
Comparative proteomics reveals signature metabolisms of
exponentially growing and stationary phase marine bacteria

Exponentially growing bacteria are rarely found in nature. Instead, bacteria spend most of

their lifetime in a slow- or non-proliferating state, a state that is occasionally interrupted by

an increase in accessible nutrients. To successfully compete for pulses of nutrients,

copiotrophic marine bacteria have adaptations that allow them to change their metabolism

to support exponential growth in response to nutrients and to return to stationary phase

when nutrients return to normal scarcity. The molecular details of these adaptations can

be observed through proteome profiles, i.e. relative abundances of proteins in cells, and

how they change between different conditions. We developed proteome profiles during

exponential and stationary phase conditions for three model organisms representing major

marine bacterioplankton lineages. 22500-3000 proteins per isolate were detected,

representing large proportions of each proteome (67-87%). A shift from protein synthesis

and other processes typically associated with active growth, to proteins essential for

nutrient scavenging, was observed during transition into stationary phase. The three

isolates differed in magnitude of their responses and in how enzymes of different

metabolisms responded. Some of the differences can be seen as differences in

implementation of a shared strategy, such as an increase in enzymes involved in carbon

storage, while other differences are best described as differences in strategy. We thus

observed the proteome reflection of “signature metabolisms” in the three isolates –

distinct metabolic adaptations to environmental circumstances. These findings have direct

implications for the interpretation of proteomic and genetic data from microbes in natural

environments.
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IMPORTANCE

Much of the phenotype of microorganisms consists of its repertoire of metabolisms and the 

dynamics of their expression. The metabolic dynamics of an organism is in turn manifested 

through regulated expression of proteins, mostly enzymes and transporters. When an organism 

changes its activity focus, the change is thus performed through changes in synthesis of proteins. 

It is hence of importance to microbial ecologists to characterize the protein content of 

microorganisms under different growth conditions and to profile different species to gain a better

understanding of how ecologically important nutrient scavenging strategies are implemented. 

Here, we analyze the protein profiles of representatives of three important marine bacterial 

lineages, and discover metabolic signatures in nutrient scavenging, energy and carbon 

metabolism specific for the species. Several of the differences can be seen as differences in 

implementation of a shared strategy, in the form of carbon source utilization and selection of 

storage compounds.

ABSTRACT

Exponentially growing bacteria are rarely found in nature. Instead, bacteria spend most of their 

lifetime in a slow- or non-proliferating state, a state that is occasionally interrupted by an 

increase in accessible nutrients. To successfully compete for pulses of nutrients, copiotrophic 

marine bacteria have adaptations that allow them to change their metabolism to support 

exponential growth in response to nutrients and to return to stationary phase when nutrients 

return to normal scarcity. The molecular details of these adaptations can be observed through 

proteome profiles, i.e. relative abundances of proteins in cells, and how they change between 

different conditions. We developed proteome profiles during exponential and stationary phase 

conditions for three model organisms representing major marine bacterioplankton lineages. 
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2500-3000 proteins per isolate were detected, representing large proportions of each proteome 

(67-87%). A shift from protein synthesis and other processes typically associated with active 

growth, to proteins essential for nutrient scavenging, was observed during transition into 

stationary phase. The three isolates differed in magnitude of their responses and in how enzymes 

of different metabolisms responded. Some of the differences can be seen as differences in 

implementation of a shared strategy, such as an increase in enzymes involved in carbon storage, 

while other differences are best described as differences in strategy. We thus observed the 

proteome reflection of “signature metabolisms” in the three isolates – distinct metabolic 

adaptations to environmental circumstances. These findings have direct implications for the 

interpretation of proteomic and genetic data from microbes in natural environments.
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INTRODUCTION

Nutrient availability is a principal factor driving metabolic flux, growth and activity of microbes 

in natural seawater (1, 2). However, the distribution of nutrients is not uniform. Most of the 

ocean surface water column is depleted in nutrients such as nitrogen, phosphorus, iron and 

silicate (3-5), while e.g. coastal areas are heavily influenced by seasonal or episodic changes in 

nutrient concentration. The dynamics of nutrients in the environment induce certain classes of 

marine heterotrophic bacteria to shift between short periods of growth and active cell division 

during conditions of nutrient availability, and prolonged slow- or non-growth states under 

nutrient-limited conditions (6, 7). The trophic strategy characterized by shifts in metabolic 

regulation to capitalize on nutrient pulses is known as “copiotrophy” in contrast to “oligotrophy”,

characterized instead by lack of response (8). While largely beneficial in a fluctuating 

environment, growth phase transition comes at a cost, and involves a wide range of physiological

adaptations (9, 10).

To understand the functioning of microbial communities in natural environments during 

fluctuations in nutrient concentrations, it is important to understand the individual responses of 

community members. Bacterial adaptation strategies during nutrient limitation have hence been 

studied comprehensively in model organisms like Escherichia coli and Bacillus subtilis (6, 11, 

12). From these studies, it is clear that bacteria that enter into stationary phase undergo both 

morphological and physiological changes. As examples of changes of morphology, the 

Gammaproteobacteria Vibrio cholerae and Pseudomonas fluorescens decrease their cell size and 

undergo transition into a viable but non-culturable state as a response to low nutrients (13, 14). In

E. coli, entry into stationary phase induces formation of spherical-shaped cells instead of rods 

and stimulates formation of aggregates (11), while B. subtilis cells produce spores in response to 
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starvation (12). The physiological response to transition from exponential growth to stationary 

phase often involves a shift from expression of proteins related to cell growth, cell division and 

protein biosynthesis (15, 16) to proteins needed to scavenge nutrients and to effectively compete 

with other populations (17). Moreover, proteins involved in stress responses, e.g. oxidative, heat 

and osmotic stress or nutrient stress like carbon and phosphate starvation, tend to be induced at 

the transition into stationary phase (18, 19). In E. coli, proteins related to energy metabolism, 

phosphotransferase and transport binding proteins are down regulated during stationary phase 

compared with exponential phase growth (20). In B. subtilis, proteins with functions in nutrient 

scavenging processes, proteases and extracellular enzymes become relatively more abundant 

during stationary phase (12). From work on model organisms we can thus conclude that 

responses to nutrient pulses differ between species, even among typical copiotrophs, which in 

turn suggests that a fuller understanding of natural communities could be gained by molecular 

analyses of isolates from marine environments.

Like model bacteria, marine bacteria in stationary phase undergo pronounced 

morphological changes; cells may aggregate or remain as single cells and also become smaller 

and spherical (7, 13, 21, 22). The planctomycete Rhodopirellula baltica produces alternative 

sigma factors and oxidative stress response proteins while protein biosynthesis is down-regulated

during stationary phase (7). In Roseobacter clade members (Alphaproteobacteria), adjustments to

stationary phase involve increased abundance of stress response proteins, membrane transporters 

and flagellar motility proteins, similar to how model organisms respond (23, 24). In contrast, the 

oligotrophic model bacterium Candidatus Pelagibacter ubique, a representative of the ubiquitous 

and abundant alphaproteobacterial SAR11 clade, lacks the global stationary phase sigma factor 

(σs) that is part of the stationary phase response in model organisms, and the majority of the 
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expressed proteins (92%) in this oligotroph remains unchanged during entry into the stationary 

phase (21).

Barring the above-mentioned examples little is known about the variability in proteome 

responses to onset of the famine phase of the feast and famine lifestyle typical of copiotrophs. 

We sought to address this lack of understanding by investigating proteome profiles of three 

different heterotrophic bacteria during transition from exponential growth to stationary phase. 

Each bacterium represents major lineages of marine bacteria: Neptuniibacter sp. strain MED92 

(Gammaproteobacteria, Oceanospirillaceae; MED92), Phaeobacter sp. strain MED193 

(Alphaproteobacteria, member of the Roseobacter clade; MED193) and Dokdonia sp. strain 

MED134 (Bacteroidetes, Flavobacteriaceae; MED134). All three qualify as moderate 

copiotrophs, but, judging by their gene complement, they could be hypothesized to encode 

different adaptations serving as response mechanisms to nutrient scarcity. More specifically, the 

bacteria encode differences in presence or absence of metabolic pathways – “signature 

metabolisms” – that may be used to characterize them in natural communities, suggesting a 

deeper understanding of their potential proteome responses to onset of famine could contribute to

interpreting “omics” data from natural communities.

RESULTS

To investigate changes in protein composition in response to different growth phases, the three 

marine bacteria were cultivated in nutrient-rich medium with frequent monitoring of growth 

(Fig. 1). MED92 grew faster than the other two isolates with a μmax of 1.0 h-1 but reached a lower 

maximum optical density (OD600 = 0.72; 8 h incubation). For MED193 in rich medium μmax was 

0.365 h-1 and it reached a maximum optical density of OD600 = 1.26 (22 h incubation). Growth of 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.1804v1 | CC-BY 4.0 Open Access | rec: 1 Mar 2016, publ: 1 Mar 2016



7

MED134 was similar to MED193 with a μmax of 0.61 h-1, reaching a maximum optical density 

OD600 = 1.24 (24 h incubation).

Proteomic trends among the three marine isolates. Protein expression profiles from the three 

isolates were obtained using high throughput Nano LC-MS/MS for samples collected in 

exponential phase and stationary phase (Fig. 1, Supplementary tables S1-6). The total number of 

proteins encoded in each genome, identified proteins and differentially expressed proteins are 

listed in Table 1. Overall, 67-87% of proteins encoded in the genomes were detected. Of the 

detected proteins, 18-38% changed significantly in relative abundance during transition into 

stationary phase. MED92 and MED193 had larger proportions of differentially abundant proteins

(33% and 28% respectively) than MED134 (18%); MED134 on the other hand had the highest 

proportion of detected proteins (87%). The stable proteins, i.e. proteins neither significantly 

increasing nor decreasing during transition into stationary phase, made up 37%, 39% and 61% of

the MED92, MED193 and MED134 proteomes, respectively, in exponential phase, while the 

same proteins made up 31%, 42% and 61% of the proteomes in stationary phase.

General overview of functional categories among isolates. The detected proteins were 

classified into 28 top-level functional categories in SEED (25), and the expression patterns were 

compared between growth phases and among isolates at the different levels of the SEED 

hierarchy (Fig. 2 and Supplementary table S4-S6). The proteomes of all three isolates changed 

substantially during the transition from exponential growth into stationary phase, but to different 

extents. The strongest response was found in MED92 followed by MED193, while MED134 

displayed a markedly less pronounced response than the other two (Fig. 2 and Supplementary 

table S4). Replicates were generally very similar, but MED92 in stationary phase had somewhat 

larger variation between replicates than the other conditions and isolates. Transition into 
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stationary phase was associated with a decrease in the most abundant SEED1 category, Protein 

metabolism, plus in RNA metabolism, in all three isolates. Concomitantly, the relative abundance 

of several functional categories – Carbohydrates; Membrane transport; Amino acids and 

derivatives; Fatty acids, lipids and isoprenoids; Metabolism of aromatic compounds; 

Phosphorus metabolism – increased in all three isolates (Fig. 2 and Supplementary table S4). 

Virulence, disease and defense increased in abundance in both MED193 and MED92 while 

Motility and chemotaxis and Dormancy and sporulation categories increased only in MED92. 

Sulfur metabolism and Iron acquisition increased only in MED193.

Protein metabolism. Protein metabolism was the most abundant top-level SEED category in all 

three isolates in both exponential and stationary phase, but the relative abundance of the category

decreased in all isolates during transition into stationary phase (Fig. 2 and Supplementary table 

S4). The largest part of Protein metabolism was made up of Protein biosynthesis (ribosomal 

proteins, tRNA aminoacylation proteins and other proteins involved in translation) totaling a few 

percent to several tens of percents of the proteomes (Supplementary tables S5 and S6). The 

decrease of Protein biosynthesis during transition into stationary phase was also reflected in how 

ribosomal proteins and other translation-related proteins dominated the lists of the top 50 most 

abundant in exponential phase but were absent from the corresponding list in stationary phase 

(Fig. 3).

Membrane transport. Proteins in the Membrane transport SEED category occupied a fairly 

large proportion of the proteomes in both phases of all three isolates (Fig. 2 and Supplementary 

table S4). To investigate in further detail the response of transporters to growth phase 

progression, we performed a separate annotation of the three organisms with respect to 

transporter classes, subclasses and families/superfamilies, the three levels of the hierarchical TC 
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system (26). This allowed the classification of threefold more transporters in MED92 (from 134 

in SEED Membrane transporters to 420 in TCDB) and twofold more in MED193 (168 to 432) 

and MED134 (140 to 321) (Table 2). Abundances of proteins classified in TCDB ranged from 

around 12% in exponential phase for all three isolates, to 18% in MED92, 14% in MED193 and 

14% in MED134 in stationary phase, compared with single digit percentages of the SEED 

classified membrane transporters (Supplementary table S4). Around 70 proteins in the SEED 

Membrane transport category were not found in the TCDB classification.

The number of transporters encoded in each genome differed substantially between 

strains, with MED92 and MED193 encoding almost double the number of transporter genes as 

MED134 (497 and 593 respectively compared to 295) (Table 2). Furthermore, in terms of the 

number of differentially abundant transporters, MED92 and MED193 displayed a much clearer 

response to growth phase change than MED134. Five times as many transporters were 

significantly up in stationary phase in MED92 and MED193 compared with MED134 (60 and 62

in MED92 and MED193 respectively compared with 12 in MED134). More transporters were 

also down in stationary compared with exponential phase in MED92 (49) and MED193 (64) 

compared with MED134 (22).

MED92 displayed the most profound remodeling of the transporter repertoire, in 

particular by an almost threefold increase in Electrochemical potential-driven transporters plus a

30% increase of Channels/pores (Fig. 4, Table 2 and Supplementary tables S7-10). Moreover, in 

this isolate, TC-classified membrane transporters as a group grew about 50% (Table 2 and 

Supplementary table S1). MED193 also responded distinctively to growth phase transition by 

changes in its expressed transporters. Electrochemical potential-driven transporters, Primary 

active transporters and Transmembrane electron carriers increased by 30-50%. Transporters in 
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total increased 20% in MED193. Channels/pores dominated the relatively stable MED134 

transporter proteome (Fig. 4) where none of the individual classes responded more than 20% and

TC-classified transporters as a whole increased a mere 10% from exponential to stationary phase.

The Tripartite ATP-independent periplasmic transporter (TRAP-T) family increased 

almost fivefold in MED92, the strongest response of all transporter families in this isolate (Fig. 4

and Supplementary table S7). At the level of individual transporter proteins, a protein annotated 

as “Probable DctP (Periplasmic C4-dicarboxylate binding protein)” was the most abundant 

among several with similar annotations (Supplementary table S8). The highest number (19) of 

transporter proteins increasing during transition into stationary phase in MED92, but also the 

highest number of decreasing proteins (15), were found in the ATP-binding Cassette (ABC) 

superfamily, which, like the TRAP-T family, expanded substantially (about 2.5-fold; Fig. 4 and 

Supplementary table S7). Most of the differentially abundant ABC transporters were 

insufficiently annotated to deduce their exact function, but amino acids appeared among 

annotations for both up- and down-regulated proteins in stationary phase, while two cobalt- and 

vitamin B12-associated proteins appeared among the down-regulated and phosphorus and 

phosphate was seen in annotations of up-regulated proteins. A third abundant transporter family 

in MED92 was the General Bacterial Porin (GBP) family, which maintained relatively stable 

relative abundances (Supplementary table S7).

Also in MED193 the TRAP-T and ABC transporter families increased during the 

transition into stationary phase, both in terms of relative abundance and as number of proteins 

that were significantly more highly expressed in stationary compared with exponential phase 

(Fig. 4 and Supplementary table S7). The majority of differentially abundant TRAP-T 

transporters in MED193, both increasing (8) and decreasing (3) during transition into stationary 
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phase, had annotations suggesting transport of dicarboxylic acids  (Supplementary table S10). 

Among the 176 detected ABC transporters in MED193 (34 up, 29 down in stationary phase), 

several indications of potential transport substrates could be gleaned: Peptides, amino acids and 

polyamines were generally up, while sugar transporters and, similar to MED92, cobalt/B12-

associated transporters were down. Again similar to MED92, the GBP family was abundant but 

relatively stable between growth phases in MED193.

MED134 differed markedly from MED92 and MED193 with respect to changes in 

expression of membrane transporter across growth phases. In MED134, neither TC-classified 

transporters as a whole, nor any particular class of transporters, increased substantially upon 

entering stationary phase, and the number of differentially abundant transporters was low (Table 

2). Moreover, there was a larger number of proteins that decreased (22) than increased (12) 

during transition into stationary phase. Transporters in MED134 were dominated by the 

Channels/pores class, which grew somewhat in abundance (30 %) (Fig. 4 and Table 2).

Carbohydrate and related metabolisms. Carbohydrate metabolism was one of the most 

abundant SEED categories in all three isolates (Fig. 2). As a category it increased from 

exponential to stationary phase in all three isolates (Supplementary table S4). More than 80 

proteins increased from exponential to stationary phase, both in MED92 and MED193, while 

only slightly more than 30 decreased. In MED134, 28 Carbohydrate metabolism proteins 

increased and five decreased. At the second level of the SEED classification, the four categories 

that were behind most of the proteome in Carbohydrate metabolism also contained the majority 

of proteins that significantly changed in abundance during growth phase transition: Central 

carbohydrate metabolism; Fermentation; One-carbon metabolism; and Organic acids 

(Supplementary table S5). While this was generally true for all three isolates, the magnitude of 
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responses differed substantially. Furthermore, the differences in metabolism between the three 

isolates were reflected in distinct patterns at the level of individual proteins.

All-important steps in glycolysis were detected in all three isolates (Fig. 5). In MED92 

several glycolysis enzymes, including the key enzyme of the standard Embden–Meyerhof–

Parnas (EMP) pathway, phosphofructokinase, increased significantly during transition into 

stationary phase (Fig. 5 and Supplementary table S1). The MED193 genome does not encode 

phosphofructokinase in EMP (Supplementary table S2), instead, it uses the Entner-Doudoroff 

(ED) pathway. We detected the complete ED pathway at stable levels except the enzymes 

phosphogluconolactonase and phosphoglycerate mutase (Supplementary table S2). Also in 

MED134, glycolysis (EMP) enzymes remained largely unchanged during entry into stationary 

phase (Fig. 5 and Supplementary table S3). Several enzymes in the pentose phosphate pathway 

increased in MED134 during transition into stationary phase. In particular, all enzymes involved 

in synthesis of ribose-5-phosphate – including the decarboxylating step catalyzed by 6-

phosphogluconate dehydrogenase – increased.

Both MED92 and MED193 exhibited striking patterns of increases of proteins in the the 

first half of the TCA cycle during transition into stationary phase – leading to synthesis of 2-

oxoglutarate, a key metabolite in regulation of carbon and nitrogen metabolism (27, 28) (Fig. 5). 

The upregulation of the first half of the TCA cycle was accompanied by several proteins being 

down regulated in the second half in both MED92 and MED193. In MED134, no enzymes in the

TCA cycle were significantly differentially abundant between growth phases.

In MED92, isocitrate lyase and malate synthase, the enzymes in the glyoxylate shunt – a 

bypass of the downstream steps from isocitrate, generally utilized for subsistence on acetate and 
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other low molecular weight carbon compounds – also increased. This was accompanied by an 

increase in stationary phase of phosphoenolpyruvate (PEP) carboxylase – a key anaplerotic CO2-

fixation enzyme – suggesting replenishment of TCA cycle intermediates was an important 

process in stationary phase (Fig. 5 and Supplementary table S1). Three other proteins involved in

C2-compound metabolism via acetyl-CoA – β-ketothiolase, acetyl-CoA acetyltransferase and a 

protein annotated as uncharacterized in the genome, but classified as a acetoacetyl-CoA 

reductase in SEED – increased significantly and reached abundances of up to a few percent (β-

ketothiolase) (Fig. 5 and Supplementary table S1). Their increase contributed substantially to the 

more than twofold increase of the second-level SEED categories Organic acid metabolism and 

One-carbon metabolism; and to the almost fivefold increase of the Fermentation category. 

Several other proteins in the three categories also increased during transition to stationary phase, 

while few decreased (Supplementary table S5). Interestingly, several enzymes involved in acetyl-

CoA synthesis from ethanol and pyruvate increased during transition into stationary phase (Fig. 5

and Supplementary table S1). In addition to the acetyl-CoA acetyltransferases, we also detected 

significant increases in two key enzymes involved in polyhydroxybutyrate (PHB) synthesis: 

acetoacetyl-CoA reductase and polyhydroxyalkanoic acid synthase (Fig. 5 and Supplementary 

table S1).

MED193 does not encode the key glyoxylate shunt enzyme isocitrate lyase. However, the

ethylmalonyl-CoA pathway – recognized as an alternative to the glyoxylate shunt (29) – is 

encoded in the MED193 genome. We detected the key CO2-fixing enzyme in the ethylmalonyl-

CoA pathway – crotonyl-CoA reductase – at stable relative abundance between growth phases 

(Fig. 5 and Supplementary table S2). Furthermore, we did not observe signs of changes in other 

enzymes involved in anaplerotic CO2-fixation in MED193. Like in MED92, the second level 
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SEED categories Fermentation; One-carbon metabolism; and Organic acids increased in 

abundance in MED193, though moderately, during transition into stationary phase. Furthermore, 

they contained more significantly increasing proteins than decreasing (Supplementary table S5). 

Similar to in MED92, we detected significant increases for two key enzymes involved in 

polyhydroxybutyrate (PHB) synthesis: acetoacetyl-CoA reductase and polyhydroxyalkanoic acid 

synthase (Fig. 5 and Supplementary table S2). Interestingly, in MED193, eight components of 

carbon monoxide dehydrogenase, plus three maturases for the enzyme, increased significantly 

during transition into stationary phase (Supplementary table S2); none of these proteins were 

detected in the other two strains.

In MED134 – in which we did not detect any differentially abundant proteins in the TCA 

cycle – isocitrate lyase in the glyoxylate shunt decreased in abundance during transition into 

stationary phase (Fig. 5 and Supplementary table S3). We detected no other signs of upregulation

of proteins involved in subsistence on C2-compounds. Instead, the Polysaccharides and 

Monosaccharides second level SEED categories contained larger numbers of significantly 

increasing proteins: five in both categories, compared with no decreasing proteins in 

Monosaccharides and only two in Polysaccharides. Moreover, both categories reached higher 

relative abundance in MED134 than they did in the other two strains. The Polysaccharide 

category increase was mostly due to enzymes involved in glycogen synthesis. Genes encoding 

the three enzymes required in synthesis of ADP-glucose (EC 2.7.7.27), polymerisation of ADP-

glucose (EC 2.4.1.21) and branching the polymer into glycogen (EC 2.4.1.18) respectively, were 

all found to significantly increase during transition into stationary phase (Fig. 5 and 

Supplementary table S3). The increase of genes encoding enzymes categorized in the 

Monosaccharide category was mostly due to an increase of all enzymes in ribose synthesis – i.e. 
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the pentose phosphate pathway (PPP) – starting from glucose (Fig. 5). In particular we detected 

an almost doubling of the decarboxylating enzyme, 6-phosphogluconate dehydrogenase, that 

catalyzes the conversion of the C6 sugar 6-phospho-D-gluconate to the C5 sugar D-ribulose-5-

phosphate, a reaction that is not reversible. The enzyme responsible for conversion of D-ribose-

5P to phosphoribosylpyrophosphate, the entry point to nucleotide synthesis, decreased during 

transition from exponential to stationary phase. Similarly, no enzyme in nucleotide synthesis 

increased during transition from exponential to stationary phase. Instead, the pentose phosphate 

enzyme transaldolase – catalyzing the equilibrium reaction that is the entry point to glycolysis 

for pentose utilization – increased significantly during transition from exponential to stationary 

phase (EC 2.2.1.2, Fig. 5). The key anaplerotic CO2-fixation enzyme, PEP carboxylase, was 

detected in MED134, at low abundance with no signs of differential expression (Supplementary 

table S3). We did, however, observe a significant increase of another anaplerotic enzyme, 

pyruvate carboxylase, during transition into stationary phase (Supplementary table S3). 

Six components out of eight detected of ATP synthase decreased roughly twofold in 

MED134 (Supplementary tables S3 and S5). In MED92 and MED193 several ATP synthase 

components decreased, but few significantly (one and two in MED92 and MED193, 

respectively) (Supplementary tables S1-2). In MED92 an ATP synthase annotated as V-type in 

SEED increased. The SEED annotation indicates that the protein was involved in ATP-dependent

pumping of protons, instead of proton gradient-dependent ATP synthesis.

Phosphorus and nitrogen metabolism. Proteins involved in phosphorus metabolism were 

detected in high relative abundances in all three isolates in both growth phases (Fig. 6). 

Phosphorus metabolism increased substantially during transition into stationary phase in MED92

(nine fold) but also in MED193 and MED134 (three- and twofold respectively) (Supplementary 
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table S4). The periplasmic phosphate-binding protein of the phosphate ABC transporter 

increased fourfold in MED92 and MED193 and was the most abundant phosphorus-associated 

protein in both isolates, while it was relatively rare in MED134 (Supplementary tables S5-7). In 

the latter it also decreased during growth phase transition.

In MED92, 12 proteins involved in phosphorus metabolism increased during transition 

into stationary phase, while only five decreased. Nearly all proteins that increased were involved 

in sensing phosphorus, regulating and performing phosphorus transport (Supplementary table 

S1). In MED193, in addition to these processes, also alkylphosphonate utilization was important,

including severalfold increases in the protein products of the phnGHIJN genes that encodes 

subunits of the carbon-phosphorus lyase enzyme together with phosphonate ABC transporter 

components (Supplementary table S2). In MED134, three out of four significantly increasing 

proteins in the phosphorus metabolism category were alkaline phosphatases (Supplementary 

table S3).

Interestingly, proteins involved in nitrogen metabolism did not, in any of the three 

isolates, reach nearly the same relative abundances as phosphorus metabolism proteins and most 

nitrogen metabolism-related proteins remained stable across growth phases.

Other metabolisms. Besides the metabolisms described above, a few other top level SEED 

categories contained interesting patterns. In MED193 and MED134, the Amino acids and 

derivatives category contained a higher number of proteins significantly increasing than 

decreasing in relative abundance during transition into stationary phase, while almost equal 

numbers increased as decreased in MED92. In all three isolates the relative abundance of the 

category as a whole increased (Fig. 2 and Supplementary table S4). Some of the most abundant 
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proteins significantly more expressed in stationary phase were amino acid ABC transporters 

(MED92 and MED193), but also enzymes involved in amino acid degradation were abundant, 

especially leucine dehydrogenase in MED92 (Supplementary tables S1-2). In MED134, proteins 

in amino acid metabolism that responded to growth phase transition all had very low relative 

abundances.

In addition, in MED92, the expression of almost 30 proteins involved in flagellar motility

increased significantly upon entry into stationary phase, without reaching high abundances 

(Supplementary table S1 and S5). In MED134, catalase-peroxidase increased four fold and 

reached relative abundances of roughly one percent of the entire proteome in stationary phase 

(Supplementary table S3). Finally, in MED92, two proteins associated with dormancy through 

persister cells increased substantially during transition into stationary phase: a cell division 

inhibitor that nearly doubled and a ribosome modulation factor (sevenfold increase) 

(Supplementary table S1). No proteins involved in dormancy were induced in the other two 

isolates.

Uncharacterized proteins. In all three isolates we detected a large number of proteins that were 

not classified in SEED, including several that responded significantly to growth phase change, 

mostly by increasing during transition into stationary phase (Supplementary table S4). 

Intriguingly, the isolate with the smallest genome of the three studied bacteria, MED134, had the 

largest number of non-SEED classified proteins (821 out of 2852 proteins, 29%, compared with 

18% and 15% respectively for MED92 and MED193). Moreover, large proportions of the non-

SEED classified proteins had names indicating they were products of putative open reading 

frames. In MED92, 485 out of 668 proteins not classified in SEED contained the word “putative”

in their names; in MED193, 490 out of 691; and in MED134, 615 out of 821 did (Supplementary
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tables S1-S3). The uncharacterized proteins, both in their respective genome annotation and in 

our SEED annotation, summed up to approximately 10% of the abundance of proteomes in 

stationary phase, while all proteins with “putative” in their names – disregarding their SEED 

classification and including some with partial annotations – summed to 20-30% of stationary 

phase proteomes and slightly less in exponential phase.

DISCUSSION

Detection of high proportions of proteomes. Proteomics has developed rapidly from 2D gel 

electrophoresis with protein spot excision, to the shotgun isoelectric-focusing fractionation 

followed by nano-LC MS/MS methodology used here (30). At the heart of this development has 

been an increase in the number of detectable proteins (31, 32), especially apparent for membrane

proteins and low abundance proteins (33). The increase has been so rampant that it may alter the 

general perception of the dynamics of protein expression in microbes. A few years ago it was 

widely believed that bacteria that readily respond to changes in growth conditions had a highly 

dynamic proteome, with a relatively small fraction of the entire proteome expressed during most 

growth conditions. As an example, 1200-1400 proteins were detected in Ruegeria pomeroyi 

DSS-3 – a member of the Roseobacter clade, like MED193 – corresponding to <50% of the 

theoretical proteome (24). In contrast, we detected between 67% and 87% of the protein coding 

genes in the genomes of the bacteria studied here. This suggests that a grand majority of proteins 

in marine bacteria are expressed even in such a uniform environment as a rich medium batch 

culture. However, the finding that the organisms with the larger genomes of the three expresses a

smaller proportion of their proteome, suggests that there appears to be some truth to the common

wisdom of larger genomes and proteomes having a more dynamic expression profile than 

smaller.
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Growth and ecological specialization. Dynamic expression of genes and proteins is expected 

from copiotrophs, heterotrophs that are characterized by a feast and famine strategy involving 

proteome responses to nutrient pulses. However, the dichotomy between oligotrophs and 

copiotrophs is likely a simplification. Lauro et al. took this to heart in their 2009 study of trophic 

strategies in marine bacteria (8), by placing marine bacteria not only on a continuum from 

extreme oligotrophs to extreme copiotrophs but projecting multiple factors pertaining to trophic 

strategy on a two-dimensional plane. The considerable differences in both growth characteristics 

and protein expression between three copiotrophs we detect here, in line with Lauro et al.’s 

analysis, suggests that much can indeed be understood in terms of copiotrophs vs. oligotrophs, 

but also that, in the details, there are many ways of being a copiotroph.

Several functional categories increase at the expense of protein metabolism during 

transition into stationary phase. Already at the level of the top categories of the SEED 

classification, it was clear that the proteomes of the three isolates changed profoundly during 

transition from exponential into stationary phase (Table 2). Several important categories 

increased in abundance in all three isolates and contained more proteins that significantly 

increased than decreased during transition into stationary phase. This increase was largely at the 

expense of Protein metabolism, the most abundant of the categories (Fig. 3). In the face of 

diminishing concentrations of limiting nutrients it thus appears that the relative role of protein, 

DNA and RNA synthesis becomes less important, and that the importance of effective resource 

utilization increases. At this high level, the three isolates thus exhibited a shift from the core 

activities of cell division and growth expected during exponential growth (6, 16, 34), to proteins 

involved in effectively scavenging nutrients and a wider array of metabolisms in stationary 

phase(24, 35). This suggests that proteome rearrangements are common parts of the adaptive 
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strategies of marine heterotrophs from different parts of the bacterial phylogeny. With the 

exception of oligotrophs – like members of the SAR11 clade – we expect such differences to be 

typical of many marine heterotrophs.

Extensive remodelling of membrane transporters in the Proteobacteria, more stable 

expression in the Flavobacterium. Although the overall responses of the three isolates were 

broadly similar, in the specifics, there were clear differences. This was particularly evident in the 

membrane transporters and carbon and energy metabolisms. Membrane transporters represent 

important parts of the dynamic proteome both in proteomic analyses (3, 23) and analyses of 

transcriptomes (36, 37). Moreover, transporters respond to changes in nutrient concentrations 

and do so in a way that is dependent on the ecological strategy of the organism (8, 38). Because 

of their importance, we undertook a separate classification of the transporter proteins in the three 

isolates following the TCDB hierarchical classification (39). This additional annotation effort 

added substantial information to the analysis, highlighting the importance of choice of databases 

for annotation and that one database may not serve all purposes.

Our study, like several earlier based both on proteomes and transcriptomes (24, 40, 41), 

indicates that transporters are important parts of the response of individual isolates to changes in 

nutrient concentrations. The two Proteobacteria (MED92 and MED193) underwent extensive 

remodeling of their respective transport proteomes. Moreover, the response takes two shapes, 

with one being an overall increase in abundance of transporters (Table 2), likely as a reaction to 

the generally lower nutrient concentrations that induces stationary phase growth in bacteria after 

depletion of nutrients during exponential phase. The second type of response we detected, were 

significant increases and decreases of specific transporters both between and within TC 

superfamilies and families (Table 2 and Fig. 4). We thus observe extensive taxon-specific 
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remodeling of the transport proteome as a response to shifts in relative accessibility of different 

compounds.

The most abundant transporters in the two Proteobacteria were the primary active 

transporters, particularly the ABC transporters. ABC transporters transport a wide variety of 

substrates, carbohydrates, amino acids, vitamins, polyamines, oligopeptides, phosphorus and 

metal compounds (3, 42, 43). Another transporter family displaying a clear response to growth 

phase transition in MED92 and MED193 was the TRAP-T transporters – important transporters 

of diverse carboxylic acids in many bacteria (44, 45). TRAP-T transporters increased 

substantially during transition into stationary phase, suggesting a potential connection to the 

increase of C2/C3-compound metabolism in the two Proteobacteria. In MED134 we did not detect

a similar reflection of changes in its carbon metabolism in the transporter proteome. Overall, 

MED134 encodes fewer transporters than the other two isolates, but has a higher number of ion 

channels than the Proteobacteria. Particularly important are the OmpA-OmpF porin family and 

the outer membrane receptor family.

Differences in central metabolism. If the dynamics among transporter proteins were expected, 

the dynamics displayed by central metabolism in the three isolates was perhaps more surprising. 

At least superficially, the Proteobacteria (MED92 and MED193) were more similar to each other

in terms of expression pattern than either of them were to the Flavobacterium (MED134). The 

most striking similarity was an increase of the enzymes in the first half of the TCA cycle – 

leading to synthesis of 2-oxoglutarate, a key building block in synthesis of certain amino acids 

(47) – during transition into stationary phase, while the second half remained stable (Fig. 5 and 

6). In the details, however, MED92 and MED193 appeared quite distinct from each other. During

transition into stationary phase we observed, in MED92, a pattern suggestive of a sugar-starved 
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organism having to rely on low molecular weight carbon compounds, specifically C3 compounds 

like pyruvate and C2 compounds like acetate and ethanol. We observed an increase of enzymes 

involved in ethanol to acetyl-CoA oxidation, all glycolysis enzymes involved in conversion of 

pyruvate to acetyl-CoA, the glyoxylate shunt and PEP carboxylase (Fig. 5). The combination of 

the glyoxylate shunt and PEP carboxylase is particularly powerful by the dual action of bypass of

decarboxylation in the TCA cycle and induction of carboxylation, thus limiting release of carbon 

as CO2 and inducing anaplerotic fixation of CO2. Carbon is thus saved for synthetic purposes. 

Surprisingly, we did not detect a similar increase in the enzymes of the ethylmalonyl-CoA 

pathway in MED193, nor did we observe an induction of acetyl-CoA synthesis from pyruvate or 

ethanol (Fig. 6). In fact, the carboxylating enzyme in the ethylmalonyl-CoA pathway – crotonyl-

CoA reductase – significantly decreased during transition into stationary phase. Instead, we 

observed a clear increase in several components of carbon monoxide dehydrogenase. MED193 

does thus not appear synthetically constrained by a lack of carbohydrates during transition into 

stationary phase. MED134 was apparently even less constrained by reduced access to 

carbohydrates. The key glyoxylate shunt enzyme decreased and PEP carboxylase was stable 

during transition into stationary phase and MED134 hence showed no signs of having to restrict 

loss of carbon. Furthermore, one of the most conspicuous increases in MED134 carbon 

metabolism was increase in all enzymes involved in ribose synthesis. In particular, the 

decarboxylating enzyme 6-phosphogluconate dehydrogenase that turns a hexose into a pentose 

with loss of CO2, increased, providing further evidence that MED134 was not constrained by low

carbohydrate concentrations (Fig. 7). 

Based on changes in abundance of enzymes in energy and central carbon metabolism we 

can thus place the three isolates on a scale of apparent increasing shortage of carbohydrates, 
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resulting in various degrees of need to economize on reduced carbon compounds. MED134 

appeared to have sufficient access to carbohydrates; MED193 displayed no clear signs of 

shortage of carbohydrates except for an increased reliance on CO as an energy substrate while 

MED92 appeared to turn to subsistence based primarily on C2 and C3 compounds. By and large, 

much of this is in line with what is known to characterize these organisms. MED92 has been 

described as preferentially growing on short carbon molecules but not sugars (48), Roseobacter 

clade species, like MED193, are known to oxidize CO (49, 50) while Flavobacteria, like 

MED134, have been noted for their appetite for polysaccharides (51, 52). Our proteomic 

analyses thus highlight the molecular details of these different responses. 

Storage polymer synthesis. In the context of the above discussed differences in carbon and 

energy metabolism, it is interesting to note that all three appeared to devote resources to storage 

of carbon in polymers, as a strategy during transition into stationary phase. While the overall 

strategy and potential purpose appears similar over the three isolates, the details were not. The 

Proteobacteria, MED92 and MED193, increased enzymes involved in synthesis of the fatty acid 

polymer PHB while the Flavobacterium increased enzymes involved in glycogen synthesis. In 

both MED92 and MED193, three acetyl-CoA acyltransferases together with acetoacetyl-CoA 

reductase and polyhydroxyalkanoic acid synthase were found to increase (Supplementary tables 

S1 and S2). While acetyl-CoA acyltransferases are involved in many C2 processes, both anabolic 

and catabolic, the induction of acetoacetyl-CoA reductase and polyhydroxyalkanoic acid 

synthase suggests that synthesis of the storage molecule PHB was an important part of change in 

metabolism in the two Proteobacteria. None of this was visible in MED134. Instead, indications 

of an increase of glycogen synthesis were present in the form of increase of a glycogen synthase, 

1.4-alpha-glucan branching enzyme and glucose-1-phosphate adenylyltransferase during 
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transition into stationary phase (Supplementary table S3). Our findings of increases in polymer 

synthesis are in line with earlier evidence of PHB and glycogen synthesis in bacteria growing on 

acetate and sugars respectively, during feast and famine growth conditions that has been 

particularly noted by research into bioreactor applications where bacterial storage reduces the 

effectiveness of certain process (53-55). That heterotrophic bacteria increase their expression of 

enzymes involved in storage compound synthesis during transition into stationary phase, as we 

observe here, is interesting as the underlying processes may influence the general kinetics of 

carbon storage and release also in natural bacterial communities under changing environmental 

conditions.

It is interesting to note the differences among the three isolates in growth characteristics 

(Fig. 1) in light of energy and carbon metabolism in general, and the induction of polymer 

synthesis in particular. MED92 is by far the quickest of the three to first enter exponential growth

phase, deplete its resources and enter stationary phase. It is also the bacterium with the strongest 

responses both in terms of general increases over categories and in terms of the number of 

differentially abundant proteins (Fig. 2). When it enters stationary phase it does so at a much 

lower cell density than the other two strains, and thus potentially at a stage when lower amounts 

of nutrients are bound in cells. MED92 hence appears to need higher concentrations of nutrients 

to sustain exponential growth and to replace cell growth and division with storage of carbon for 

leaner days at an earlier point of time than the other two isolates. There are differences between 

MED193 and MED134 too, especially in that the former is slow to enter exponential phase. In 

contrast, it exits exponential phase and enters stationary quicker than MED134. As the two 

isolates also have quite different metabolic signatures in carbon metabolism, in particular when it
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concerns synthesis of storage polymers, it is, however, difficult to interpret these relatively subtle

differences in growth.

Phosphorus metabolism. Another example of a similarity in metabolic purpose and general 

strategy between the three isolates, but with differences in the details, concerns phosphorus 

utilization. All three isolates showed signs of an increased competition for phosphorus 

compounds by increasing the expression of mainly transporters (Supplementary table S5). We 

did not detect any signs of a corresponding shortage of nitrogen in any of the isolates, suggesting

the growth medium was underbalanced in phosphorus to nitrogen in comparison with the 

stoichiometry of all isolates. The three phylogenetic lineages that our isolates represent have 

been noted for their differences in phosphorus uptake and utilization (38). In particular, 

Roseobacter clade members are known to be able to utilize alkylphosphonates (38, 56), while the

other two are not. This was clear also in our data, as nine enzymes involved in alkylphosphonate 

utilization increased significantly during transition into stationary phase and the category as a 

whole increased more than threefold (Supplementary tables S1-3 and S5-6).

CONCLUSIONS

Application of understanding gained from detailed studies of environmentally relevant model 

organisms is important for the interpretation of community data such as nucleotide sequences – 

metagenomics and metatranscriptomics – or high throughput proteomic profiles – 

metaproteomics. As we show here by comparing the proteomic profiles of three marine bacteria 

as functions of growth phase transition, this approach has the potential to reveal similarities and 

differences both at the level of general trophic strategy and at the level of metabolic detail seen 

as the result of evolutionary contingency. At a very general level, the three isolates responded 
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similarly to transition from exponential into stationary phase, e.g. by increased abundances of 

enzymes involved in synthesis of storage polymers. In the details, however, the three isolates 

displayed characteristic signatures in their proteomic profiles in particular with respect to 

apparent carbon and energy sources, suggesting the induction of signature metabolisms in each 

isolate. MED92 increased enzymes involved in energy conversion and storage based on short-

chained carbon molecules – acetyl-CoA metabolism based on C2 and C3 compounds – coupled 

with anaplerotic CO2 fixation. MED193 appears to store carbon and energy as a fatty acid 

polymer (PHB) like MED92, but relies to some extent on CO-oxidation as an energy source. 

Lastly, MED134, although displaying a less pronounced response to growth phase change than 

the Proteobacteria, appears to rely on sugars both for its immediate energy requirements and for 

storage. The ability of high throughput proteomics to detect these differences in response 

between organisms in a qualitative way – by detecting the presence of signature metabolisms – 

but also in a quantitative way – by detecting differential expression between conditions – 

provides important validation for the application of the methodology but also, and more 

importantly, for interpretation of proteomic data from natural microbial communities.

MATERIALS AND METHODS

Bacterial growth condition. The Gammaproteobacterium Neptuniibacter sp. strain MED92, 

Alphaproteobacterium Phaeobacter sp. strain MED193 and Flavobacterium Dokdonia sp. strain 

MED134 were cultured with peptone and yeast extract containing Bacto Marine Broth (DIFCO 

2216; DIFCO, Lawrence, KS, USA) medium. Cultures were grown in 20 ml of marine broth 

overnight. Hereafter 1 ml of overnight grown culture was transferred into 300 ml of fresh marine

broth medium in triplicates. All the bacterial cultures were incubated on a rotary shaker at 142 

rpm at room temperature and the bacterial growth was measured by monitoring the optical 
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density at 600 nm (OD600) for 34 h. Protein samples were collected at both exponential and 

stationary phase. Bacterial cells were harvested by centrifugation at 4000 rpm for 20 min at 4ºC 

using Beckman Avanti J-25 (Rotor Beckman JA-14). Cell Pellets were washed three times with 

1X phosphate buffered saline (PBS) solution (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 

mM KH2PO4 (Sigma Chemical Co., St. Louis, Mo) and pH = 7.4). Samples were stored at -80 ºC

until protein extraction was performed.

Cell lysis, protein extraction, digestion, and peptide labeling with TMT6plex. Cell pellets 

were lysed in SDS-lysis buffer pH 7.6 contains 4 % (w/v) SDS, 25 mM HEPES and 1 mM 

dithiothreitol (DTT) (Sigma Aldrich). Lysates were heated to 95º C for 5 min and samples were 

sonicated with a sonicator probe to shear DNA. Samples were centrifuged at 14000 g to remove 

cell debris, the supernatant was collected and protein concentration in the supernatant estimated 

using the Bio-Rad DC-protein assay (Bio-Rad Laboratories, Hercules, CA). From each sample, 

250 µg of total protein were taken and processed according to the FASP (Filter aided sample 

preparation protocol (57). Peptide concentration was estimated by the DC-protein assay (BioRad 

Laboratories, Hercules, CA, USA), and 100 µg of peptides from each sample were labeled with 

TMT6plex (Thermo Fisher Scientific) according to the manufacturer's instructions.

HiRIEF (High resolution isoelectric focusing) separation. After pooling the samples that 

belong together in each TMT set, each TMT set was cleaned by strong cation exchange solid 

phase extraction (SCX-SPE, Phenomenex Strata-X-C, P/N 8B-S029-TAK). After drying in a 

speedvac, the equivalent to 400 µg of peptides of each sample were dissolved in 250 µL of 8 M 

urea, 1 % pharmalyte (broad range pH 3-10, GE Healthcare, P/N 17-0456-01), and this solution 

was used to rehydrate the IPG drystrip (pH 3-10, 24 cm, GE Healthcare, P/N 17-6002-44) 

overnight. Focusing was done on an Ettan IPGphor 3 system (GE Healthcare) ramping up the 
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voltage to 500 V in one hour, then to 2000 V in two more hours, and finally to 8000 V in six 

more hours, after which voltage was held at 8000 V for additional 20 h or until 150 kVh were 

reached. After focusing was complete, a well-former with 72 wells was applied onto each strip, 

and liquid-handling robotics (GE Healthcare prototype), using three rounds of different solvents 

(i. milliQ water, ii. 35 % acetonitrile, and iii. 35 % acetonitrile, 0.1 % formic acid), added 50 µL 

of solvent to each well and transferred the 72 fractions into a microtiter plate (96 wells, PP, V-

bottom, Greiner P/N 651201), which was then dried in a SpeedVac.

LC-MS analysis. Prior to each LC-MS run, the LC auto sampler (HPLC 1200 system, Agilent 

Technologies) dispensed 8 µL of solvent A to the dry HiRIEF fraction (in its micro-titer plate 

well), mixed by aspirating/dispensing 6 µL ten times, and injected 3 µL into a C18 guard 

desalting column (Zorbax 300SB-C18, 5x0.3mm, 5µm bead size, Agilent Technologies). We then

used a 15 cm long C18 picofrit column (100 µm internal diameter, 5 µm bead size, Nikkyo 

Technos Co., Tokyo, Japan) installed on to the nano electrospray ionization (NSI) source. 

Solvent A was 97 % water, 3 % acetonitrile (ACN), 0.1 % formic acid (FA); and solvent B was 

5 % water, 95 % ACN, 0.1 % FA. At a constant flow of 0.4 µL/min, the curved gradient went 

from 2 % B up to 40 % B in 45 min, followed by a steep increase to 100 % B in 5 min, wash for 

5 min at 100 % B and re-equilibration. Online LC-MS was performed using a hybrid Q-Exactive 

mass spectrometer (Thermo Scientific). FTMS master scans with 70,000 resolution (and mass 

range 300-1700 m/z) were followed by data-dependent MS/MS (35,000 resolution) on the top 5 

ions using higher energy collision dissociation (HCD) at 30 % normalized collision energy. 

Precursors were isolated with a 2 m/z window. Automatic gain control (AGC) targets were 1e6 

for MS1 and 1e5 for MS2. Maximum injection times were 100ms for MS1 and 150ms for MS2. 
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The entire duty cycle lasted ~1.5 s. Dynamic exclusion was used with 60 s duration. Precursors 

with unassigned charge state or charge state 1 were excluded. An underfill ratio of 1 % was used.

Proteomics database search. All MS/MS spectra were searched by Sequest/Percolator under the

software platform Proteome Discoverer (PD 1.3, Thermo Scientific) using a target-decoy 

strategy. Reference databases of the taxonomic groups Dokdonia sp. MED134, Neptuniibacter 

sp. MED92, and Phaeobacter sp. MED193 were downloaded from uniprot.org on 2012/10/11. 

Precursor mass tolerance of 10 ppm and product mass tolerance of 0.02 Da were used. 

Additional settings were trypsin with one missed cleavage; Lys-Pro and Arg-Pro not considered 

as cleavage sites; carbamidomethylation on cysteine and TMT-10plex on lysine and N-terminus 

as fixed modifications; and oxidation of methionine as variable modification. Quantitation of 

TMT-6plex reporter ions was done using an integration window tolerance of 20 ppm. Peptides 

found at 1 % FDR (false discovery rate) were used by the protein grouping algorithm in PD to 

infer protein identities. Protein level FDR of the resulting protein lists was estimated using the 

“picked” protein FDR approach (58).

Statistical analysis of up and down regulation. The protein table exported from PD contains 

protein ratios (proteins with missing ratios were discarded), which were logged (base 2) in excel,

before performing statistical analysis by SAM (Significance Analysis of Microarrays) 

(http://statweb.stanford.edu/~tibs/SAM/). Response type used was “Two class unpaired”, 

analysis type was standard, t-statistic was used, arrays were not median centered (since PD 

already carries out a normalization to protein median on the protein table), and the number of 

permutations was 720 (maximum for 3 VS 3 values). A q-value, or FDR of 5 % was used as 

significance threshold for up and down regulation.
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Order of magnitude approximate abundances were calculated by multiplying the 

normalized area of a protein – in turn calculated by dividing the area value of each protein as 

given in Proteome Discoverer by the sum of areas of all proteins in the dataset – with the ratio of 

each channel to the total of channel readings for that protein.

Annotation. Detected protein sequences were aligned to the M5NR database (59) using BLAST 

(60) and sequences with hits with bitscores > 50 annotated using in house developed scripts. The 

BioCyc maps were created by manually selecting proteins matching MetaCyc (61)( reactions 

from the list of detected proteins and using the Omics paint tool(62). In cases where more than 

one protein matched the enzyme in MetaCyc, a conservative choice was made by selecting a 

non-significant before a significant protein, a better annotated (i.e. with a meaningful, non-

contradictory, annotation in SEED and by the protein name) and a more abundant protein over a 

less abundant. The TCDB (63) annotation was created manually (26).
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TABLE 1. General proteome statistics. Number of proteins encoded in the genome, number of 

detected peptides, number of detected expressed proteins, protein identification FDR, number of 

not significantly differentially abundant, number of proteins increasing during transition into 

stationary phase and number of decreasing proteins. Percentages for the number of detected 

proteins denote proportions of the genomically encoded proteins; all other percentages are 

proportions of the detected proteins.

Isolate
Proteins 
encoded

Detected 
peptides

Detected 
proteins

Ident. 
FDR

Stable 
proteins

Proteins 
increasing

Proteins 
decreasing

MED92 3688 30990
2930 
(79%)

1.5%
1830 
(62%)

603 (21%) 497 (17%)

MED193 4535 30591
3038 
(67%)

1.4%
2015 
(66%)

558 (18%) 465 (15%)

MED134 2852 31854
2476 
(87%)

0.8%
2018 
(82%)

281 (11%) 177 (7%)
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TABLE 2. Responses in membrane transporter proteins across growth phases. Number of 

encoded transporters in genome (“Enc.”), proteins detected in our experiments (“Det.”), 

significantly more and less abundant proteins in stationary compared with exponential phase 

(“Up” and “Down” respectively) and fold change between stationary and exponential (“FC %”). 

The fold change was based on approximate relative abundances for each class and was rounded 

to single digit precision, reflecting the approximate nature of the abundances. Transporters 

identified in TCDB. Color codings same as in Fig. 4.
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MED92 MED193 MED134

Class Enc. Det. Up Down
FC 

%
Enc. Det. Up Down

FC 

%
Enc. Det. Up Down

FC 

%

Channels/pores 51 43 5 5 30 42 30 6 3 0 78 72 7 4 30

Electrochemical 

Potential- driven 

Transporters

157 81 18 15 200 156 66 11 11 40 71 46 1 6 10

Group Translocators
1 1 0 0 -30 1 1 0 0 -10 0 0 0 0

Incompletely 

Characterized 

Transport Systems

22 20 4 2 -30 19 14 1 4 0 41 34 0 1 20

Primary Active 

Transporters
264 203 33 27 10 369 250 43 46 30 104 98 4 11 -20

Transmembrane 

Electron Carriers
2 2 0 0 -30 6 2 1 0 50 1 1 0 0 -40

Sums 497 350 60 49 50 593 363 62 64 20 295 251 12 22 10
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FIGURE LEGENDS

FIG 1. Growth curves of three phylogenetically distinct representatives of marine 

bacterioplankton in nutrient rich marine broth medium. Cells were harvested for proteomic 

analysis at the time points indicated by arrows for exponential phase (solid arrows) and 

stationary phase (hatched arrows) respectively. Error bars denote the standard deviation of three 

biological replicates. If not visible, error bars are within symbols.
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FIG 2. Overall growth phase-associated changes in proteomes. (A, C, E) Relative abundances of 

detected proteins grouped into top level SEED categories: (A) MED92, (C) MED193 and (E) 

MED134. The three replicates are shown for exponential phase (open circles) and stationary 

phase (filled circles). Note the log scale on Y-axes. (B, D, F) Counts (y-axis) of increasing (right-

pointing triangles), stable (circles) and decreasing proteins (left-pointing triangles) and relative 

abundances (size of symbols): (B) MED92, (D) MED193 and (F) MED134. Proteins that belong 

in more than one category were counted in all. Note that y-axes have been cut at 200; categories 

that exceed 200 were inserted at 200 with a label denoting the proper count.
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FIG 3. Top 50 most abundant significantly differentially expressed proteins. Relative abundance 

and log2 fold changes for the top 50 most abundant significantly differentially expressed proteins.

(A, C and E) proteins decreasing from exponential growth to stationary phase. (B, D and F) 
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proteins increasing from exponential growth to stationary phase. (A, B) MED92; (C, D) 

MED193; and (E, F) MED134. Color codes denote the different functional categories in the 

SEED classification, Blue: Protein metabolism, Green: Membrane transporters, Orange: Stress 

response, Purple: Carbon metabolism, Grey: Amino acids and derivatives and Yellow: 

Respiration.
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FIG 4. Changes in relative proportions of membrane transporter categories across growth 

phases. (A, C, E) Exponential phase in (A) MED92, (C) MED193 and (E) MED134. (B, D, F) 

Stationary phase in (B) MED92, (D) MED193 and (F) MED134. The areas of rectangles are 

proportional to relative abundances of categories at the three levels of the TC classification. Top-

level categories are denoted with colored rectangles and labels in bold; second level categories 

are normal font labels spanning several rectangles; and third level categories have labels inside 

rectangles. Transporter identification according to TC categories.
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FIG 5. Carbon metabolisms. (A, C, E) Relative abundances, averaged over triplicates for each 

growth phase, for enzymes in five important carbon metabolisms in (A) MED92, (C) MED193 

and (E) MED134. Significantly differentially abundant proteins have names in bold font. (B, D, 

F) Glycolysis (EMP), TCA cycle and glyoxylate shunt BioCyc pathways in (B) MED92, (D) 

MED193 and (F) MED134. Heatmap indicating log2 fold changes of stationary phase in relation 

to exponential phase. Grey arrows indicate stable, i.e. not significantly differentially abundant 

proteins. Thin black arrows indicate non detected proteins.
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FIG 6. Phosphorus metabolism in all three isolates. List of significantly increasing and 

decreasing proteins in the SEED category phosphorus metabolism during transition into 

stationary phase. (A) MED92; (B) MED193; (C) MED134.
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SUPPLEMENTARY TABLE LEGENDS

TABLE S1. Individual protein abundances in MED92. Identified proteins with estimated fold 

change (FC and log2FC columns), false discovery rate (localfdr), readings per sample (exp1-3 

for exponential phase; stat1-3 for stationary phase) and various other statistics. Green shades in 

the log2FC column indicate higher abundance in stationary phase, yellow shades indicate lower; 

the stronger the color, the larger the difference between growth phases. False discovery rates less 

than 5% are indicated with green color, above with red.

TABLE S2. Individual protein abundances in MED193. Identified proteins with estimated fold 

change (FC and log2FC columns), false discovery rate (localfdr), readings per sample (exp1-3 

for exponential phase; stat1-3 for stationary phase) and various other statistics. Green shades in 

the log2FC column indicate higher abundance in stationary phase, yellow shades indicate lower; 

the stronger the color, the larger the difference between growth phases. False discovery rates less 

than 5% are indicated with green color, above with red.

TABLE S3. Individual protein abundances in MED134. Identified proteins with estimated fold 

change (FC and log2FC columns), false discovery rate (localfdr), readings per sample (exp1-3 

for exponential phase; stat1-3 for stationary phase) and various other statistics. Green shades in 

the log2FC column indicate higher abundance in stationary phase, yellow shades indicate lower; 

the stronger the color, the larger the difference between growth phases. False discovery rates less 

than 5% are indicated with green color, above with red.

TABLE S4. Top SEED category summaries. Approximate (order of magnitude precision) 

relative abundances of proteins summed over top categories of the SEED classification. Proteins 

classified in more than one category were counted in all categories. The calculation of relative 
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abundances counted each protein only once. Log2 fold changes (log2fc) calculated as the ratio 

between means in stationary phase divided by means in exponential phase. Counts and 

abundances of the three protein groups, increasing (“Up”), stable and decreasing (“Down”) in the

three isolates.

TABLE S5. Relative protein abundances summed over second level SEED categories. 

Approximate (order of magnitude precision) relative abundances of proteins summed over 

second level categories of the SEED classification. Proteins classified in more than one category 

were counted in all categories. The calculation of relative abundances counted each protein only 

once. Log2 fold changes (log2fc) calculated as the ratio between means in stationary phase 

divided by means in exponential phase.

TABLE S6. Relative protein abundances summed over third level SEED categories. 

Approximate (order of magnitude precision) relative abundances of proteins summed over third 

level categories of the SEED classification. Proteins classified in more than one category were 

counted in all categories. The calculation of relative abundances counted each protein only once. 

Log2 fold changes (log2fc) calculated as the ratio between means in stationary phase divided by 

means in exponential phase.

TABLE S7. Summary of transporter families. Number of detected and differentially abundant 

protein in the three strains per TCDB transporter family.

TABLE S8. Proteins detected in MED92 with their TCDB classifications. The trsphierarchy 

field describes each protein's place in the TCDB hierarchy. See the TCDB website for 

explanations (http://www.tcdb.org/superfamily.php). All the other fields, except trspfamily, were 

taken from the corresponding MED92 SAM table (S1).
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TABLE S9. Proteins detected in MED193 with their TCDB classifications. The trsphierarchy 

field describes each protein's place in the TCDB hierarchy. See the TCDB website for 

explanations (http://www.tcdb.org/superfamily.php). All the other fields, except trspfamily, were 

taken from the corresponding MED193 SAM table (S2).

TABLE S10. Proteins detected in MED134 with their TCDB classifications. The trsphierarchy 

field describes each protein's place in the TCDB hierarchy. See the TCDB website for 

explanations (http://www.tcdb.org/superfamily.php). All the other fields, except trspfamily, were 

taken from the corresponding MED134 SAM table (S3).
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