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ABSTRACT Nitrogen is one of the major nutrients limiting microbial productivity in the ocean, and as a result, most marine microorganisms have evolved systems for responding to nitrogen stress. The highly abundant alphaproteobacterium “Candidatus
Pelagibacter ubique,” a cultured member of the order Pelagibacterales (SAR11), lacks the canonical GlnB, GlnD, GlnK, and
NtrB/NtrC genes for regulating nitrogen assimilation, raising questions about how these organisms respond to nitrogen limitation. A survey of 266 Alphaproteobacteria genomes found these five regulatory genes nearly universally conserved, absent only in
intracellular parasites and members of the order Pelagibacterales, including “Ca. Pelagibacter ubique.” Global differences in
mRNA and protein expression between nitrogen-limited and nitrogen-replete cultures were measured to identify nitrogen stress
responses in “Ca. Pelagibacter ubique” strain HTCC1062. Transporters for ammonium (AmtB), taurine (TauA), amino acids
(YhdW), and opines (OccT) were all elevated in nitrogen-limited cells, indicating that they devote increased resources to the assimilation of nitrogenous organic compounds. Enzymes for assimilating amine into glutamine (GlnA), glutamate (GltBD), and
glycine (AspC) were similarly upregulated. Differential regulation of the transcriptional regulator NtrX in the two-component
signaling system NtrY/NtrX was also observed, implicating it in control of the nitrogen starvation response. Comparisons of the
transcriptome and proteome supported previous observations of uncoupling between transcription and translation in nutrientdeprived “Ca. Pelagibacter ubique” cells. Overall, these data reveal a streamlined, PII-independent response to nitrogen stress in
“Ca. Pelagibacter ubique,” and likely other Pelagibacterales, and show that they respond to nitrogen stress by allocating more
resources to the assimilation of nitrogen-rich organic compounds.
IMPORTANCE Pelagibacterales are extraordinarily abundant and play a pivotal role in marine geochemical cycles, as one of the

major recyclers of labile dissolved organic matter. They are also models for understanding how streamlining selection can reshape chemoheterotroph metabolism. Streamlining and its broad importance to environmental microbiology are emerging
slowly from studies that reveal the complete genomes of uncultured organisms. Here, we report another remarkable example of
streamlined metabolism in Pelagibacterales, this time in systems that control nitrogen assimilation. Pelagibacterales are major
contributors to metatranscriptomes and metaproteomes from ocean systems, where patterns of gene expression are used to gain
insight into ocean conditions and geochemical cycles. The data presented here supply background that is essential to interpreting data from field studies.
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dentifying nutrients that limit microbial productivity in the
oceans has been one of the key missions of biological oceanographers for over half a century. Using a combination of nutrient
fertilization and direct measurement of dissolved nutrient concentrations, studies have alternately found nitrogen (1–10), phosphate (11–13), iron (14–17), or silica (18–21) to limit the productivity in seawater. Meta-analyses that coalesced experimental
results across hundreds of studies found that anthropogenic contamination, geographic features, and time scales influenced the
limiting nutrient, with nitrogen more often limiting in pelagic
marine environments, polluted coastal waters, and short-term
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steady-state systems (19, 22–24). Recently, individual studies and
meta-analyses have found more than one nutrient— often nitrogen and phosphate—to be colimiting (22, 25–27), due to shifts in
overall N:P stoichiometry of bacterial communities according to
nutrient availability (28, 29).
Biosynthesis of nitrogenous compounds such as DNA, RNA,
and proteins is dependent on maintaining intracellular pools of
glutamine and glutamate. In nearly all bacteria, these two compounds are synthesized by glutamine synthetase (GS) and glutamate synthetase (glutamine-2-oxoglutarate-amidotransferase
[GOGAT]). These two enzymes work in concert to first condense
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ammonia and glutamate via GS to form glutamine, followed by
the GOGAT-mediated transfer of an amine group from glutamine
onto 2-oxoglutarate to yield two molecules of glutamate (30–33).
The activity of these enzymes in many Alphaproteobacteria is regulated by the PII protein GlnB, which is alternatively uridylylated/
deuridylylated by GlnD based on the 2-oxoglutarate/glutamine
ratio within the cell (30–33). The two-component signaling system NtrB/NtrC transduces the uridylylation state of GlnB into
transcriptional inhibition/activation of GS and other nitrogen assimilation genes (34). Unuridylylated GlnB also stimulates adenylylation of GS, thereby inhibiting GS activity when glutamine is
sufficient (35, 36). Uridylylated GlnB activates adenylremovase
activity to restore activity of GlnB. A second PII protein, GlnK, is
commonly cotranscribed with the ammonium transporter amtB
and posttranslationally reversibly inhibits AmtB’s transport activity within seconds of micromolar changes in ammonium levels
(31, 37–40). Altogether, this posttranslational signaling cascade is
believed to enable the cell to quickly inhibit ammonia uptake and
glutamine synthesis when exposed to pulses of high concentrations of ammonia (41–43), thereby preventing toxic buildup of
intracellular ammonia and depletion of the tricarboxylic acid
(TCA) cycle intermediate 2-oxoglutarate. One of the few studies
of PII transcription and translation showed a 50-fold to 100-fold
increase in mRNA abundance of five PII genes and a 72-fold to
115-fold increase in the abundance of two PII protein products in
response to nitrogen limitation in the nitrogen-fixing bacterium
Dehalococcoides ethenogenes (44). A thorough review and biochemical diagram of this pathway have been compiled by Arcondéguy et al. (30).
When the first representative species of the SAR11 clade was
sequenced in 2005, only two genes for regulating the assimilation
of nitrogen were identified: ntrY and ntrX (45). Although the sequence similarity between ntrY/X and ntrB/C may suggest a
shared evolutionary pathway for these two-component signaling
systems, structural and functional studies indicate that NtrY/X
cannot substitute for NtrB/C in cellular regulatory pathways. Unlike NtrB/C, which responds to fluctuations in intracellular glutamine, research on NtrY/X suggests that this two-component
system is involved in sensing the concentration of extracellular
nitrate (46) and has been postulated to connect nitrogen control
to the redox state of the cell through interactions with the RegB/
RegA two-component system (47).
The elemental composition of microorganisms is shaped in
large part by nutrient availability (48–54). A survey of metagenomic sequences and the genomes of marine bacteria, including
SAR11, concluded that competition for nitrogen in the marine
environment has selected for genomes high in AT and proteomes
low in nitrogenous amino acids (10). Additionally, microorganisms with the lowest mass in this environment have a distinct
advantage—not only because their absolute nutrient requirements for growth and division are minimal, but also because the
increased surface-to-volume ratio of small cells favors nutrient
acquisition (10, 55). Nitrogen and phosphate limitation on evolutionary time scales is hypothesized to drive genome streamlining, in which loss of nonessential DNA results in an increase in
fitness due to decreased costs of genome replication (45, 56, 57).
Oligotrophic marine environments are numerically dominated by
members of the Prochlorococcus genus and SAR11 that are well
adapted to surviving in nitrogen-limited environments through
the abovementioned adaptations (10, 45, 58). A cultured repre-
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sentative of the SAR11 clade (proposed order Pelagibacterales
[59]), “Candidatus Pelagibacter ubique” HTCC1062, was found
to have one of the smallest genomes (1.3 Mbp), lowest GC contents (33%), and smallest cell sizes (0.025 to 0.045 m3) among
free-living heterotrophs (45, 60). Assuming that these characteristics are the result of extreme selective pressure to optimize nitrogen utilization, we are led to question if the regulation, acquisition, or assimilation of nitrogen has also been radically remodeled
in this bacterium.
The objective of this study was to understand how “Ca. Pelagibacter ubique” and other SAR11 bacteria respond to nitrogen
limitation. Previous work had shown that many SAR11 metabolic
systems have been reduced in complexity by streamlining selection, resulting in noncanonical pathways with fewer enzymatic
reactions. Genome streamlining, essentially reduced instruction
sets for cells, in the past have been linked to tradeoffs that make
SAR11 more sensitive to environmental variation and explain why
these bacteria are challenging to culture. Our experimental strategy was to measure both the transcriptome and the proteome
because, in a previous study of iron limitation in this bacterium,
we observed that the responses of the proteome and transcriptome are largely uncoupled, an apparent consequence of an integrated regulatory response that includes both transcriptional and
posttranscriptional mechanisms of regulation (61). The data that
we present here demonstrate that “Ca. Pelagibacter ubique” has a
robust response to nitrogen limitation that is independent of the
PII regulatory systems. Faced with nitrogen limitation, these bacteria devote increased resources to assimilating amine groups
from organic compounds. The streamlined regulatory response of
“Ca. Pelagibacter ubique” to nitrogen limitation is simpler than
any described previously in the Alphaproteobacteria. The analysis
that we present also raises questions about the role of riboswitches
and other posttranscriptional control mechanisms in the integrated metabolic response of these cells to changes in their environment.
RESULTS AND DISCUSSION

Nitrogen requirement. As reported previously, the genome of
“Ca. Pelagibacter ubique” HTCC1062 encodes transporters and
enzymes for assimilating nitrogen from ammonium and nitrogenous organic compounds but lacks pathways for reducing and
assimilating nitrite, nitrate, and dinitrogen (45, 62). Achieving
nitrogen limitation in culture was complicated by the fact that
“Ca. Pelagibacter ubique” cells are conditional auxotrophs for glycine or serine and normally do not grow well in the absence of
these compounds or their precursors, such as glycine betaine (63,
64). The requirement for glycine or glycine precursors presented
an experimental design problem because “Ca. Pelagibacter
ubique” contains genes encoding the glycine cleavage complex
(gcvTHP), which degrades glycine to ammonium, potentially supplying a source of ammonium from glycine. Working with an
artificial seawater (ASW) medium in which ammonium (NH4)
was the sole nitrogen source, we found that “Ca. Pelagibacter
ubique” cultures achieved relatively high growth rates when provided with high levels of oxaloacetate (500 M) (Fig. 1; see Table S1 in the supplemental material). Titration of ammonium into
“Ca. Pelagibacter ubique” cultures growing on this medium revealed an apparent requirement of 338 attomoles of N per cell
(Fig. 2). Although the pathway of glycine biosynthesis under these
conditions is uncertain, we propose that, when provided at high

November/December 2013 Volume 4 Issue 6 e00133-12

Downloaded from mbio.asm.org on November 26, 2013 - Published by mbio.asm.org

Smith et al.

FIG 1 Growth curves of nitrogen-replete (red) and nitrogen-limited (blue)
batch cultures of “Ca. Pelagibacter ubique.” Artificial seawater medium contained 500 M oxaloacetate, 10 M DMSP, 500 M pyruvate, and trace nutrients (see Table S1 in the supplemental material). Arrows indicate time
points where samples for proteomic and microarray analysis were collected.

concentrations, oxaloacetate is converted to glyoxylate via the activity of isocitrate lyase (AceA), followed by transamination to
glycine by AspC (Fig. 3). Previously, based on its position in the
genome adjacent to genes encoding glycolate oxidase (glcDEF), it
was proposed that the gene annotated as aspartate aminotransferase (aspC, or glutamic-oxaloacetic transaminase) is instead an
aminotransferase that produces glycine from glyoxylate (64).
Absence of the PII regulatory network. The canonical PII
nitrogen assimilation regulatory network present in all other freeliving Alphaproteobacteria that we examined is absent from “Ca.
Pelagibacter ubique” (Fig. 4). The absence of glnB, glnD, glnK,
ntrB, and ntrC is not unique to strain HTCC1062; examination of
eight available genomes from the SAR11 clade (HTCC1062,

FIG 2 The maximum cell density achieved for batch cultures grown in the
dark at 16°C is plotted against addition of NH4Cl in the presence of excess
nutrients (average, n ⫽ 3 for each data point; R2 ⫽ 0.80; error bars show
complete range excluding one outlier shown with ⫻). The culturing medium
is described fully in Table S1 in the supplemental material. The trend line is
given by the equation y ⫽ 0.28x ⫹ 2.7, indicating a requirement of 338 attomoles of nitrogen per cell.
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FIG 3 Proposed pathway for the assimilation of NH3. Labeled genes were
detected at higher protein abundances under nitrogen-limiting stationary
phase, compared to nitrogen-replete stationary phase (quantified in
Table 1).

HTCC1002, HTCC9565, HTCC7211, HIMB5, HIMB114,
IMCC9063, and HIMB59) suggests that the absence of these five
genes is a common characteristic of subclade Ia organisms, although glnB, glnD, and glnK are present in the highly divergent
subclade Va organism HIMB59 (59, 65) and the subclade IIIa
organism IMCC9063 has a putative homolog of glnK. The distribution of these genes across the Alphaproteobacteria confirmed
that only a subset of obligate and facultative intracellular organisms were similarly deficient in PII regulatory genes (Fig. 4).
The missing PII genes glnB, glnD, glnK, ntrB, and ntrC are often
observed in other bacteria within widely conserved gene neighborhoods: glnB-glnA-ntrB-ntrC, map-glnD-dapA, and glnK-amtB
(33). We therefore examined the gene neighborhoods of the
SAR11 genes glnA, map, dapA, and amtB in each of the SAR11
genomes and in metagenomic data as a complementary method to
confirm the absence of the PII genes from the alphaproteobacterial
subgroup containing “Ca. Pelagibacter ubique.” Manual inspection of whole-genome alignments constructed with progressiveMauve (66) revealed that glnB, glnD, glnK, ntrB, and ntrC were
indeed absent from the canonical loci (above) in most strains,
with a few exceptions: HIMB59, which possessed glnB, glnD, and
glnK, exhibited the typical glnB-glnA and glnK-amtB arrangements. However, the predicted HIMB59 glnD was not carried adjacent to map or dapA, and the putative glnK in IMCC9063 was
not near amtB.
To assess the abundance of the PII genes glnB, glnD, glnK, ntrB,
and ntrC in natural populations of SAR11, the global ocean sampling (GOS) environmental data set (67) was queried for three
known PII operons (33), glnB-glnA-ntrB-ntrC, map-glnD-dapA,
and glnK-amtB, using SAR11 glnA, map, dapA, or amtB as a query
sequence to find fragments in which the greatest similarity was to
a SAR11 strain. Among 287 GOS sequences retrieved that con-

®

mbio.asm.org 3

Downloaded from mbio.asm.org on November 26, 2013 - Published by mbio.asm.org

First PII-Independent Response to Nitrogen Limitation

Downloaded from mbio.asm.org on November 26, 2013 - Published by mbio.asm.org

Smith et al.

FIG 4 Distribution of nitrogen assimilation genes in the Alphaproteobacteria. Maximum likelihood tree constructed with concatenated 16S-23S rRNA genes.
Most members of the SAR11 clade (highlighted in red) and some Alphaproteobacteria that are intracellular parasites (blue) are missing the PII genes glnB and glnK.
Monophyletic groups in which all members had the same pattern of genes present and absent were collapsed, except for SAR11. Bootstrap values (n ⫽ 1,000) are
indicated at the nodes. The scale bar indicates 0.1 change per position. “⫹” indicates at least one homolog present in the genome, while “⫺” indicates that no
homolog was identified.

tained amtB and at least one additional gene, only three contained
the glnK-amtB pair (3/287). Queries with glnA, map, and dapA
found no adjacent PII genes, yielding 0/137, 0/15, and 0/74, respectively, for multigene fragments. Thus, metagenomic data sup-
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ported the conclusion that the PII regulatory network is widely
absent from the SAR11 clade. These findings suggested that “Ca.
Pelagibacter ubique” might use an alternative mechanism to modulate the expression and activity of nitrogen assimilation genes—
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TABLE 1 Transcripts and proteins that were more abundant during nitrogen-limited stationary phasec
Fold change
Locus ID

Gene

Description

mRNA

Protein

SAR11_0818
SAR11_1304
SAR11_0747
SAR11_0460
SAR11_0953
SAR11_0279
SAR11_0433
SAR11_0032
SAR11_1365
SAR11_0434
SAR11_1210
SAR11_0061
SAR11_1166
SAR11_0359
SAR11_0733
SAR11_0321
SAR11_0807
SAR11_0134
SAR11_0183
SAR11_0162
SAR11_1285
SAR11_0267
SAR11_0008
SAR11_0334
SAR11_0077
SAR11_0142
SAR11_0304
SAR11_0750
SAR11_0504
SAR11_0680
SAR11_1143
SAR11_0171

amtB
sox
glnA
acuC
yhdW
aspC
gltD
ftsZ
msrB
gltB
occT
pilP

Ammonium transporter
Monomeric sarcosine oxidase
Glutamine synthetase
Histone deacetylase-like
Amino acid transporter: periplasmic
Aspartate transaminase
Glutamate synthase, small subunit
Cell division protein
Peptide methionine sulfoxide reductase
Glutamate synthase, large subunit
Octopine/nopaline transporter: periplasmic
Type 4 fimbrial biogenesis protein
Protein of unknown function
Outer membrane porin
Bacterial peptide chain release factor 2 (RF-2)
Pterin-4-alpha-carbinolamine dehydratase
Sulfonate/nitrate/taurine transporter: periplasmic
Cytochrome c oxidase
Xanthine/uracil/vitamin C permease
Chaperonin GroEL
Formate-tetrahydrofolate ligase
Multiple sugar transporter: ATP binding
Integral membrane proteinase
ATP-dependent protease
Thioredoxin reductase
Pirin; protein of unknown function
Short-chain dehydrogenase
Homocysteine S-methyltransferase
Cytochrome c
Formate dehydrogenase
Glutaredoxin
Rhodanese-related sulfur transferase

2.72
2.31
1.91
1.08
1.19
1.42
0.44
1.48
1.15
0.90
1.35
1.23
1.12
0.67
1.04
0.91
1.30
1.21
1.59
2.55
1.80
1.54
2.36
1.53
3.00
1.69
1.88
1.62
2.30
1.58
1.82
1.62

ⴙINF
ⴙINF
5.16b
2.65a
2.35b
2.04b
2.03b
1.84b
1.77b
1.74b
1.61b
1.58b
1.57b
1.55b
1.55a
1.52a
1.52b
1.51a
1.45
1.42b
1.20b
1.19b
1.13a
1.08a
0.83b
0.82a
0.79a
0.76b
0.74a
0.64b
0.61b
0.57b

ompU
prfB
phhB
tauA
cox1
groEL
fhs
msmX
hflK
hslU
trxB

mmuM
cycM
fdsB
grlA

q value of ⱕ0.05. No changes in mRNA abundance were supported by a q value of ⱕ0.05.
q value of ⱕ1e⫺5.
c The 32 genes in this table showed a minimum fold change of 1.5 supported by a P value of less than 0.05 in either mRNA or protein. Numbers in bold indicate a change in
expression supported by a P value of less than 0.05. ⫹INF (positive infinity) is used to denote instances where the protein was detected solely in the nitrogen-limited treatment.
a
b

possibly one which does not rely on the relative concentrations of
glutamine and 2-oxoglutarate.
Response to nitrogen limitation. “Ca. Pelagibacter ubique”
responded to nitrogen limitation by increasing the expression of
proteins responsible for transporting nitrogenous molecules into
the cell and for transferring amine groups to 2-oxoglutarate or
glutamate to form glutamate or glutamine, respectively (Table 1;
Fig. 3). The two most highly upregulated genes—an ammonium
transporter and a sarcosine oxidase—appear to be expressed only
in nitrogen-limited cells. A diverse collection of organic molecule
transporters, as well as aminotransferases, was also observed at
elevated abundances in nitrogen-limited cells, suggesting that
“Ca. Pelagibacter ubique” may be able to utilize a broad range of
nitrogenous compounds to satisfy its nitrogen requirement. This
observation is in agreement with previous genome investigations
(45), in vivo protein expression assays (68), and autoradiography
measurements of substrate uptake (69), which indicated a heavy
reliance on broad-specificity ABC transporters to acquire amino
acids, glycine betaine, ammonia, urea, spermidine, putrescine,
and other nitrogenous compounds. Interestingly, many proteins
predicted to be involved in nitrogen metabolism, including glutamine synthetase, glutamate synthase, and three of the four putative ammonium transporters encoded in the “Ca. Pelagibacter
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ubique” genome, were either downregulated or unchanged by nitrogen limitation (Table 2). We speculate that these proteins either are constitutively expressed or are modulated in response to
cell growth rate, rather than nitrogen availability.
Comparison of mRNA versus protein expression. Significant
differences in the relative abundances of individual proteins were
observed between nitrogen-limited and nitrogen-replete
stationary-phase cultures, but no statistically significant changes
in mRNA abundance were found at an alpha value of 0.05 when
using a Student t test corrected for multiple comparisons. In general, changes in the abundances of mRNAs and their corresponding proteins were not correlated, as is evident in Fig. 5, Table 1,
and Table 2. Overall, the range of change in mRNAs between
nitrogen-limited and nitrogen-replete stationary-phase cultures
was less than 3-fold, which is lower than what is typically observed
in studies of similar design. A consistent observation in similar
studies is that large changes in mRNA abundance are more likely
to be reflected by corresponding changes in protein abundance.
Likewise, in other studies, in plots analogous to Fig. 5 that compare changes in mRNA levels to changes in protein abundance,
correlations are typically low for mRNA changes of less than
3-fold (log10 ⫽ ⫾0.5). Therefore, because all mRNA changes that
we observed in response to nitrogen limitation were ⱕ3-fold (Ta-
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TABLE 2 Selected genes related to nitrogen assimilation that either decreased or remained constant in response to nitrogen limitationd
Fold change
Locus ID

Gene

Description

mRNA

Protein

SAR11_0040
SAR11_0049
SAR11_0050
SAR11_0080
SAR11_0086
SAR11_0216
SAR11_0502
SAR11_0534
SAR11_0655
SAR11_0699
SAR11_0809
SAR11_0829
SAR11_0946
SAR11_0948
SAR11_1151
SAR11_1187
SAR11_1305
SAR11_1308
SAR11_1310
SAR11_1313
SAR11_1315
SAR11_1316
SAR11_1317
SAR11_1346
SAR11_1361
SAR11_1368

carA
amt
amt
aatA
ilvE
hisC
argD

Carbamoylphosphate synthase, small subunit
Ammonium transporter
Ammonium transporter
Aspartate transaminase
Branched-chain amino acid aminotransferase
Histidinolphosphate aminotransferase
Acetylornithine aminotransferase
Aminotransferase
Leucine/isoleucine/valine transporter: periplasmic
Amidophosphoribosyltransferase
Alanine dehydrogenase
Cystathionine beta-lyase
Nitrogen regulation protein
Nitrogen assimilation regulatory protein
Glutamine-fructose-6-phosphate transaminase
Glutamate dehydrogenase
Glutamine synthetase
Glutamate synthase, large subunit
Ammonium transporter
Glutamine amidotransferase
Glutamate synthase, large subunit
Glutamine synthetase
Diaminopropionate ammonia-lyase
Leucine/isoleucine/valine transporter: periplasmic
Leucine/isoleucine/valine transporter: periplasmic
D-Amino-acid dehydrogenase, small chain

1.02
1.21
1.05
1.04
0.71
1.04
1.03
1.09
1.08
1.32
1.03
1.31
1.00
0.91
1.10
0.53
0.94
1.29
1.01
1.08
0.82
0.87
0.78
0.76
1.41
1.16

1.09
0.95
0.88a
0.60b
0.56b
0.46
0.99a
0.64a
1.02a
1.11a
0.83b
0.60b
1.04
0.43b
0.70a
0.57b
0.67b
0.66b
0.00c
0.70b
0.83a
0.72b
0.73b
0.79b
0.65b
0.73b

braC
purF
ald
metC
ntrY
ntrX
glmS
gdhA
glnT
gltB2
amt
glxB
glxD
glnT
ygeX
livJ
livJ2
dadA

q value of ⱕ 0.05. No changes in mRNA abundance were supported by a q value of ⱕ0.05.
q value of ⱕ1e⫺5.
c Peptides for SAR11_1310 were detected in control cultures but not in nitrogen-limited cultures.
d Fold change values in bold indicate that differential expression is supported by a P value of 0.05 or less.
a
b

FIG 5 Ratios for nitrogen-depleted relative to nitrogen-replete stationary
phase cells for mRNA abundance and protein abundance. Genes represented by a diamond are discussed in the text. The absence of a linear
relationship between proteins and their corresponding mRNAs indicates
that transcription and translation are uncoupled for a majority of proteins.
Though highly upregulated, amtB and sox are absent from the plot because
peptides for these gene products were not detected in the nitrogen-replete
cultures.
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ble 1), the most straightforward interpretation of our observation
that there was little correlation between transcripts and protein is
that there was little transcriptional regulation in response to nitrogen limitation. Below, we consider an alternative explanation,
that pulses of transcription were missed.
A potential explanation for the lack of statistical support for
changes in mRNA abundances in Table 1 was illustrated by Taniguchi et al. (70), who observed that half-lives for mRNA transcripts in Escherichia coli average only a few minutes. Because protein molecules are much more stable, often staying intact over the
entire cell cycle (70), highly significant changes in protein abundances observed in our experiment could have been driven by
discontinuous pulses of mRNA transcription. Examples of temporal variation in mRNA transcription have previously been observed in phosphate-limited Synechococcus cells (71) and ironlimited “Ca. Pelagibacter ubique” (61). We considered the
possibility that discontinuous pulses of mRNA transcription
could account for our observations by examining data from additional samples collected from these nitrogen-limited cultures at
~5 ⫻ 106 cells/ml, at the onset of stationary phase (Fig. 1), and
from excess-nitrogen cultures midway through exponential
phase. The additional data did not provide support for the hypothesis that missed pulses of transcription could account for the
lack of congruence between mRNA expression data and protein
abundance seen in Fig. 5. Samples collected at the onset of stationary phase exhibited trends in differential expression of mRNA and
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protein for glnA, gltB, and gltD that were nearly identical to cultures 6 to 8 days into stationary phase. Although the GlnA, GltB,
and GltD proteins were already elevated by the onset of stationary
phase in nitrogen-limited cultures, statistically significant changes
in mRNA expression (q value, ⱕ0.05) were not observed for any
gene in the same comparison (see Table S2 in the supplemental
material).
A second hypothesis that can explain incongruence between
mRNA and protein pools is differences in protein expression arising from posttranscriptional regulation of the mRNA pool, or
differential protein stability (70, 72–74). Steady-state mRNA/protein ratios are driven by the synthesis and degradation rates of
both the mRNA and the corresponding protein molecules, which
are influenced by both properties of the RNA, such as transcription factor binding site efficiency and codon bias, as well as regulatory activity, for example, targeted degradation of proteins in
response to specific stimuli (72–79). Recently, many riboswitches
that had previously been identified in other bacteria, and a number of novel riboswitch-like structures, were identified in Pelagibacterales genomes (80). Riboswitches are composed of stemloop structures in the 5= untranscribed region (UTR) of mRNA
transcripts and function by binding to low-molecular-weight metabolites and conditionally inhibiting translation of RNA transcripts based on metabolite availability (63, 80). Two different,
novel riboswitch-like structures are located upstream of amt and
amtB (80), two genes with protein products observed to be highly
responsive to nitrogen limitation in this study; AmtB
(SAR11_0818) was detected only in nitrogen-limited cultures,
while Amt (SAR11_1310) was detected only in nitrogen-replete
cultures (Tables 1 and 2). To explain uncoupling between transcription and translation previously observed in iron-limited “Ca.
Pelagibacter ubique” cells, Smith et al. proposed a mechanism that
could broadly suppress translation of transcripts via the expression of members of the cold shock family of RNA-binding proteins, CspE and CspL (61). However, CspE and CspL were not
among the proteins that changed in abundance in response to
nitrogen limitation.
In this study, in our previous work examining the effect of iron
limitation on “Ca. Pelagibacter ubique,” and in another unpublished study of sulfur limitation (81), we observed little or no
coupling between mRNA and protein levels. In other studies,
where good accord between transcriptomes and proteomes has
been observed, the focus was the cell’s response to changing external growth factors, such as metabolites (82), rather than a shift
from growth to starvation, as in our studies. It is possible that the
differences in mRNA/protein coupling between our studies and
others are due to our focus on macronutrient limitation, rather
than to intrinsic differences between the regulatory systems of
different cell types. Studying Prochlorococcus, another streamlined
organism that has a reduced suite of regulatory proteins, Hess et
al. concluded that the number of noncoding RNAs (ncRNAs) relative to genome size is comparable to those in other bacteria (83).
They suggested that RNA regulators likely play a major role in
regulation in Prochlorococcus and speculated that regulation by
ncRNAs may have been favored during selection for genome reduction because they require fewer resources than large protein
regulators. Thus, it remains uncertain whether the differences in
mRNA/protein coupling between our studies and others are due
to our focus on macronutrient limitation or instead to fundamental differences between streamlined cells and others.
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Regulatory proteins NtrY and NtrX. Nitrogen limitation in
“Ca. Pelagibacter ubique” did not have any effect on transcription
or translation of the membrane sensor NtrY. However, the relative
abundance of the transcriptional regulator NtrX was much lower
under nitrogen-limiting conditions (Table 2). It seems likely that
in “Ca. Pelagibacter ubique,” the two-component signaling system NtrY/NtrX is responsive to nitrogen limitation and plays a
role in the regulation of cellular responses. However, future studies are needed to determine which, if any, proteins are regulated by
NtrX. Fortunately, “Ca. Pelagibacter ubique” is an excellent
model organism for studying the activity of the NtrY/NtrX system
due to the absence of NtrB/NtrC, GlnB, and GlnD, which influence the activity of NtrY/NtrX in other organisms (46, 84, 85).
Ammonium transport and assimilation. Ammonium (NH4)
is an important source of nitrogen for microbial life in marine
environments, and it is likely that in nature and in our experiments ammonium transport is facilitated by one or more of the
four Amt paralogs found in the “Ca. Pelagibacter ubique” genome: SAR11_1310 (Amt), SAR11_0818 (AmtB), SAR11_0049,
and SAR11_0050. All four of these proteins were detected in this
study. The protein products of SAR11_0049 and SAR11_0050
were equally abundant across treatments, while the Amt encoded
by SAR11_1310 was more abundant in nitrogen-replete cells (Table 2), and the SAR11_0818 product was more abundant in
nitrogen-limited cells (Table 1).
Throughout this study, we use gene and protein names (e.g.,
“amt,” “amtA,” and “amtB”) as they appear in the literature and in
public databases; however, the phylogeny, naming, and classification of amt genes have not yet been resolved into a consistent
system. SAR11_0049, SAR11_0050, and SAR11_0818 are most
closely related to genes described as amtB, although only
SAR11_0818 is annotated as amtB. SAR11_1310, also annotated as
amt, is a phylogenetic outlier (data not shown). AmtA transporters have been associated with the transport of methylammonium
(67, 68, 86–88). In the Gram-positive actinobacterium Corynebacterium glutamicum, AmtA and AmtB were found to exhibit different substrate specificities for ammonium and methylammonium,
with AmtA displaying high substrate affinity and membrane
potential-dependent transport of methylammonium (86, 89).
However, other work has suggested that, in Salmonella enterica
serovar Typhimurium, AmtB functions by facilitating diffusion of
the gas NH3 and that it may serve a role in NH3 efflux (87).
The independent regulation of “Ca. Pelagibacter ubique” Amt
proteins suggests functional diversification, but there was no clear
indication of the role played by each paralog. Previously, “Ca.
Pelagibacter ubique” has been shown to oxidize methyl groups
from trimethylamine (TMA) and trimethylamine oxide (TMAO)
(86), and it may be able to use ammonium produced by demethylation of these compounds as a nitrogen source. We speculate
that some of the diversified family of Amt transporters found in
“Ca. Pelagibacter ubique” could be involved in transport of these
compounds.
Interestingly, the two Amt proteins that were regulated in
abundance, products of SAR11_1310 (amt) and SAR11_0818
(amtB), both have novel riboswitch-like structures in their 5=
UTRs (80). These putative riboswitches were first discovered in
“Ca. Pelagibacter ubique,” but no function for them has been
demonstrated (80). Here, we found that SAR11_1310 was equally
transcribed under both nitrogen-replete and nitrogen-limited
conditions, but its protein product was not detected in the
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nitrogen-limited treatment; conversely, both transcription of
gene SAR11_0818 and the abundance of the corresponding protein increased in the nitrogen-limited treatment. Evidence for the
involvement of structural RNA elements in nitrogen regulation
has been increasing in recent years: a glutamine-sensing riboswitch has been described in cyanobacteria and marine metagenomic sequences (90) and a transcriptional attenuator was found
to regulate expression of the PII gene for nitrogen fixation in the
deltaproteobacterium Geobacter sulfurreducens (91). In light of
the utilization by “Ca. Pelagibacter ubique” of riboswitches for
regulating a diverse array of metabolic processes (63, 80, 92) and
the absence of the usual AmtB regulators (NtrC and GlnK) in this
genome, we speculate that “Ca. Pelagibacter ubique” may have
acquired a novel riboswitch system for regulating its Amt paralogs, but how these paralogs function, and are regulated, is far from
clear.
Metabolic reconstruction suggests that ammonium transported into cells by Amt proteins is condensed with glutamate to
form glutamine, a common reaction catalyzed by glutamine synthetase (GlnA). The large (GltB) and small (GltD) subunits of
GOGAT are also present and complete the metabolic pathway for
regenerating glutamate from glutamine and 2-oxoglutarate. The
genome of “Ca. Pelagibacter ubique” encodes three copies of glutamine synthetase, only one of which (SAR11_0747) was upregulated in response to nitrogen limitation. Protein products from
the two other glutamine synthetase genes (SAR11_1305 and
SAR11_1316) were less abundant during nitrogen limitation.
SAR11_0747 is in class I (glnA), while SAR11_1305 and
SAR11_1316 are in class III (glnT). Previous studies of GlnA and
GlnT characterized these two protein classes as highly dissimilar in
structure, function, and phylogenetic distribution (33); GlnA is
nearly universal among bacteria, assembles into a dodecameric
multiprotein complex, and has a Km of 0.2 mM for ammonium,
while GlnT is clade specific, is an octamer, and has a Km of 33 mM.
It is noteworthy that in an order of organisms where paralogs
are infrequent (59), members of two different paralogous gene
families—ammonium transporters and glutamine synthetases—
were regulated in response to nitrogen limitation. Clearly, the metabolism of nitrogenous compounds plays an important, if as yet
poorly understood, role in the ecology of these cells.
Organic nitrogen transport and assimilation. Several organic
molecule transporters were observed to be more abundant in cells
limited by nitrogen availability. As detailed in Table 1, these include the periplasmic components of ABC transporters which recognize a diverse collection of nitrogenous molecules, including
amino acids (YhdW), taurine (TauA), and opines (OccT). The
outer membrane porin protein OmpU was also more abundant in
nitrogen-limited cultures and may serve to increase the diffusion
rate of both ammonium and nitrogenous organic molecules into
the periplasmic space. This collection of upregulated proteins is in
good accord with the set of most highly detected proteins from a
metaproteomic analysis of seawater from the Oregon coast, in
which the environmental proteome was dominated by YhdW,
TauA, polyamine transporters, and glutamine synthetase from
“Ca. Pelagibacter ubique” (93), and underscores the means by
which laboratory experiments can be used to validate interpretations of gene expression in the environment.
The second most highly upregulated enzyme (SAR11_1304) in
nitrogen-limited cells is annotated as monomeric sarcosine oxidase. Previously, Sun et al. (89) noted the presence of a family of
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FIG 6 (A) Annotated function of the highly upregulated protein
SAR11_1304. (B and C) Alternate functions for SAR11_1304, predicted by a
metaprotein threading approach (I-TASSER).

paralogous sox genes in “Ca. Pelagibacter ubique,” some of which
were linked to the pathway for the oxidation of glycine betaine,
through the intermediate sarcosine. However, it is unknown why
“Ca. Pelagibacter ubique” has genes that encode multiple Sox proteins. The other two sox operons in the “Ca. Pelagibacter ubique”
genome encode the subunits of multiprotein holoenzymes,
whereas SAR11_1304 is presumed to encode a monomeric protein. Analysis with the program I-TASSER confirmed that
SAR11_1304 is structurally related to other monomeric sarcosine
oxidases and also has structural similarities to both amine demethylases and deaminases (Fig. 6). Given the high expression of the
SAR11_1304 mRNA transcripts and protein in nitrogen-limiting
cells, we speculate that this protein functions in making amine
groups available for biosynthesis. Amine demethylases convert
secondary amines (R–NH–CH3) and tertiary amines [R–
N(CH3)2] to primary amines (R–NH2). Deaminases, on the other
hand, liberate ammonia from compounds with primary amine
groups.
A number of incompletely characterized pathways for the uptake and oxidation of nitrogenous organic compounds have been
demonstrated or suggested in “Ca. Pelagibacter ubique.” The monomeric sarcosine oxidase SAR11_1304 is likely involved in some
aspect of this metabolism, but its function remains uncertain. Previous work has shown that methyl groups from TMA and TMAO
are oxidized by “Ca. Pelagibacter ubique” (89), and a TMAO oxidase has been identified in the genomes of “Ca. Pelagibacter
ubique” (94). However, the genome does not contain genes for
dimethylamine (DMA) monooxygenase, leaving in question the
pathway used by “Ca. Pelagibacter ubique” to metabolize DMA, a
product of TMAO oxidation.
Other questions are raised by the observations that, although
transporters for a variety of nitrogenous compounds are upregulated by HTCC1062 during nitrogen limitation, few, if any, enzymes were concomitantly expressed for transferring amine
groups from these substrates to other compounds. One potential
explanation for this is that such enzymes are expressed only when
specific nitrogenous substrates are present within the cell. If this is
the case, the control of nitrogen metabolism contains additional
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regulatory elements not stimulated by the experimental conditions of this study.
Proposed regulatory model. The PII regulatory system performs three important functions: (i) regulating GS/GOGAT activity to prevent the depletion of the TCA cycle intermediate
2-oxoglutarate, (ii) controlling ammonia transport to guard
against toxic pulses, and (iii) inhibiting/stimulating transcription
of genes related to nitrogen assimilation. Based on the observations in this study, as well as those from previous experiments with
“Ca. Pelagibacter ubique,” we propose the following model for
how this organism regulates these three processes without the
usual collection of PII genes.
Maintaining an adequate pool of the intermediate
2-oxoglutarate is essential to the functions of the TCA cycle. One
of the functions of the PII system is to regulate competition between the TCA cycle and GS/GOGAT for 2-oxoglutarate. In principle, competition for 2-oxoglutarate could cause energy starvation during periods of rapid N uptake. We speculate that
reorganization of central metabolism in “Ca. Pelagibacter ubique”
compensates for the negative consequences of removing the PII
system by employing the glyoxylate bypass to replenish TCA cycle
intermediates by AceA-mediated cleavage of isocitrate to succinate and glyoxylate. By this alternate pathway (Fig. 3), succinate
reenters the TCA cycle directly, and glyoxylate, after condensation
with acetyl coenzyme A (acetyl-CoA), reenters as malate (63). In
E. coli, the glyoxylate bypass is regulated by the product of aceK,
which is missing in “Ca. Pelagibacter ubique.” Thus, we propose
that constitutive expression of glyoxylate bypass enzymes allows
unchecked consumption of 2-oxoglutarate by GS/GOGAT without cessation of TCA cycle functions. This theory is supported by
our observation that the SAR11 strain HIMB59, the genome of
which encodes a PII network, is lacking the genes for the glyoxylate
bypass (59).
We propose that SAR11_1310 (Amt) facilitates ammonia efflux to limit intracellular spikes in ammonia concentration. We
speculate that, at toxic levels, ammonia, or one of its metabolic
products, such as glutamine, interacts with a cis-acting structural
RNA (80) to activate translation of the downstream SAR11_1310
gene on the mRNA transcript, thereby producing the protein
product to export excess ammonia from the cell. This hypothesis
is untested, in the sense that there is no direct evidence that the
SAR11_1310 Amt is an exporter; however, this model is in accord
with the pattern of expression observed for this gene. The
SAR11_0818 product was more abundant in nitrogen-limited
cells and is likely an importer for an unknown nitrogenous compound. The different riboswitch on this gene leads us to speculate
that translation of this protein product is released when concentrations of an intracellular effector, possibly either ammonia or
glutamine, drop.
The nitrogen-responsive transcriptional regulator in “Ca. Pelagibacter ubique” is proposed to be NtrX. This protein has been
previously noted for its similarity to NtrC, the transcriptional regulator in the typical PII regulatory system, and can recognize DNA
promoter regions (84, 85). Nitrogen limitation was observed to
have an effect on NtrX abundance in this experiment, with
nitrogen-limited cells containing less than half as much NtrX as
nitrogen-replete cells. This difference in concentration, as well as
potential posttranslational modifications through the NtrY/NtrX
two-component system, may affect transcription of genes in-
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volved in nitrogen assimilation in a manner similar to NtrC in
other alphaproteobacteria.
Summary. “Ca. Pelagibacter ubique” and other members of
the Pelagibacterales are proving to be fascinating subjects for experimental study because of their genomic and metabolic simplicity and their extraordinary success in competitive pelagic environments, which are frequently nutrient limited.
In examining the transcriptional and proteomic responses of
“Ca. Pelagibacter ubique” to nitrogen limitation, we have observed strong support for the following conclusions. (i) The PII
system for regulating nitrogen metabolism is conserved in all
known free-living alphaproteobacteria, except for most members
of the order Pelagibacterales, including “Ca. Pelagibacter ubique.”
(ii) Nitrogen-limited stationary phase in “Ca. Pelagibacter
ubique” is characterized by increases in genes encoding the metabolic enzymes GlnA, GltB, GltD, AspC, and Sox and the transport proteins YdhW, AmtB, OccT, and TauA. (iii) In “Ca. Pelagibacter ubique” cells limited for nitrogen, significant
differences in protein expression occurring in late log phase and
late stationary phase could not be accounted for solely by measured changes in transcript expression levels. Furthermore, observations from this study have led us to speculate the following. (i)
In response to streamlining selection, “Ca. Pelagibacter ubique”
and other members of the Pelagibacterales have evolved a noncanonical system, encoded by fewer genes, for responding to nitrogen limitation and assimilating amines. This system appears to
operate under the control of the NtrY/NtrX two-component regulatory system. (ii) When nitrogen limited, “Ca. Pelagibacter
ubique” increases the abundance of transporters for nitrogenous
organic compounds and ammonium, suggesting that these are
important sources of N for these cells in the environment. (iii) The
uncoupling of transcription from translation observed for the
genes SAR11_0818 (amtB) and SAR11_1310 (amt) suggests that
they may be controlled independently by two different, novel riboswitches previously identified in 5= UTRs of these genes. (iv)
Increases in the SAR11_1304 (sox) gene product, and structural
homology to other enzymes, suggest that this protein, which is
often annotated as a “monomeric sarcosine oxidase,” participates
in the production of primary amines or ammonia from environmentally available nitrogenous compounds.
MATERIALS AND METHODS
Phylogenetic analysis/PII orthologs. The Hal software package (95) was
used to generate clusters of orthologous proteins from 266 Alphaproteobacteria (IMG v350) using all-versus-all BLASTP followed by Markov
clustering (MCL) at 13 inflation parameters. Clusters generated with the
conservative inflation parameter of 3.0 were used to identify orthologs of
nitrogen assimilation genes. The genes glnB and glnK were clustered together at the 3.0 inflation parameter (and they are considered part of the
same COG-0347), so the distribution of these was curated manually for
organisms with only one ortholog by comparing gene neighborhoods
according to reference 32. glnB was designated if the ortholog was located
near glnA, and glnK was designated if the ortholog was located next to
amtB. In only two cases, these neighborhoods were not conserved, and the
IMG gene neighborhood alignment function was used to determine appropriate orthology designations. The complete gene distribution for all
strains is listed in Table S3 in the supplemental material and reported in
Fig. 4.
A concatenated 16S-23S rRNA gene tree was created manually using
rRNA gene sequences from 250 Alphaproteobacteria and six outgroups
from the Beta-, Gamma-, and Deltaproteobacteria. All genome and gene
identifiers for the taxa in the tree are also in Table S3 in the supplemental
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material. Some rRNA gene sequences from the original group of 263 taxa
(above) were of sufficiently poor quality or length to be excluded from the
tree or were missing altogether, although their nitrogen metabolism gene
distributions are reported in Table S3. 16S and 23S rRNA genes were
aligned separately with MUSCLE (96), and poorly aligned positions were
curated with Gblocks (97) using the settings in reference 98. The alignments were normalized and concatenated with normalize_alignments.py
and catPhylip.pl, respectively, included in the Hal package. The final
alignment contained 256 taxa and 4,025 characters. The final tree was
constructed with RAxML (99) using –f a –m GTRGAMMA –\# 1,000.
Searching metagenomic sequences for Pelagibacteraceae PII genes.
To investigate the frequency of PII genes in natural populations of Pelagibacteraceae, we searched the global ocean sampling (GOS) data set
(67) for PII genes present on the same read as Pelagibacteraceae genes. In
this search, PII genes absent from most Pelagibacteraceae genomes (PII
genes) are defined as glnB, glnD, glnK, ntrB, and ntrC. Genes present in
Pelagibacteraceae which are often neighbors to PII genes in other species
(neighbors) are defined as glnA, map, dapA, amtB, ntrX, and ntrY.
TBLASTn was used to search the GOS read data set for neighbors using an
expect score cutoff of 1e⫺5 and a limit of 10,000 matches per neighbor.
Open reading frames (ORFs) were translated from reads returned by this
search and then searched against the NCBI nonredundant database using
BLASTP to locate their top match. Reads were retained for further analysis
if they contained at least two ORFs, where one ORF was a neighbor with a
top match to a Pelagibacteraceae strain and a second ORF had a top match
to a PII gene from any species. The three reads which met these criteria
were examined manually and determined to have nonspurious top
matches; all top matches on these reads had amino acid identities ranging
from 63 to 67% over 108 to 140 residues and expect scores of 2e⫺33 to
2e⫺43.
Growth media and harvesting. Artificial seawater (ASW) medium
was made using previously established protocols (64). Water, salts, and
metals were added to eight 20-liter polycarbonate carboys as detailed in
Table S1 in the supplemental material and then autoclaved for 10 h. After
cooling to room temperature, carboys were sparged with CO2 for 20 h and
brought up to 20 liters using sterile water to compensate for evaporation
due to autoclaving. Vitamins, nutrients, and ammonium were added to
each carboy from a filter-sterilized stock solution and then sparged overnight on air while cooling to 16°C. Final nutrient concentrations were as
follows: 10 M dimethylsulfoniopropionate (DMSP), 500 M oxaloacetate, 500 M pyruvate, and (for the nitrogen-replete cultures only) 20
M ammonium. Nitrogen-limited cultures received no ammonium
amendment but were expected to grow to a lower density on trace contaminants containing nitrogen. The medium was then inoculated with an
ASW-adapted culture of “Ca. Pelagibacter ubique” HTCC1062 (64)
growing exponentially in nitrogen-limited medium. Following inoculation, cultures were incubated at 16°C with constant air sparging.
Culture growth was tracked daily by staining cells with SYBR Green
and counting on a Guava EasyCyte flow cytometer. Two cultures, one
from each treatment, failed to attain the density necessary for analysis and
were not harvested. Samples for microarray and proteomic analysis were
taken from the six remaining cultures during stationary phase. At these
time points, samples were collected using the protocol developed previously (61), that is, 5 ⫻ 1010 cells were removed to a separate vessel and
amended with 10 mg chloramphenicol, 100 l 500 mM EDTA, and 100 l
100⫻ Halt protease inhibitor cocktail (Thermo Scientific catalog no.
78438) per liter of culture. Tangential flow filtration for 20 to 30 min
against a Pellicon 2 Mini 30-K membrane (Millipore catalog no.
P2C030C01) reduced the volume of culture to ⬍150 ml, which was subsequently centrifuged for 1 h at 20,000 rpm and 0°C. The pelleted cells
were resuspended in 1 ml Tris-EDTA (TE) and centrifuged again in a
single 1.5-ml tube for 40 min at 40,000 rpm and 10°C. After the supernatant was decanted, the pellet was stored at ⫺80°C until proteomic analysis.
Microarray samples, which require less biomass, were harvested through a
separate protocol simultaneously. Eighty milliliters of culture was col-
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lected and centrifuged for 1 h at 20,000 rpm and 0°C. Cells were resuspended in 1 ml of RNAprotect bacterial reagent (Qiagen catalog no.
76506) and then centrifuged again in a 1.5-ml tube for 40 min at
40,000 rpm and 0°C. After the supernatant was decanted, microarray
samples were placed at ⫺80°C until analysis.
mRNA preparation. Each cell pellet was resuspended in 100 l TE
(1 mM Tris, 1 mM EDTA, pH 8) containing 40 g lysozyme and incubated at room temperature for 5 min. Total RNA was extracted using an
RNeasy MinElute cleanup kit (Qiagen catalog no. 74204) according to the
manufacturer’s instructions, with the exception of an additional wash step
with 700 l buffer RW1 (Qiagen catalog no. 1053394) immediately prior
to the prescribed washes with RPE buffer. Eluted RNA was quantified
using a NanoDrop spectrophotometer (Thermo Scientific ND-1000) and
found to vary over the range of 243 to 837 ng. One hundred nanograms of
total RNA from each sample was amplified and labeled using a MessageAmp II bacterial RNA amplification kit (Ambion catalog no. AM1790)
and biotin-11-UTP (Ambion catalog no. AM8451) according to the MessageAmp Improved Protocol handbook. Polyadenylation, reverse transcription, second-strand synthesis, and in vitro transcription reactions
were performed in the recommended volume, and reaction mixtures were
incubated for 19 h rather than 14 h. NanoDrop measurements of amplified RNA showed recovery of 93 to 147 g per sample.
RNA labeling and microarray processing. Protocols for microarray
analysis were the same as previously described (61): RNA integrity screening, probe synthesis, hybridization, and scanning were conducted by the
CGRB Core Laboratories at Oregon State University, Corvallis, OR. Five
micrograms of total RNA was used to generate biotinylated cRNA for each
treatment group using the One-Cycle target labeling protocol (Affymetrix, Santa Clara, CA) from the GeneChip Expression Analysis Technical Manual (701021 rev. 5). In short, isolated total RNA was checked for
integrity and concentration using the RNA 6000 Nano LabChip kit on the
Agilent Bioanalyzer 2100 (Agilent Technologies, Inc., Palo Alto, CA).
Poly(A) RNA control kit RNA and “Ca. Pelagibacter ubique” RNA were
reverse transcribed using a T7-(dT)24 primer and Superscript II reverse
transcriptase (Invitrogen, Carlsbad, CA), and double-stranded cDNA was
synthesized and purified with GeneChip sample cleanup modules (Affymetrix, Santa Clara, CA). Biotinylated cRNA was synthesized from the
double-stranded cDNA using T7 RNA polymerase and a biotinconjugated pseudouridine-containing nucleotide mixture provided in the
IVT labeling kit (Affymetrix, Santa Clara, CA). Prior to hybridization, the
cRNA was purified with GeneChip sample cleanup modules (Affymetrix,
Santa Clara, CA) and fragmented. Ten micrograms from each experimental sample along with Affymetrix prokaryotic hybridization controls was
hybridized for 16 h to “Ca. Pelagibacter ubique” genome arrays (pubiquea) in an Affymetrix GeneChip hybridization oven 640. Affymetrix
GeneChip Fluidics Station 450 was used to wash and stain the arrays with
streptavidin-phycoerythrin (Molecular Probes, Eugene, OR) and biotinylated antistreptavidin (Vector Laboratories, Burlingame, CA) according
to the standard antibody amplification protocol for prokaryotic targets.
Arrays were scanned with an Affymetrix GeneChip Scanner 3000 at
570 nm. The Affymetrix prokaryotic hybridization control kit and
poly(A) RNA control kit were used to ensure efficiency of hybridization
and cRNA amplification. All cRNA was synthesized at the same time.
Hybridizations were conducted with one replicate of all times and treatments concurrently. Each array image was visually screened to discount
for signal artifacts, scratches, or debris.
MS sample preparation. Each pellet was brought up to 100 l with
8 M urea (Sigma-Aldrich, St. Louis, MO) and sonicated in a water bath
with ice until the pellet went into solution. The samples were briefly spun
and transferred to PCT MicroTube barocycler pulse tubes with 100-l
caps (Pressure Biosciences Inc., South Easton, MA). The MicroTubes
were placed in a MicroTube cartridge and barocycled for 10 cycles (20 s at
35,000 lb/in2 back down to ambient pressure for 10 s). All of the material
was removed from the MicroTubes and transferred to 1.5-ml microcentrifuge tubes. A Coomassie Plus (Thermo Scientific, Rockford, IL) assay
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was used to determine protein concentration. Dithiothreitol (DTT) was
added to each sample at a concentration of 5 mM (Sigma-Aldrich, St.
Louis, MO) and incubated at 60°C for 1 h. The samples were then diluted
10-fold with 100 mM NH4HCO3, and tryptic digestion (Promega, Madison, WI) was performed at a 1:50 (wt/wt) ratio with the addition of 1 mM
CaCl2 to stabilize the trypsin and reduce autolysis. The sample was incubated for 3 h and cleaned via C18 solid-phase extraction (Supelco, Bellefonte, PA). The samples were dried to 50 l and assayed with bicinchoninic acid (Thermo Scientific, Rockford, IL) to determine the final
peptide concentration and placed in vials for mass spectrometry (MS)
analysis.
Capillary LC-MS proteome analysis. Quantitative mass spectrometry
proteomics measurements were obtained using high-performance liquid
chromatography (HPLC) in tandem with quantitative mass spectrometry. The HPLC system consisted of a custom configuration of 65-ml Isco
Model 65 D syringe pumps (Isco, Inc., Lincoln, NE), 2-position Valco
valves (Valco Instruments Co., Houston, TX), and a PAL autosampler
(Leap Technologies, Carrboro, NC), allowing for fully automated sample
analysis across four separate HPLC columns (100). Reversed-phase capillary HPLC columns were manufactured in-house by slurry packing
3-m Jupiter C18 stationary-phase columns (Phenomenex, Torrance,
CA) into a 60-cm length of fused silica capillary tubing (360-m outside
diameter [o.d.] by 75-m inside diameter [i.d.]) (Polymicro Technologies Inc., Phoenix, AZ) using a 1-cm sol-gel frit (unpublished Pacific
Northwest National Laboratory [PNNL] variation of reference 101) for
retention of the packing material. The mobile phase consisted of 0.1%
formic acid in water (A) and 0.1% formic acid-acetonitrile (B). The mobile phase was degassed by using an in-line Degassex Model DG4400
vacuum degasser (Phenomenex, Torrance, CA). The HPLC system was
equilibrated at 10,000 lb/in2 with 100% mobile phase A, and then a
mobile-phase selection valve was switched 50 min after injection, which
created a near-exponential gradient as mobile phase B displaced phase A
in a 2.5-ml active mixer. A 40-cm length of 360-m-o.d. by 15-m-i.d.
fused silica tubing was used to split ~17 l/min of flow before it reached
the injection valve (5-l sample loop). The split flow controlled the gradient speed under conditions of constant pressure operation (10,000 lb/
in2). Flow through the capillary HPLC column when equilibrated to 100%
mobile phase A was ~500 nl/min.
MS analysis was performed using an LTQ Orbitrap Velos electron
transfer dissociation (ETD) mass spectrometer (Thermo Scientific, San
Jose, CA) outfitted with a custom electrospray ionization interface. Electrospray emitters were custom made using 150-m-o.d. by 20-m-i.d.
chemically etched fused silica (102). The heated capillary temperature and
spray voltage were 250°C and 2.2 kV, respectively. Data were acquired for
100 min, beginning 65 min after sample injection (15 min into gradient).
Orbitrap spectra (automatic gain control [AGC], 1 ⫻ 106) were collected
from 400 to 2,000 m/z at a resolution of 100k followed by data-dependent
ion trap collision-induced dissociation (CID) tandem MS (MS/MS) (collision energy, 35%; AGC, 1 ⫻ 104) and Orbitrap ETD MS/MS (activation
time, 100 ms; AGC, 2 ⫻ 105) of the six most abundant ions. A dynamic
exclusion time of 60 s was used to discriminate against previously analyzed ions.
Mass spectrometry data analysis. Identification and quantification of
the detected peptide peaks were performed utilizing the accurate mass and
time (AMT) tag approach (103). Briefly, multiple in-house-developed/
publicly available informatics tools were used to process LC-MS data and
correlate the resulting LC-MS features with an AMT tag database containing accurate mass and LC separation elution time information for peptides previously identified by LC-MS/MS measurements from “Ca. Pelagibacter ubique” proteins (i.e., AMT tags). Among the tools used were
algorithms for peak-picking and for determining isotopic distributions
and charge states (104). Further downstream, data analysis incorporated
all of the possible detected peptides into the visualization program VIPER
(105) to correlate LC-MS features with the peptide in the AMT tag data-
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base and also provided normalized LC elution times via alignment to the
database and an intensity report for all detected features.
Each of the 12 biological samples was measured with quantitative mass
spectrometry in triplicate. Calculating the difference in protein abundance between two conditions was a three-step process. First, an average
peptide abundance under each condition was calculated by averaging together the values for individual peptides across all samples assigned to a
particular condition. Peptides with fewer than three observations in a
condition were marked as “not observed” in that condition. Next, the
peptide average from condition 1 was divided by the peptide average from
condition 2 and then log10 transformed. Finally, all log10 peptide ratios
from the same protein were averaged together.
To represent the likelihood that a protein was equally abundant in
both samples, the multiple peptide measurements were combined into a
single statistic as previously described (61, 106). Briefly, P values for individual peptides were calculated using a one-tailed Student t test. A twotailed Student t test was not used because P values reflecting a large increase would be indistinguishable from P values reflecting a large
decrease. Instead, peptides which changed in the opposite direction from
the protein average were assigned a P value of 1 for their one-tailed Student t test. All peptide P values for a single protein were then combined
into a single chi-square statistic by using Fisher’s method with a Bonferroni correction:

冘 ln冉 n ⫻1,P ,
n

2 ⫽ ⫺2 ⫻

i

i⫽1

冊

n ⫻ Pi ⬍ 1
n ⫻ Pi ⱖ 1

where n is the total number of peptides for a given protein and Pi is an
individual peptide’s P value as determined by a Student t test. The 2 value
is then transformed into a P value using a chi-square probability table and
2n degrees of freedom. A Perl script for performing this computation is
available at https://gist.github.com/dansmith01/6188797.
q values were calculated via the Benjamini-Hochberg method (107) to
estimate the false discovery rate arising from multiple comparisons in the
microarray and proteomics analyses. In this procedure, each P value was
multiplied by the number of proteins, T, and then divided by that P value’s
rank, k, among the set of P values (e.g., the most significant P value was
divided by 1, the second most significant P value was divided by 2, etc.):
q ⫺ value ⫽ P ⫺ value ⫻ T ⁄ k
Microarray data accession number. Microarray data generated by
this experiment are available from NCBI’s GEO archive under accession
number GSE37445.
Proteomic data availability. Mass spectrometry data for this experiment are publicly available at http://omics.pnl.gov/view/publication
_1089.html.
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