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Abstract

Aquatic microorganisms are typically identified as either oligotrophic or copiotrophic, representing trophic strategies
adapted to low or high nutrient concentrations, respectively. Here, we sought to take steps towards identifying these and
additional adaptations to nutrient availability with a quantitative analysis of microbial resource use in mixed communities.
We incubated an estuarine microbial community with stable isotope labeled amino acids (AAs) at concentrations spanning
three orders of magnitude, followed by taxon-specific quantitation of isotopic incorporation using NanoSIMS analysis of
high-density microarrays. The resulting data revealed that trophic response to AA availability falls along a continuum
between copiotrophy and oligotrophy, and high and low activity. To illustrate strategies along this continuum more simply,
we statistically categorized microbial taxa among three trophic types, based on their incorporation responses to increasing
resource concentration. The data indicated that taxa with copiotrophic-like resource use were not necessarily the most
active, and taxa with oligotrophic-like resource use were not always the least active. Two of the trophic strategies were not
randomly distributed throughout a 16S rDNA phylogeny, suggesting they are under selective pressure in this ecosystem
and that a link exists between evolutionary relatedness and substrate affinity. The diversity of strategies to adapt to
differences in resource availability highlights the need to expand our understanding of microbial interactions with organic
matter in order to better predict microbial responses to a changing environment.
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Introduction

Microbes dominate the biomass and biogeochemical activity of

aquatic environments on a global scale [1]. Niche differentiation

for resource acquisition, among other factors, allows the co-

existence of a high diversity of aquatic microbes in the same

volume of water, as different organisms are adapted to utilize the

same resources but at different concentrations [2]. For example,

ammonium and phosphate uptake at micromolar concentrations is

dominated by larger organisms (mostly eukaryotes), whereas at

nanomolar concentrations, organisms smaller than 1 micron

(bacteria and archaea) dominate uptake [3]. A similar phenom-

enon has been described in marine ammonia oxidizing commu-

nities, where ammonia-oxidizing bacteria dominate activity at

higher ammonium concentrations and ammonia-oxidizing ar-

chaea dominate activity at lower concentrations [4]. Niche

differentiation likely also occurs at lower taxonomic levels; for

example some microbial phyla appear to respond differently to

varying concentrations of leucine, in particular during different

stages of an algal bloom [5].

Niche differentiation may occur because most aquatic microbes

acquire nutrients from their environment one molecule at a time

through substrate-specific transporters often coupled with cell-

bound extracellular enzymes that interact directly with dissolved

substrates on a molecular level [6]. Different transporters have

substrate-binding efficiencies adapted to different concentrations

[7], allowing microorganisms to respond to the resource patchiness

of seawater [8]. In the context of both inorganic and organic

nutrient acquisition, microbes have been classified into two main

guilds with respect to their adaptation to substrate concentrations:

oligotrophs and copiotrophs [9], the latter also referred to as

opportunitrophs [2]. Oligotrophs are generally small cells with

small genomes, are characterized by slow, steady growth, and

numerically dominate in low nutrient environments such as sub-

tropical oceanic gyres [10]. Copiotrophs, with larger cells and

more extensive genomes [11], subsist on a feast-or-famine

approach (fast growth interspersed with inactivity) and numerically

dominate in high nutrient coasts and estuaries. While the use of

these two terms has been quite beneficial for our conceptual

understanding of microbial biogeochemical cycling, a more

nuanced theoretical framework is needed to reflect the complexity

of resource heterogeneity in nature [6]. For example, we might

consider that trophic strategy is distributed on a continuum

between oligotrophy and copiotrophy, with several intermediate

states. An improved understanding of trophic strategies is

important to reliably predict microbial responses to changes in

resource availability likely to be caused by anthropogenic forces

such as eutrophication and pollution.
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Here, we expand on the classification scheme of oligotroph vs.

copiotroph to more fully categorize the range of microbial

substrate utilization strategies that enable microbes to co-exist

through trophic niche differentiation. To develop these categories,

we tested how microbial taxa responded in their incorporation of

amino acids (AAs), organic substrates commonly utilized by

aquatic microorganisms [12,13]. A number of previous studies

(using bulk methods) have shown that AAs provide a large fraction

of C and N requirements to aquatic bacterial communities

[14,15]. Subsequent studies, with more modern techniques, have

shown evidence that dominant marine taxa (such as SAR11) have

the genetic capability to uptake AAs [16,17] and express them

[13,18], and incubation experiments have validated these hypoth-

eses with cell-specific methods [19,20]. To quantify AA incorpo-

ration at three different concentrations, we used Chip-SIP, a high-

throughput method of quantifying taxon-specific incorporation of

stable isotope labeled substrates [21]. Our results revealed a

relatively high degree of complexity in the microbial community

response to varying AA concentrations, and suggest that substrate

affinity may be an evolutionarily conserved trait.

Materials and Methods

Incubation of Field Samples
Surface water was collected at the public pier in Berkeley, CA

USA (37u51946.670N, 122u1993.230W) on 03/17/2011 and

brought back to the laboratory within one hour in a cooler. No

specific permissions were required for collection of seawater at this

location and our studies did not involve endangered or protected

species. Glass bottles (500 ml) were filled without air space and

dark incubated at 14uC. Samples were incubated in triplicate

bottles with 5 mM (High), 500 nM (Medium), and 50 nM (Low)

mixed amino acids (99 atm % 15N labeled; Omicron Biochemicals

Inc., South Bend, IN, USA), collected by filtration after 12 hrs and

frozen at 280uC. RNA extracts from triplicate incubations were

combined and hybridized to a system-specific high-density 16S

microarray (see description below) and subsequently analyzed by

isotopic imaging with a nano secondary ion mass spectrometer

(NanoSIMS 50, Cameca, France). RNA extracts from all three

treatments (H=High, M=Medium, and L=Low) were com-

bined for fluorescent labeling (see below) in order to compare the

three concentration treatments to one another.

RNA Extraction and Labeling
The RNA samples were separately analyzed for fluorescence

(with a microarray scanner) and isotopic enrichment (with the

NanoSIMS), because fluorescence labeling causes dilution of the

isotopic signal. RNA from frozen filters was extracted with the

RNEasy kit according to manufacturer’s instructions (Qiagen,

Hilden, Germany). Alexafluor 532 labeling was done with the

Ulysis kit (Life Technologies, Carlsbad, CA, USA) on the samples

for fluorescent labeling for 10 min at 90uC (2 mL RNA, 10 mL
labeling buffer, 2 mL Alexafluor reagent), followed by fragmenta-

tion. All RNA (fluorescently labeled or not) was fragmented using

1X fragmentation buffer (Affymetrix, Santa Clara, CA, USA) for

10 min at 90uC and concentrated by isopropanol precipitation to

a final concentration of 500 ng mL21.

Microarray Hybridization and NanoSIMS
A phylogenetic microarray designed to target San Francisco Bay

microbial communities (Figure S3, Table S1) included probes

specific to ribosomal RNA operational taxonomic units (OTUs) as

well as more general probes targeting the three domains of life

(Bacteria, Archaea, Eukarya), two abundant marine bacterial

orders (Alteromonadales and Rhodobacterales) and the genus Polaribacter

[21]. Due to the variability in 16S diversity in different parts of the

16S phylogeny, there was no standard % similarity or taxonomic

classification (genus, species, strain, etc.) that we could use to

describe the lowest phylogenetic level targeted by the array. In

general, taxa were targeted at the lowest possible phylogenetic

level, subordinate to the genus level. To synthesize the micro-

arrays, glass slides coated with indium-tin oxide (ITO; Sigma-

Aldrich, St. Louis, MO, USA) were coated with silane Super

Epoxy 2 (Arrayit Corporation, Sunnyvale, CA, USA) to provide a

starting matrix for DNA synthesis. Custom-designed microarrays

(spot size = 17 mm) were synthesized using a photolabile deprotec-

tion strategy [22] on the LLNLMaskless Array Synthesizer (Roche

Nimblegen, Madison, WI, USA). Reagents for synthesis were

delivered through an Expedite system (PerSeptive Biosystems,

Framingham, MA, USA). For array hybridization, RNA samples

(1 mg) in 1X Hybridization buffer (Roche Nimblegen, Madison,

WI, USA) were placed in Nimblegen X4 mixer slides and

incubated inside a Maui hybridization system (BioMicro Systems,

Salt Lake City, UT, USA) for 18 hrs at 42uC and subsequently

washed according to the manufacturer’s instructions (Roche

Nimblegen, Madison, WI, USA). Arrays with fluorescently labeled

RNA were imaged with a Genepix 4000B fluorescence scanner

(Molecular Devices, Sunnyvale, CA, USA) at pmt= 650 units.

Secondary ion mass spectrometry (SIMS) analysis of microarrays

hybridized with 15N rRNA was performed at LLNL with a

Cameca NanoSIMS 50 (Cameca, Gennevilliers, France). A Cs+
primary ion beam was used to enhance the generation of negative

secondary ions. Nitrogen isotopic ratios were determined by

electrostatic peak switching on electron multipliers in pulse

counting mode, measuring 12C14N2 and 12C15N2 simultaneously.

More details of the instrument parameters are provided elsewhere

[21]. Ion images were stitched together and processed to generate

isotopic ratios with custom software (LIMAGE, L. Nittler,

Carnegie Institution of Washington). Isotopic ratios were convert-

ed to delta (permil) values using d= [(Rmeas/Rstandard) –1]61000,

where Rmeas is the measured ratio and Rstandard is the ratio

measured in unhybridized locations of the sample. All fluorescence

and NanoSIMS data have been deposited to NCBI’s Gene

Expression Omnibus archive under record number GSE56119.

Data Analyses
For each phylotype, isotopic enrichment of individual probe

spots was plotted versus probe fluorescence and a linear regression

slope was calculated. This slope (permil/fluorescence), which we

refer to as the hybridization-corrected enrichment (HCE), is a

metric that can be used to compare the relative incorporation of a

given substrate by different taxa, or the relative incorporation by

one taxon across different treatments [21]. Two procedures were

carried out to assign phylotypes to guilds according to AA

incorporation patterns. First, taxa were assigned to groups based

on activity level, defined by HCE values for a single concentration.

We note that this assignment does not take into consideration the

response to different substrate concentrations. The HCE values at

a single concentration followed a lognormal distribution with a

small number of high values and mostly low to intermediate values

(Fig. S1a). While the distribution of HCEs represents a continuum

of activity, for simplicity we aimed to separate taxa into two

groups: the first with high activity and the second with low activity.

We set the cutoff response to distinguish highly active and less

active taxa at a value of 50% of the maximum, which

corresponded to a local high in the percent change along the

distribution (Fig. S1b). The second procedure to assign phylotypes

to trophic guilds involved the examination of individual taxa and
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their incorporation response (i.e., HCE values) under the three

different concentrations (H, M, L) tested. For each taxon, we used

an analysis of covariance (ANCOVA with a standard least squares

model) to determine if concentration (or concentration and

fluorescence together in a nested test) had a significant effect on

isotopic enrichment (p,0.05), with the null hypothesis being no

concentration effect (H<M<L). This procedure tested whether

the slope of enrichment/fluorescence (HCE) or the y-intercept

(isotopic enrichment) were significantly different for the different

substrate concentrations. For each taxon, if the ANCOVA was not

significant, it meant that the Null hypothesis (H<M<L) was not

rejected (treatment H/M/L had no effect on the relationship

between fluorescence and enrichment). If the ANCOVA was

significant, then it means that at least 1 of the 3 treatments had a

significant effect on isotopic enrichment. In theory, all the

possibilities were: H.M, H.L, M.L, L.H, L.M, and/or

M.H. However, since lower substrate concentrations should not

lead to higher isotope incorporation, the actual possibilities were

H.M,L, H,M.L, or H.M.L. With a post-hoc test, we

examined each ANCOVA result (for each taxon) individually to

find out which treatments were significantly different. We did not

find any taxa that showed the pattern H.M,L, thus the only

trophic strategies identified were the Null hypothesis (H<M<L),

H.M.L and H<M.L.

HCE values for each treatment were normalized to the sum of

the HCE values for the three concentration treatments and were

plotted on a barycentric ternary diagram (taxa not isotopically

enriched were not plotted). Trophic strategies were mapped onto a

maximum parsimony phylogenetic tree of representative 16S

sequences targeted by the array to examine the phylogenetic

distribution of these traits. To statistically test the phylogenetic

distribution of trophic strategy on the tree, individual characters

states were randomly reshuffled 1000 times, and for each

reshuffling, a parsimony score (number of character state changes)

was calculated. This was carried out with the software package

Mesquite [23]. The parsimony score of the real character

distribution was compared to this null distribution with an F-Test.

Results and Discussion

Establishment of Discrete Categories of Functional
Responses to Resource Availability
In our initial analysis, we restricted our examination of the data

to pairwise comparisons of two concentrations to start developing

a classification scheme for microbial response to varying substrate

concentrations (Fig. 1). Generally, incorporation at high substrate

concentrations was weakly but significantly correlated to incorpo-

ration at low concentration, meaning that rRNA phylotypes with

high activity at the high substrate concentration also had high

activity at the low concentration (and vice-versa). This is

exemplified by statistically significant linear regression analyses

(e.g. R2= 0.62, p,0.0001 for H vs. L; black line in Fig. 1). This

initial analysis delineated two groups of organisms: the first

exhibited high isotopic incorporation (i.e. high activity), and the

other group lower isotopic incorporation (i.e. lower activity). We

considered taxa to exhibit high activity if their measure of isotopic

incorporation was more than 50% of the highest incorporation

recorded for a given concentration (Fig. S1). In this set of

experiments, all highly active taxa (4) were members of the

Rhodobacteriaceae, represented by probe sets targeting 3 taxa and the

family more broadly. These marine bacteria belong to a subclade

of the Alpha Proteobacteria, play key biogeochemical roles in the

ocean [24] and are believed to be substrate generalists [25]. We

note that relatively few taxa were classified as highly active (4 out

of 107) based on our 50% cutoff criterion, in agreement with the

theory that only a few members of a microbial community are very

active at any one time [26]. It is unlikely that this result was caused

by bottle effects [27] or selection of taxa during batch culture

incubations [28], as previous work has shown that marine

communities incubated in bottles for extended periods become

dominated by Alteromonadales [29], not Rhodobacteriaceae.

The response of the domain-specific probes indicated that

Bacteria and Archaea increased their AA incorporation with

increasing concentrations (Fig. 2a, 2b). In other words, as the

concentration of added labeled substrate increased, isotopic

incorporation increased. Eukaryotic AA incorporation was near

the detection limit at the low concentration (and not considered

significantly enriched by our conservative criteria) and was positive

at the medium and high concentrations (Fig. 2c). The data for the

three probe sets for bacterial orders/genus (Alteromonadales,

Rhodobacterales, Polaribacters) allowed us to begin to split the bacterial

response detected at the domain level into more specific

components. These data revealed that the probes for these lower

phylogenetic groups did not necessarily respond similarly to the

Bacteria-specific probe set. Alteromonadales increased their isotopic

incorporation with increasing substrate concentration (Fig. 2d), as

the general Bacterial domain probes did. However, Rhodobacterales

and Polaribacters showed no significant increase in isotopic

incorporation from the medium to the high concentration

treatment (Fig. 2e, 2f).

In general, the taxon-specific isotope incorporation responses to

increasing AA availability spanned a continuous range, from

organisms that exhibited no increased incorporation with increas-

ing concentrations, to those with increased incorporation as AA

availability increased. For the sake of conceptual understanding,

we split this continuum into discrete categories, which were

identified based on statistical tests of significantly different isotopic

incorporation for the three AA concentrations. The maximum

number of potential categories was inherently limited by the

number of substrate concentrations tested. With a greater number

of AA concentrations, we likely would have identified more

response categories. The statistical tests that we carried out led to

the classification of three main responses to increasing substrate

concentrations. First, about one third of the taxa (32/107)

exhibited no difference in isotopic incorporation among the three

concentrations (Fig. 3a). We classified this strategy as ‘‘H<M<L’’

(high<medium<low). In some of these cases, isotopic incorpora-

tion was very low (near our detection limit) due to low activity by

those taxa, so our method likely could not have detected

differential incorporation even if it were occurring. However, in

other cases, activity was substantially above background and also

did not increase with increased substrate availability. Our

interpretation of this phenomenon is that the microbial popula-

tions were saturated at the lower concentration, and adding more

substrate did not increase incorporation. Another non-mutually

exclusive possibility is that another nutrient was limiting to their

growth, although this is less likely in a nutrient-rich eutrophic

ecosystem such as San Francisco Bay. We interpret this strategy

(H<M<L) to be analogous to oligotrophy, keeping in mind that

trophic strategy is a relative measure. In other words, an organism

showing this response is only an oligotroph when compared to

another with a different response, and this would change

depending on the ecosystem, the substrate, and the concentrations

tested. For example, a copiotroph in our sampled eutrophic

estuary would be considered an oligotroph relative to E. coli

growing in the laboratory, and an oligotroph in SF Bay might be

considered a copiotroph compared to a very slow growing microbe

in the open ocean.

Microbial Response to Resources
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The second identified trophic strategy included 40 phylotypes

that exhibited increased incorporation at the medium (M)

concentration compared to the low (L) but then were saturated

or limited by another nutrient (H<M.L, Figs. 3b). Physiologi-

cally, this indicates that AA incorporation was not saturated at the

two lower concentrations but only at the highest concentration.

We consider these taxa to be of intermediate trophy, able to

respond to additions of 500 nM AAs, as compared to the relatively

oligotrophic H<M<L strategy. The third identified group

included 25 phylotypes with increased incorporation as more

substrates were added (H.M.L, Figs. 3c). These organisms were

not saturated at any of the concentrations tested, and we consider

them to be relatively copiotrophic, able to respond to additions of

500 nM and 5 mM AAs. Since in general, additions of AAs to

seawater lead to increased bacterial growth rates [30], one of our

hypotheses was that highly active taxa (i.e., those with high AA

incorporation) would be copiotrophs (H.M.L). We found this to

be the case for two out of the three Rhodobacteriaceae taxa, while the

other taxon and the Rhodobacteriaceae family exhibited intermediate

trophy (H<M.L). We originally assumed that metabolic activity

and the ability to incorporate increased amounts of resources

might be related, because fast-growing organisms might be

expected to outgrow their competitors if they are able to

incorporate resources when they are in excess. Thus we

hypothesized that taxa with high AA incorporation would also

be able to increase their incorporation as AA concentrations

increased. This hypothesis was not fully supported by the data

since not all high activity taxa were categorized as H.M.L

(though many of them were).

After assigning taxa to a trophic strategy as outlined above, we

plotted the isotopic incorporation for the three tested AA

concentrations on a ternary diagram (Fig. 4). This plot graphically

depicts the ratios of three variables on an equilateral triangle. In

this case, the variables are the HCE values (a measure of isotopic

incorporation) under 5 mM, 500 nM, and 50 nM added AAs, and

for each phylotype, the denominator is the sum of the three

responses. We note that activity level (i.e., active vs. less active) is

not taken into account here, but only the response to substrate

concentrations (H<M.L, etc.). Data on ternary plots were color-

coded according to the defined trophic strategies as described

above. The ternary plots allowed the assigned categories to be

visualized, and demonstrated a clear graphical partition of

H<M.L and H.M.L, while the null hypothesis H<M<L

was less clearly distinct.

Is Trophic Strategy Related to Phylogeny?
A common assumption in microbial ecology, although contro-

versial [31], is that evolutionarily-related organisms share some

physiological attributes with one another. To examine if such a

pattern existed here, we color-coded the ternary plots according to

bacterial taxonomy (not shown). No obvious taxonomic pattern

was evident based on a visual examination of this plot. We also

statistically tested the hypothesis that trophic strategy was related

to phylogeny by mapping the identified trophic guilds onto a

phylogenetic tree of the 16S rRNA gene (Fig. 5). We determined

whether the three trophic strategies were statistically restricted to

certain parts of the phylogeny using a reshuffling analysis. Two of

the trophic strategies (H<M.L and H.M.L) showed a

statistically significant difference from the random distribution

(Fig. S2), meaning that they were phylogenetically clustered. This

implies that these strategies may be under positive selective

pressure in this ecosystem, an environment rich in nutrients and

particles [32,33]. In terms of taxonomic information, the

intermediate strategy (H<M.L) was more frequent in the

Gamma Proteobacteria while the more copiotrophic strategy

(H.M.L) was more frequent within the Bacteroidetes and

chloroplasts (the latter is a marker for phototrophic eukaryotes).

This is consistent with previous findings that Bacteroidetes are

numerically enriched during algal blooms, when organic matter is

in high supply [34,35]. The finding that eukaryotes were

copiotrophic for AA incorporation was more unexpected. It is

Figure 1. Pairwise comparisons of isotopic incorporation of 15N labeled AAs by 107 16S rRNA phylotypes from SF Bay at two
concentrations (high, 5 micromolar and low, 50 nanomolar). Each data point represents the HCE (hybridization corrected enrichment) for a
probe set (the slope of delta permil divided by fluorescence). Error bars indicate two standard errors of the slope calculation. The black line represents
the linear regression and the blue the 1 to l line.
doi:10.1371/journal.pone.0095842.g001
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known that eukaryotes incorporate dissolved organic nitrogen

[36,37], and previous work has shown copiotrophy by larger size

fractions (mostly eukaryotes) for ammonium and phosphate [3].

Taken together, these previous observations are consistent with

our data. More generally, the finding of some correlation between

trophic strategy and 16S phylogeny is noteworthy, as it suggests

that the substrate affinities of microbial transporters (at least those

for AAs) are evolutionarily conserved and results in evolutionarily

related organisms having similar responses to increasing substrate

concentrations.

Increased Categorization Enhances Conceptual
Interpretation of Microbial Resource Utilization
One of the outcomes of our study is an increased number of

categories of microbial resource acquisition strategies. Categoriz-

ing organisms with similar functional traits into more resource

acquisition strategies allows us to strengthen our conceptual

understanding of the processes they mediate, such as C and N

cycling. However, the number of boxes needs to be relatively low

or we lose our ability to use them conceptually. For example, we

can easily conceptualize microbes based on their temperature

Figure 2. Response of taxa targeted by domain-specific (a–c) and genus or order specific (d–f) probes to increasing amino acid
concentrations (red=high, blue=medium, green= low). Data points are for individual probes. Solid lines represent the linear regression and
dotted lines are 95% confidence intervals.
doi:10.1371/journal.pone.0095842.g002
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tolerance, such as thermophiles, mesophiles, and psychrophiles

[38], being adapted to high, medium, and low temperature,

respectively. However, it is difficult to conceptualize ten or twenty

such groups (e.g. those that prefer 70–80uC, 60–70uC, 50–60uC,
etc.). Our analysis resulted in three trophic strategy guilds and two

activity guilds, which allows us to retain a conceptual understand-

ing of these functional categories without the high number of

categories being too detailed to be useful.

The results presented here show that in addition to spatial and

resource partitioning [39], microbial niche differentiation based on

substrate availability is a factor that contributes to the mainte-

nance of diversity in aquatic environments. In a eutrophic

ecosystem, with three concentrations of one type of organic

substrate, we defined more complex substrate acquisition strategies

than the previously identified dichotomy of oligotrophy vs.

copiotrophy. We note that although AAs are incorporated by

most microbial groups, previous work has shown that assimilation

of individual AAs can be quite variable and some taxa do not

incorporate amino acids at detectable levels [40]. Since our

experiments used a mixture of AAs, it is conceivable that our guild

classifications might have been different if individual AAs were

tested. The classifications would also potentially be different with

other substrates, at different concentrations, during different times

of the year, or in other ecosystems. Hence, the conclusions

presented here are not meant to represent an absolute classifica-

tion of these organisms into trophic guilds but instead to

demonstrate that the well-documented concepts of oligotrophy

and copiotrophy are simplifications of a continuum of responses,

and perhaps more importantly, implies a relationship between

activity and trophic strategy that is not universal.

The guilds identified here, which were based on both activity

and response to increased substrate concentration, are critical

microbial adaptations to an environment with constantly changing

resource availability such as an estuary. Our analysis demonstrates

that the complex substrate incorporation patterns of natural mixed

microbial communities can be quantified and categorized in

moderately simple classification schemes, leading to an improve-

ment in how microbial populations are assigned to functional

guilds. The categorization of microbes into an increasing number

of ‘‘boxes’’ could be particularly valuable for biogeochemical

models, where the vast diversity of bacterial heterotrophic

processes [41] are typically represented in only one or two boxes.

Expanding the bacterial ‘‘black box’’ (i.e., increasing the number

of boxes to more accurately reflect the diversity of microbial

responses to changing resources) should increase the accuracy and

usefulness of such models. Furthermore, our quantitative approach

would eventually allow these boxes to be dropped for a

quantitative modeling approach, no longer needing discrete

categorization. In particular, knowledge about microbial response

to varying nutrient concentrations would be useful, as these are

expected to change under a variety of climate change scenarios

[42]. Together with new approaches to chemical characterization

of organic matter complexity [43], the types of data shown here

offer the possibility of testing hypotheses about critical microbial

biogeochemical function. Our results quantifying the phylotype-

specific response of microbial AA incorporation with increasing

concentrations represents only the beginning of what we hope are

many future experiments. For example, do microbial taxa exhibit

the same resource use strategies for different substrates? Do taxa

change their resource use strategies over time, space, or under

different environmental conditions? It is clear that many of these

questions must be answered before we have enough functional

understanding of microbial biogeochemistry to be able to predict

ecosystem-level responses to changing environmental conditions

driven by both natural and anthropogenic forces.

Figure 3. Three different types of microbial responses to resource availability identified by measuring isotopic incorporation of
amino acids at High, Medium, and Low concentrations in SF Bay, with the numbers of taxa identified in parentheses.
doi:10.1371/journal.pone.0095842.g003

Figure 4. Ternary plot graphically depicting the ratios of the
rRNA phylotype-specific incorporation to varying AA concen-
trations added to SF Bay water. Data are color-coded according to
the trophic strategies identified in Fig. 3. The position of each data
point in relation to the three corners represents the relative
contribution of each concentration response.
doi:10.1371/journal.pone.0095842.g004
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Supporting Information

Figure S1 (a) Hybridization Corrected Enrichment (HCE)

values and (b) percent change from one value to the next lowest,

for 107 taxa at the high amino acid concentration, ranked from

high to low. Arrow indicates the cutoff used to delineate highly

active versus less active tax, which corresponds to 50% of the

maximum.

(TIF)

Figure S2 Result of phylogenetic distribution of taxa assigned to

the ‘‘H<M.L’’ strategy (a) and the ‘‘H.M.L’’ strategy (b) on

the 16S phylogeny, showing the frequency distribution of

parsimony scores from 1000 randomly shuffled character states.

The parsimony score for the actual dataset is indicated by the

arrow and was significantly different from the null distribution

based on an F-test, indicating a phylogenetic signal.

(TIF)

Figure S3 Ribosomal Operational Taxonomic Units (OTUs)

targeted by Chip-SIP phylogenetic microarray, including Gen-

bank accession numbers of representative sequences, taxonomy,

trophic strategy identified by amino acid incorporation at 3

concentrations, and heat map measures of relative isotopic

incorporation (blue = low, black =medium, and yellow=high).

*denotes highly active taxa as defined in Figure 1.

(TIF)

Table S1 List of probes specific for San Francisco Bay natural

community used for Chip-SIP analyses.

(DOCX)
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