(μmax, h

−1)
Cell yield
(106/mL)

Cell volume
(μm3)*

Cell production
(105 mL−1·h−1)†

Carbon production
(fgC·cell−1·h−1)‡

Bicarbonate
incorporation
(fgC·cell−1·h−1)

Bicarbonate
incorporation:carbon

production (%)§

YEP Light 0.059 ± 0.007 25.9 ± 1.4 0.044 ± 0.005 7.59 ± 0.84 1.92 ± 0.39 0.47 ± 0.06 24.5 ± 5.9
Dark 0.048 ± 0.011 19.5 ± 1.1 0.036 ± 0.004 4.43 ± 1.41 1.84 ± 0.28 0.10 ± 0.01 5.4 ± 1.0

Ala Light 0.074 ± 0.001 12.3 ± 0.6 0.035 ± 0.004 2.42 ± 0.46 0.45 ± 0.09 0.14 ± 0.02 31.1 ± 7.9
Dark 0.031 ± 0.004 2.9 ± 0.2 0.029 ± 0.003 0.69 ± 0.09 0.79 ± 0.12 0.11 ± 0.01 13.9 ± 2.0

Cultures were incubated in the light and in darkness in artificial seawater enriched with either a mixed (YEP) or a single (Ala) dissolved organic carbon
source. Also shown is comparison of bicarbonate incorporation in relation to cell carbon production in the different treatments. Values represent mean ± SD
for three biological replicates, except for bicarbonate incorporation where values represent mean ± SD for four subsamples of duplicate biological replicates.
*Mean cell volume during growth at the time of bicarbonate incorporation measurements (Fig. 1).
†Calculated from 33.75 to 45.25 h (YEP) and 45.75 to 62.75 h (Ala) (Fig. 1).
‡Per cell carbon production calculated from abundance at the time of bicarbonate incorporation measurements, cell production, and carbon per cell. Carbon
per cell values were calculated based on measured cell volumes and the experimentally determined strain-specific carbon content for Dokdonia sp. MED134
cells growing in YEP; values for cells growing in the light or in the dark were 515 ± 103 (n = 3) or 778 ± 115 μgC·μm−3 (n = 3), respectively (Student t test, P =
0.015). The YEP light and dark carbon content values were applied also to the cells growing in the Ala light and dark cultures, respectively. Strain-specific
carbon content errors have been used in error propagation calculations for each biological replicate to determine the SDs for carbon production. Resulting
carbon per cell values ranged from 28.2 fgC·cell−1 in YEP to 18.2 fgC·cell−1 in Ala.
§SDs represent the relative cumulative error obtained by error propagation calculations from carbon production and bicarbonate incorporation.
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carboxylase gene was significantly up-regulated in the light from
51 to 72 h, whereas it was stably expressed in darkness (Fig. 3).
The PEP carboxykinase gene was more highly expressed in the
light from 72 h onward.
Gene expression levels for the glyoxylate shunt enzymes iso-

citrate lyase and malate synthase were very low throughout the
experiment in YEP (Figs. 3 and 4). However, unexpectedly, the
highest levels of relative gene expression in the present study
were recorded for these glyoxylate shunt enzymes in Ala in the
light (139 and 36, respectively), whereas values remained very

low in the dark (well below 0.4); i.e., up to 300-fold higher levels
in the light compared with darkness. Consequently, only in Ala
the difference in expression of the glyoxylate shunt genes be-
tween cultures in the light or in darkness changed significantly
over time (F > 80.67, df = 4, 16, P < 0.001).

Distribution of PR and Glyoxylate Shunt Genes in Seawater. Integrated
across 63 samples of the global ocean survey (GOS) metagenome
sequence data, 7,087 PR gene copies were found, and the
genes for isocitrate lyase (5,881 copies) and malate synthase
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housekeeping genes rpoD and recA. Error bars denote SE of triplicate biological replicates. Superscript letters after gene product names denote significance
levels (aP < 0.05, bP < 0.01, cP < 0.001) of differences in gene expression in light or darkness changing over time, as determined by repeated-measures ANOVA.
Asterisks denote significance levels (*P < 0.05, **P < 0.01, ***P < 0.001) of differences in gene expression between light and darkness at specific time points, as
determined by Fisher’s LSD test. For statistical analysis of changes in expression levels over time within light treatment or in darkness, see Table S1.
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(10,727 copies) were similarly abundant (Table S2). Normal-
ization to recA (13,928 copies) indicated that these genes were
present in around 54%, 43%, and 78% of marine bacteria,
respectively.
Having determined that glyoxylate shunt genes are widely dis-

tributed in marine bacteria, we next analyzed the as yet most ex-
haustive dataset on variability in gene expression over a 48-h
period in Pacific surface water off Monterey Bay (30) to examine
potential light-dependent patterns in gene expression (Fig. 5). The
relative expression levels of the housekeeping gene recA varied
very little, with no clear patterns in relation to light intensity,
whereas the PR gene showed a small increase with light the sec-
ond day and a larger increase on the third day (Fig. 5A). However,
for the glyoxylate shunt gene encoding isocitrate lyase, the relative
expression peak values coincided with the highest solar irradiance
(Fig. 5B). Corresponding patterns were not observed for malate
synthase. Diurnal patterns were pronounced also for the isocitrate
lyase sequences specifically assigned to the ubiquitous SAR11
clade (Alphaproteobacteria), which was the most abundant taxon
of bacteria with PR photoheterotrophic capacity in the dataset
(Fig. S1). For the second most abundant bacterial taxon, the
SAR86 clade (Gammaproteobacteria), changes in isocitrate lyase

sequence abundance were barely visible (Fig. S1), possibly due to
the relatively lower number of reads assigned to this taxon.

Discussion
The present study demonstrates that light profoundly affected
gene expression patterns, metabolic activities including carbon
acquisition, and growth in PR-containing Dokdonia sp. MED134,
and that these responses were modulated by the availability of
organic matter. Previous work had established that growth of
MED134 was stimulated by light in seawater with submillimolar
concentrations of DOC (11, 12). Moreover, the net benefit of
PR phototrophy was shown to increase with decreasing DOC
concentrations. Our experiments showed that, despite lower
cell yields with alanine [Ala; consistent with reduced growth of
bacteria on single compared with mixed carbon sources (31, 32)],
the largest response to light occurred when growing on Ala rather
than with YEP—even though the DOC concentration with Ala
(0.70 μM C) was twice that used for YEP (0.30 μM C). Thus, the
net benefit of PR phototrophy is not only dependent of carbon
concentration but is also tightly dependent on DOC quality.
In addition to light stimulation of growth, we also found an

increase in anaplerotic CO2 fixation rates in the light. This phe-
nomenon had been noted in the closely related Polaribacter sp.
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MED152 (25). Together with analyses of the genomes of PR-
containing marine Bacteroidetes, this lead to the hypothesis that
anaplerotic reactions could be an important component in de-
fining the role of PR phototrophy (25, 26, 33). Although the re-
sponse observed here was qualitatively similar to that in Polaribacter
sp. MED152, the per-cell bicarbonate incorporation rates in
MED134 were two orders of magnitude higher than in MED152
(0.02–0.47 compared with <0.001 fgC·cell−1·h−1, respectively).
This difference is likely due to the different culture media used
in the two studies; i.e., artificial seawater with submillimolar con-
centrations of DOC for Dokdonia sp. MED134 and full strength
Marine Broth medium diluted only 1:8 with artificial seawater for
Polaribacter sp. MED152 (two orders of magnitude higher DOC
concentrations). Furthermore, light also stimulated leucine in-
corporation rates, i.e., an established measure of protein synthesis.
Interestingly however, the amplitude in CO2 fixation responses
were larger than in leucine incorporation rates, especially in Ala.
This difference in response amplitude possibly suggests that ana-
plerotic reactions are more immediately linked to the energy
harvesting process through PR than protein synthesis—i.e., the
latter likely represents a more general measure of bacterial activity
that integrates the effects of both the heterotrophic metabolism
and PR phototrophy. Thus, our findings provide experimental

support for the suggestion that anaplerotic reactions provide PR-
containing bacteria with an increased flexibility in carbon acqui-
sition pathways to efficiently adjust their biosynthetic machinery
to natural variations in light and dissolved organic matter in
surface waters (25, 26, 33).
The contribution of anaplerotic CO2 fixation to the cellular

carbon demand in marine bacteria remains little studied, par-
ticularly in photoheterotrophic bacteria. In model heterotrophic
bacteria such as E. coli and Pseudomonas aeruginosa, the con-
tribution of carbon from anaplerotic CO2 fixation to cell carbon
varies between 1% and 8% (34). In contrast, a recent experi-
mental study of mixed assemblages of bacteria from Arctic deep
waters reported that bicarbonate incorporation, possibly driven
by bacterial carboxylases, was equal to bacterial heterotrophic
production rates (35). More constrained data on the potential
for CO2 fixation in heterotrophic bacteria are provided for the
bacteriochlorophyll a-containing Roseobacter denitrificans strain
OCh 114. Carbon flux measurements in this strain, using MS
analysis of isotopic labeling of amino acids, showed that it
obtains 10–15% of its cellular carbon from anaplerotic fixation
of CO2 (36), consistent with the presence of anaplerotic enzymes
encoded in the genome (37). Light stimulation of CO2 fixation
was not observed in this strain (36), although it is observed in
several aerobic anoxygenic phototrophic bacteria (38). As a con-
sequence of PR phototrophy, carbon from bicarbonate accounted
for 24% and 31% of the carbon incorporated by the MED134
cells in the light in YEP and Ala, respectively, whereas percent-
ages were significantly lower in the dark. This important contri-
bution indicates that MED134 behaves as a facultative double
mixotroph in the light: it uses both light and organic matter as
energy sources and both bicarbonate and organic matter as
carbon sources.
Based on the values in Table 1 and assuming growth efficiencies

of 5–35% in our experiments, representative of offshore to coastal
waters (39, 40), the CO2 fixation in MED134 could contribute
between 0.2% and 5% to the total carbon demand of the cells in
the dark and up to 18% in the light. These findings imply that
light-induced anaplerotic CO2 fixation contributes substantial
portions of cell carbon to PR-containing bacteria and can be more
important for marine bacteria than heretofore recognized. Thus,
anaplerotic CO2 fixation by this and other photoheterotrophic
bacteria may represent an unrecognized entry point for carbon
into planktonic biomass, with significant impacts on the bio-
geochemistry of the oceans.
The significant light-stimulated expression of bicarbonate ac-

quisition genes in both media, and of pyruvate carboxylase in Ala,
likely contributed to the observed responsiveness of CO2 fixation
rates to light. In addition, the PEP carboxylase and malate de-
hydrogenase (NADP+, decarboxylating) genes were more highly
expressed than the pyruvate carboxylase gene (especially in the
early exponential phase), suggesting that these enzymes may also
have important roles in anaplerotic CO2 fixation at certain growth
stages. These anaplerotic enzymes act to replenish TCA inter-
mediates when they are being used for biosynthesis (41). The TCA
cycle is normally used for oxidation of organic matter to produce
reducing power, which can subsequently be used for biosynthesis or
be oxidized in respiration to generate the proton motive force
across the cell membrane. Also, some TCA cycle intermediates are
the starting points of central biosynthetic pathways, and during
growth, the concentrations of such intermediates decrease and have
to be filled in via anaplerotic reactions. In the case of PR-containing
bacteria, the proton motive force can be generated by light and,
therefore, the TCA cycle can be shifted toward biosynthesis, which
in turn would require stimulation of the anaplerotic reactions.
This light-induced adjustment in metabolism appears to be

dependent on resource availability. Indeed, the very low ex-
pression of the PR gene in early exponential phase coincided
with the highest expression of the two classical TCA cycle genes
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(i.e., isocitrate dehydrogenase and 2-oxoglutarate dehydrogenase)
at this time in nearly all treatments. As growth progressed, the
expression of these TCA cycle genes decreased, concomitant with
a strong increase in PR gene expression in the light cultures. These
changes in expression suggest that MED134 cells in both mixed
and single carbon media were geared to take advantage of PR
photoheterotrophy primarily once the availability of substrates for
genuine heterotrophic growth decreased.
Regarding the model carbon sources studied here, YEP pro-

vides a very varied combination of substrates, precursors, and
vitamins. Likely, the most common situation in nature confronts
the cells with a rather unbalanced combination of compounds.
Alanine is an extreme case of this situation, because it can only
enter the cell metabolism in MED134 by conversion to pyruvate
at the step right before the TCA cycle. Growth in seawater with
alanine requires the bacterium to synthesize all its precursor
metabolites from just one type of molecule, and therefore, it
requires the induction of metabolic pathways associated with
gluconeogenesis, anaplerotic reactions, and the glyoxylate shunt
(41). We infer that the increased dependence on anaplerotic
reactions during growth in Ala compared with YEP contributed
to explaining the higher proportion of cell carbon obtained
through anaplerotic CO2 fixation in Ala compared with YEP dark
cultures (14% and 5%, respectively). Consequently, the genes
investigated here showed generally higher relative expression
levels in Ala compared with YEP, which is in agreement with
the more pronounced differences in physiological variables
between light and dark found in Ala. Up-regulation of the PEP
carboxykinase gene, which typically catalyzes the rate-control-
ling step in gluconeogenesis (42), suggests that, indeed, light
stimulated the gluconeogenic rate in Ala.
Besides the strong light stimulation of PR gene expression (both

in seawater with mixed organic carbon and with alanine), light had
a strong influence on the expression of the glyoxylate shunt genes
in seawater with alanine. The glyoxylate shunt is a long recognized
alternative pathway in the TCA cycle that allows cells to use fatty
acids or other gluconeogenic compounds, such as acetate and
pyruvate, when glucose or mixed (glycolytic) organic matter
sources are not available (43–45). It is noted that the glyoxylate
shunt pathway in some organisms can be induced when cells have
excess ATP (41), but light regulation of this pathway has to our
knowledge not been observed previously. The glyoxylate shunt
bypasses the TCA cycle steps where two CO2 molecules are re-
leased (Fig. 4). In so doing, the steps are also omitted where two
NAD(P)H molecules are produced that typically are used for
reducing power in biosynthesis or ATP production through oxi-
dative phosphorylation. Thus, in microorganisms with an ATP
production potential through PR phototrophy, the glyoxylate
shunt, if induced, could have important implications for growth in
organic carbon-limited but sunlit marine environments.
We infer that the strong up-regulation of the glyoxylate shunt in

MED134 under light exposure in seawater with alanine, and thus
the ability to save carbon molecules for biosynthesis, is possible
thanks to the generation of ATP through PR phototrophy (Fig. S2).
In this scenario, harnessing of light energy in MED134 reduces the
dependence of cells on ATP from NADH driven oxidative phos-
phorylation. Indeed, energy from PR phototrophy reduces the
dependence on carbon respiration, as seen from experiments both
in marine PR-containing Candidatus Pelagibacter ubique and in
a heterologous host PR expression system (17, 24). However, our
expression analyses in MED134 showed that the standard TCA
cycle genes were expressed in parallel with the glyoxylate shunt
genes, consistent with the need of actively growing cells to use
TCA cycle intermediates and reducing power for diverse cellular
processes. Collectively, these findings suggest that the regulation
of central metabolic pathways by light, in parallel with light
stimulation of anaplerotic CO2 fixation, account for the strong
impact of light on growth of MED134 in seawater.

The high abundance of glyoxylate shunt genes reported here
for surface ocean bacterioplankton sampled by the global ocean
survey (GOS)–present in roughly half of the bacteria–parallels
the widespread distribution of the PR gene (6, 7). When we
checked the expression of our genes of interest in natural sea-
water off Monterey Bay (30), however, only one of the two key
enzymes in the glyoxylate shunt, i.e., isocitrate lyase, showed diel
cycles (Fig. 5 and Fig. S1). This pattern was similar in MED134,
where its expression was up to four times higher than malate
synthase. The relatively stable expression of malate synthase in
the surface waters may be explained by its involvement in mul-
tiple pathways, such as degradation of glycolate, a byproduct of
photorespiration in photoautotrophs. It must be considered that
things are more complex in nature than in culture and that a very
significant fraction of the genes in these waters belonged to the
SAR11 and SAR86 clades and not to Flavobacteriia such as
MED134. There is as yet no experimental evidence for the
ecophysiological importance of PR utilization in members of the
SAR86 clade. Further, knowledge on the distribution of genes for
the glyoxylate shunt and anaplerotic CO2 fixation among marine
Gammaproteobacteria remains scarce, but such genes are found
in genera like Vibrio and Marinobacter (25, 45). The use of PR in
SAR11 is clearly different from that in Flavobacteriia (11, 24). In
particular, although marine Flavobacteriia can use PR photo-
trophy to improve growth (11, 46), in SAR11 clade bacteria, thus
far, PR light harvesting has instead been shown to promote
survival during starvation (24). Direct comparative analysis of
molecular mechanisms accounting for differences in how light is
harnessed by marine bacteria with distinct life strategies remains
a future undertaking. Nevertheless, the very well-marked cycle of
isocitrate lyase in relation to light suggests that similar shifts
between the TCA cycle and the glyoxylate shunt may be occurring
in natural bacterioplankton populations dominated by SAR11.
Among the continuum of compounds from low-molecular-

weight monomers to complex high-molecular weight polymers
constituting the marine dissolved organic matter pool, a number of
specific carbon compounds, including, for example, glucose and
amino acids like alanine, have been shown to play essential roles in
supplying organic carbon for heterotrophic marine bacteria (28, 29,
47). Moreover, such compounds exhibit substantial spatiotemporal
variability in both concentrations and turnover times, thus exerting
control on the growth of marine bacterial populations (27, 48). Our
findings suggest that PR-containing bacteria have a wider than
heretofore recognized repertoire of tightly integrated metabolic
and physiological responses, including shifts in carbon acquisition
pathways, to adapt to natural variations in not only the bulk con-
centration, but also the quality, of available DOC. Thus, dynamic
changes in the dissolved organic matter may have profound impacts
on how PR-containing bacteria realize their phototrophic potential.

Materials and Methods
Growth Conditions. Dokdonia sp. MED134 colonies were grown on marine
agar plates (Difco) for 2 d and then inoculated into 20 mL marine broth
(Difco) in acid-washed 100-mL glass bottles and cultivated overnight on a
shaker (140 rpm; Unimax 2010 orbital shaker, Heidolph) at room tempera-
ture. Next, 50 μL of overnight cultures was transferred to 1-L acid-washed
polycarbonate bottles containing either marine broth (i.e., essentially a mix
of yeast extract and peptone, YEP; Difco) or L-alanine (Ala) diluted in 150 mL
artificial seawater (35 practical salinity units, prepared from Sea Salts; Sigma)
so that the final concentration of dissolved organic carbon was 0.3 and
0.7 mM, respectively. Note that the higher carbon concentration in seawater
with Ala was intentionally adjusted in an attempt to obtain similar levels of
cell yields with the two carbon sources, because preliminary experiments
had indicated lower yields with Ala as carbon source compared with YEP [as
also observed by Kimura et al. (12)]. Yeast extract [0.0005% (wt/vol) final
concentration; Difco], NH4Cl, and Na2HPO4 (0.112 and 0.021 mM final con-
centrations, respectively) were added to the Ala media to provide vitamins,
complementary nitrogen, and phosphorus. YEP cultures received final con-
centrations of 0.048 mM N from NH4Cl and 0.09 mM P from Na2HPO4,
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respectively. After 2–3 d of cultivation in light conditions (180 μmol
photons·m−2·s−1; Osram, LUMILUX Daylight lamps, L36W/865), 5 × 103 bacteria/mL
were transferred to 1-L acid-washed polycarbonate bottles containing 500 mL
artificial seawater with YEP or Ala and cultivated in light or dark conditions
(triplicate cultures in each condition, i.e., three biological replicates). Cul-
tures were maintained at 21 °C without shaking to reduce aggregation and
flock formation. At different time points, bacterial abundance and mor-
phology were determined by epifluorescence microscopy (Zeiss Axiotron) of
SYBR Gold (Invitrogen)-stained cells, and sampling for RNA extraction was
carried out. Also, subsamples were taken after 36 and 51 h of cultivation in
YEP and Ala seawater media, respectively, corresponding to the exponential
growth phase and for use in the bicarbonate and leucine incorporation
rate measurements.

CO2 Fixation and Heterotrophic Activity. Bicarbonate incorporation was
measured as previously described (25), with some modifications. Briefly, five
subsamples from two cultures of each incubation (light/dark) and media
(YEP/Ala) condition were transferred to BD Falcon 50-mL tubes (BD Biosciences).
From each original incubation condition, two subsamples were placed in
transparent tubes, and two subsamples were placed in dark tubes (tubes
covered by aluminum foil). The remaining subsample was killed with formal-
dehyde [3.7% (wt/vol) final concentration] and used as a control. All sub-
samples were incubated under white light (180 μmol photons·m−2·s−1) for 4 h
with radiolabeled bicarbonate (H14CO3

−; 3 μCi final concentration; DHI). That
bicarbonate incorporation increased linearly over 4-h incubations was de-
termined experimentally through hourly subsampling. After incubation, the
subsamples were filtered through 0.22-μm pore size polycarbonate filters
(25 mm diameter, Supor-200; Pall) that were subsequently placed in vials and
exposed to 0.7 M HCl overnight. Four milliliters of scintillation mixture (Perkin-
Elmer) was added to each filter, and the vials were kept in darkness for at least
24 h. Radioactivity was measured in the scintillation counter (Wallac 1414 Win
Spectral). Finally, bicarbonate incorporation rate measurements were calcu-
lated based on the standard radioactive carbon assimilation technique (49).

Subsamples from the two seawater media (YEP/Ala) were used for leucine
incorporation measurements (50) in the same treatment conditions as bi-
carbonate incorporation (i.e., light-to-light, light-to-dark, dark-to-light, and
dark-to-dark). Triplicate samples of 1.2 mL bacterial culture were incubated
with 40 nM [3H] leucine (Perkin-Elmer, specific activity of 170 Ci mmol−1).
One hundred twenty microliters of 50% cold TCA was immediately added to
duplicate controls. Triplicate samples were incubated for 2 h and fixed with
120 μL of 50% cold TCA. Subsequently, the subsamples and the controls
were kept at −20 °C until centrifugation (at ∼12,000 × g) for 20 min, fol-
lowed by aspiration of the water. Then, 1 mL of scintillation mixture was
added to all of the tubes. After 24 h, radioactivity was measured in scintil-
lation liquid counter, and leucine incorporation rates were calculated.

Particulate Organic Carbon. Strain-specific per cell carbon content inDokdonia
sp. MED134 was determined for cells from midexponential phase cultures in
artificial seawater with YEP (for culture growth conditions, see above). Ali-
quots of 700 mL from each of triplicate 1-L cultures growing in the light or in
darkness were filtered onto precombusted 25-mm glass fiber filters (GF/F;
Whatman). Epifluorescence microscopy, as described above, confirmed that
filtration resulted in efficient harvesting of cells (i.e., no cells were observed
in the filtrate). Filters with culture media only and blank precombusted fil-
ters were included as controls. Immediately after filtration, filters were dried
at 60 °C overnight and then stored in a desiccator until analyzed for carbon
content (Costech ECS 4010 Elemental Analyzer; Costech International).

RNA Extraction. Suspensions from each replicate (2–8 mL) were transferred to
individual tubes containing RNAprotect Bacterial Reagent (4–16 mL; Qiagen).
After centrifugation (at 15,344 × g) for 10 min, the supernatant was removed
and stored at −80 °C. Total RNA was extracted using the RNeasy Mini kit
(Qiagen) according to the RNAprotect Bacterial Reagent protocol, and
samples were treated with RNase-free DNase I (Qiagen) and TURBO-DNA
free (Ambion) to eliminate residual genomic DNA. The NanoDrop 2000
(Thermo Scientific) was used to quantify and check the integrity of the
total RNA before it was stored at −80 °C until use.

Quantitative PCR. Quantitative PCRs (qPCRs) were performed with the Step-
OnePlus Real-time PCR System (Applied Biosystems) using 11 distinct primer-
pairs specific for different genes potentially associated with PR phototrophy
(Table S3). The primers were designed using Primer3 (www.bioinfo.ut.ee/

primer3/) and then synthesized (Sigma-Aldrich). PCR products were sequenced
by Eurofins MWG Operon (Germany). For qPCR, Power SYBR Green RNA-to-CT
1-Step kit (Applied Biosystems) was used according to the manufacturer’s
protocol, and reactions were performed in a 10-μL volume containing 0.45 μM
of each primer (as determined after optimization), 1 μL RNA, 0.08 μL RT
Enzyme Mix (125×), and 5 μL Power SYBR Green RT-PCR Mix (2×). The
thermal cycling conditions were as follows: 48 °C for 30 min and 95 °C for 10
min, followed by 40 cycles at 95 °C for 15 s and 60 °C for 1 min. The specificity
of the primer pairs was checked using the melting curve analysis. All samples
were assessed in technical triplicates, with negative control (distilled water)
and RT-negative control samples included in each run.

To obtain adequate reference genes for normalization of gene expression,
the housekeeping genes rpoB, rpoD, recA, and gyrB were evaluated; qPCR
reactions were carried out as mentioned above. The expression stability of
potential reference genes was determined with geNorm (51) and BestKeeper
(52) software tools. This analysis resulted in the genes encoding RNA poly-
merase subunit D (rpoD) and recombinase A (recA) being selected as reference
genes. The relative expression ratios for each target gene were computed
based on the comparative Ct (2

−ΔΔCt) method, which combines gene quanti-
fication and normalization into a single calculation (53). After normalization
to rpoD and recA, average values and SEs of relative expression ratios for
our investigated genes were calculated using data from triplicate biological
samples.

Statistical Analyses. Treatment-specific differences in bicarbonate and leucine
incorporation rates, cell carbon content, and bicarbonate incorporation:carbon
production percentages were analyzed using the Student two-tailed t test
(STATISTICA v7.1; StatSoft). For gene expression patterns, repeated-measures
ANOVA was first carried out to test whether differences in gene expression
levels between light treatment and dark controls changed significantly over
time. Thereafter, Fisher’s least significant difference (LSD) tests were done to
identify statistically significant differences in gene expression levels:
(i ) between light and darkness at each individual time point sampled in
each of the two media used and (ii ) between time points within the light
treatment or in darkness (GenStat v16.2; VSN International Ltd.). For the
statistical analyses, differences of P < 0.05 were regarded as significant.

Quantification of Genes in Bacterioplankton Community DNA and RNA. Selected
genes were quantified in the metatranscriptome dataset of Ottesen et al. (30),
which derives from natural seawater off the Monterey Bay (23 m depth). These
authors deployed a robot that drifted in parallel with the Northern California
coast in a Lagrangian way and collected samples for metatranscriptomics every
4 h over two day-night cycles. Functional assignment of the mRNA reads was
quantified by BLASTX against RefSeq (release 60, July 2013). Processing of the
initial sequences and functional annotation was as described in Ottesen et al.
(30), except that the annotation of the RefSeq peptide database was con-
firmed by searching for the protein family corresponding to each gene in the
analysis (PF00154, recombinase RecA; PF01036, Bac_rhodopsin; PF00463, iso-
citrate lyase; PF01274, malate synthase) to rely on a single and robust method
of annotation. To this end, hidden Markov models run with HMMER3 (54)
were used to determine its identity. A hit was considered valid if its score was
equal to or bigger than the gathering score for the model. The label of the
peptide in the RefSeq sequence file was modified to accommodate the an-
notation based on protein family hits.

The RefSeq database was also used to quantify hits to selected genes in the
global ocean survey (GOS) metagenome study (6). Before analysis, rRNA
sequences were removed by BLASTN against Silva database (55). A sequence
was considered part of the rRNA gene if the bitscore was ≥50. The resulting
non-rRNA sequences were translated using FragGeneScan (56). The GOS
peptides corresponding to the studied genes were identified by BLASTP
against the modified RefSeq when the bitscore was ≥50.
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