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Abstract
Evolutionary trade-offs among ecological traits are one mechanism that could determine the responses of

functional groups of decomposers to global changes such as nitrogen (N) enrichment. We hypothesised that

bacteria targeting recalcitrant carbon compounds require relatively high levels of N availability to support the

construction costs of requisite extracellular and transport enzymes. Indeed, we found that taxa that used more

recalcitrant (i.e. larger and cyclic) carbon compounds were more prevalent in ocean waters with higher nitrate

concentrations. Compared to recalcitrant carbon users, labile carbon users targeted more organic N

compounds, were found in relatively nitrate-poor waters, and were more common in higher latitude soils,

which is consistent with the paradigm that N-limitation is stronger at higher latitudes. Altogether, evolutionary

trade-offs may limit recalcitrant carbon users to habitats with higher N availability.
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INTRODUCTION

Microbes are often sensitive to global changes, with frequent

alterations in abundance, community composition, or prevalence of

functional genes in response to anthropogenic nitrogen (N) enrich-

ment, elevated atmospheric CO2 and warming (Allison & Martiny

2008). Since microbes perform critical biogeochemical functions such

as decomposition and greenhouse gas production, they could

potentially mediate feedbacks between global change and ecosystem

dynamics. However, evolutionary trade-offs, in which one physiolog-

ical or ecological trait is gained at the cost of another (Darwin 1859;

Stearns 1989), may constrain the extent to which these feedbacks

occur. Here, we focus on trade-offs in heterotrophic bacteria between

two ecological traits: tolerance of low N availability and ability to use

recalcitrant carbon compounds for energy. To our knowledge, this is

the first microbial study to explicitly address trade-offs that link

sensitivity to a global change with shifts in ecosystem processes.

Allocation of finite resources is a mechanism that can lead to

evolutionary trade-offs, as resources invested in one trait cannot

always be simultaneously invested in others (Levins 1968). These

trade-offs limit the ability of taxa to be generalists, both in terms of

environmental conditions and biogeochemical functions. For instance,

N is required to construct enzymes for catalysis and uptake of organic

compounds, especially large, complex recalcitrant compounds (Schi-

mel & Bennett 2004). Thus, we hypothesised that taxa that invest in

the use of recalcitrant compounds may have N demands that cannot

be met at lower N availabilities. In addition, we hypothesised that taxa

adapted to low N conditions may invest in procurement of organic N

compounds (to supplement inorganic N sources) (Allison et al. 2010),

which could occur at the expense of uptake of recalcitrant carbon

compounds. If these trade-offs exist, we expect that the breakdown of

recalcitrant carbon compounds – leading to release of CO2 – by

bacteria should be inhibited in N-poor habitats, and that exposure to

anthropogenic N sources may alleviate that inhibition.

We classified 519 bacterial taxa for traits related to use of labile vs.

recalcitrant carbon substrates, use of organic vs. inorganic N,

co-variation with ocean nitrate concentrations, and latitudinal distri-

butions in the soil (see Table S1 in Supporting Information). The

degree of recalcitrant carbon use was indicated by substrate use

profiles (SUPs) obtained in vitro, based on proportions of targeted

organic substrates with relatively high molar weights or cyclic

(including aromatic and aliphatic) structures (Table S2). These

characteristics – in particular, high molar weights – are typical of

long-lived compounds in the environment (Muir & Howard 2006).

Use of recalcitrant carbon compounds (from SUPs) was cross-

checked with relevant genes from 65 taxa for which complete

genomes were available (Table S3). Specifically, we noted the

prevalence of genes related to use of organic substrates that were

cyclic, polymeric and non-microbial in origin. Organic N use was

indicated by SUPs (Table S1). Finally, to examine the responses of

taxa to N availability in situ, we used spatial distributions of taxa

identified via DNA sequences obtained from environmental samples

in the global ocean sampling (GOS) survey (Table S4) (Rusch et al.

2007) and a global synthesis of soils (Table S5). Nitrate concentration

was used as an indicator of inorganic N availability in the oceans, as

nitrate is a dominant form of N in ocean waters, especially near areas

of upwelling and river inputs (Eppley & Peterson 1979; Janke 1990).

Analogous indices of N availability in soil were difficult to obtain at a

global scale. We examined latitude of soil site instead, as N-limitation

tends to be stronger at higher latitudes in terrestrial systems (LeBauer

& Treseder 2008).

METHODS

Substrate use profiles

We used the GEN III MicroPlate database (Biolog, Inc., Hayward,

CA, USA) of bacteria to determine SUPs. The GEN III MicroPlate
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database reports phenotypic information collected by Biolog Inc.

regarding the use of organic substrates by laboratory-isolated bacteria.

Each plate contains 71 substrates, with one substrate per well. The

substrates include 35 cyclic and 36 non-cyclic compounds that range

in molar weight between 46.03 and 1302.47 g mol)1 and in N content

between 0 and 32% mass (Table S2). A plate is inoculated with a

single strain of bacteria at a standardised cell density (90–98%

turbidity) in commercial inoculating fluid (IF-A, Biolog Catalog

#72401) and then incubated aerobically for 22 h at 33 �C, or at

optimal incubation conditions as determined by preliminary tests. The

formulations of the Biolog media are proprietary, but they are similar

to that of Bochner et al. (2001), which include sodium chloride,

triethanolamine HCl, sodium pyruvate, ammonium chloride, sodium

phosphate, sodium sulfate, magnesium chloride, potassium chloride,

ferric chloride and tetrazolium violet. Substrate use is indicted

colorimetrically by development of a tetrazolium redox dye in

comparison to a negative control that contains no added substrate.

Altogether, we used SUPs from 519 bacterial taxa (�study taxa�)
(Table S1). Study taxa were those that used at least one substrate in

the Gen III MicroPlate, and for which a 16S sequence was available in

a curated database (see below). For each taxon, we determined three

traits: first, the average molar weight of compounds used; second, the

proportion of compounds used that were cyclic; and third, the average

N content of compounds used. Recalcitrant substrates tend to be of

relatively high molar weight and cyclic (Muir & Howard 2006).

We matched taxa with corresponding 16S sequences obtained from

the curated GreenGenes database (DeSantis et al. 2006), constructed

an alignment, and estimated a phylogeny using SATé under the default

Center Tree 5 decomposition model (Liu et al. 2009). After each

alignment process, a maximum likelihood tree was created with

RAxML v7.0.4 under the GTR + gamma model for 100 iterations

(Stamatakis et al. 2005) (Fig. 1).

Genomics

As an independent means of assessing traits, we surveyed taxa for the

presence of relevant functional genes. The National Center for

Biotechnology Information (NCBI) Microbial Genomes Resources

contained annotated, complete genomes of 65 of the study taxa

(http://www.ncbi.nlm.nih.gov/genomes/MICROBES/microbial_taxtree.

html, accessed 7 ⁄ 11 ⁄ 2010). We used the NCBI Clusters of Orthol-

ogous Groups (COG) tool to search the chromosome(s) of each

genome for proteins putatively related to uptake or hydrolysis of

relatively large, cyclic (i.e. recalcitrant) carbohydrates (Table S3).

We focused on compounds that are uncommon in microbial biomass,

to avoid genes related to maintenance or conversion of the microbe�s
own tissues. We expected that the proportion of genes encoding for

these proteins would be correlated with the phenotypes determined by

Figure 1 Maximum likelihood tree of all 519 study taxa. Circle colour for each taxon indicates average molar weight of organic compounds used. Red circles: molar weight

> 186.74 g mol)1, blue: < 186.74 g mol)1. Red lines highlight Micrococcineae taxa; blue lines, Pseudomonas taxa. Proteobacteria and Bacteroidetes are gram-negative;

Firmicutes and Actinobacteria, gram-positive.
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SUP. Although ideally we would also search for genes related to

acquisition and use of organic N from the environment, it was difficult

to identify those that targeted external vs. internal sources of organic

N. For example, amino acids are a common form of bioavailable

organic N in oceans and soils (Eppley & Peterson 1979; Janke 1990;

Schulten & Schnitzer 1997), but microbes also produce, transport and

recycle these compounds internally. Thus, we did not consider

functional genes for organic N use.

Distributions in oceanic habitats

We used the advance BLAST tool in the Community Cyberinfrastruc-

ture for Advanced Microbial Ecology Research and Analysis (CAM-

ERA) platform to identify clones in the GOS survey that matched 16S

sequences of the study taxa by ‡ 97% similarity (Table S4). This level of

16S similarity is generally associated with a ‡ 70% similarity of total

genomic DNA between strains, which suggests that other genes are

shared as well (Stackebrandt & Goebel 1994). In the GOS survey, Rusch

et al. (2007) used shotgun sequencing to characterise bacteria filtered

from 40–200 L surface sea water from globally-distributed ocean sites.

Sequences of the study taxa matched 107 taxa in 29 sites. Although

additional matches were found for the Sargasso Sea sampling site, we did

not include this site in our analyses, as that site was the subject of

disproportionately intensive sampling compared to the others. We used

the World Ocean Atlas (http://www.nodc.noaa.gov/OC5/SELECT/

dbsearch/dbsearch.html, accessed 06 ⁄ 07 ⁄ 2010) to obtain annual

averages of nitrate concentrations in surface waters of the relevant

sampling sites. For each taxon, we calculated a weighted average nitrate

concentration for inhabited sampling sites, weighted by the abundance

of clones per site (Table S1). We also calculated a weighted average

latitude of inhabited sites for each taxon, for comparison with latitudinal

distribution in soils.

Distributions in soil habitats

Soil bacteria were ascertained from the primary literature by E. Miller,

S. Kivlin, and C. Hawkes. Briefly, they searched literature published

from September 2006 until May 2007 and listed in either the ISI Web

of Science or Agricola databases, using the keywords 16S rRNA, 16S

rDNA and soil, and soil microb* comm* comp*. They included only

papers with unfertilized, uncontaminated soil sites that contained

more than one sequence. They downloaded full-length (> 1200 bp)

16S sequences and eliminated chimeras identified by Greengenes

Bellerophon version 3 (DeSantis et al. 2006). We used an internal

BLAST algorithm in BioEdit to define 108 study taxa that matched

sequences in the soil database at ‡ 97% similarity (Hall 1999). We

collected the geographic coordinates and the biome of each collection

site, either from the literature or by personal correspondence with the

authors (Table S5). We calculated the average latitude at which each

taxon resided in the soil (Table S1).

Statistics

We conducted phylogenetic independent contrasts between traits

using the analysis of traits (AOT) module in Phylocom (Webb et al.

2008), and then checked for clustering of traits by using non-

metric multidimensional scaling (SPSS 2002). We used AOT to

confirm contrasts in traits between gram positive and gram negative

taxa.

RESULTS

Consistent with our hypotheses, taxon traits formed two clusters

based on phylogenetic independent contrasts (Fig. 2, Table S5), with

the exception of average ocean latitude. One cluster consisted of

positive relationships between molar weight of substrates used,

proportion cyclic substrates, recalcitrant carbohydrate genes and

average ocean nitrate concentrations. The positive relationship

between average molar weight used (or proportion cyclic substrates

used) and average ocean nitrate concentration is consistent with our

first hypothesis, that taxa targeting recalcitrant carbon require higher

N availability to produce associated extracellular and transport

enzymes. Moreover, we found support for our second hypothesis,

given that average molar weight and proportion cyclic substrates used

were negatively related to average substrate N content (Fig. 2,

Table S6).

Among study taxa detected in ocean sites, the genus Pseudomonas

(22% of clones) and the sub-order Micrococcineae (18%) were most

dominant. Moreover, study taxa displayed fairly consistent SUPs

within each of these two clades. Specifically, taxa from Pseudomonas

(gram-negative Proteobacteria) targeted relatively low-molar weight,

non-cyclic organic compounds (Fig. 1, Table 1). In contrast, taxa

from Micrococcineae (gram-positive Actinobacteria) tended to use

relatively high-molar weight, cyclic organic substrates. Compared to

the Micrococcineae, Pseudomonas were present in ocean sites with

lower nitrate concentrations and they used higher concentrations of

organic N (Table 1). In addition, Pseudomonas generally occupied mid-

latitude soils, while Micrococcineae tended to be found in tropical

soils. Differences between Pseudomonas and the Micrococcineae were

mirrored by contrasts between all gram-positive bacteria and all gram-

negative bacteria within the study; gram-positive bacteria targeted

higher-molar weight compounds, more cyclic compounds, fewer

N-rich compounds and were present at higher ocean nitrate

concentrations and more southern latitudes (Table 1).
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Figure 2 Non-metric multidimensional scaling plot of relationships among traits of

study taxa. Each symbol represents one trait. Symbols that are closer to one another

are more strongly positively correlated (Table S1). Symbol shapes indicate data

source. Circles = substrate use profiles, squares = genomes, diamonds = ocean

samples, triangle = soil samples. The final stress was 0.071, and the proportion of

variance explained by the two dimensions was 0.967.
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DISCUSSION

We found suggestions of an evolutionary trade-off between

recalcitrant carbon use and tolerance of low N conditions. Specifically,

recalcitrant carbon users were less common than labile carbon users in

marine waters with lower nitrate concentrations and in soils at higher

latitudes, where N-limitation is typically stronger (Fig. 2, Table S6). One

mechanism that could lead to this trade-off is a higher demand for N by

recalcitrant users, as this group must invest N in the production of

extracellular enzymes that break down complex compounds, and in

diverse transport proteins to take up the products. Extracellular enzyme

production, for instance, can require 4–6% of a microbe�s N budget

(Frankena et al. 1988; Allison et al. 2010). Extracellular enzyme

production appears to be limited where N availability is low, given

that N additions often increase the production of extracellular enzymes

in these ecosystems (Allison et al. 2010). Transport proteins might also

represent a significant N expense, as these proteins can account for up to

50% of the mass of microbial cell membranes (Gooday 1994). A recent

study found that yeast exposed to ammonium- and urea-limiting

conditions for multiple generations acquired deletions of the GAP1

locus, which encodes for a transporter that targets all 20 protein amino

acids (Gresham et al. 2010). The loss of this transporter is consistent

with down-regulation of N investment in membrane transporters under

N stress. Labile carbon users need fewer extracellular enzymes, and can

invest this N instead in transport proteins that target organic N sources.

This strategy would allow labile users to better-tolerate habitats with low

availability of inorganic N. Indeed, use of recalcitrant compounds (i.e.

average molar weight and proportion cyclic substrates) was negatively

related to use of organic N among taxa (Fig. 2, Table S6).

Organic N users in the soil were more abundant at latitudes where

N is typically more limiting (LeBauer & Treseder 2008), given that we

found a positive relationship between average substrate N concen-

tration and average latitude of soils at which those taxa resided (Fig. 2,

Table S6). In contrast, the average latitude of inhabited ocean sites

was not strongly related to organic N use, which is not surprising

given that nitrate concentrations did not vary significantly by latitude

in the ocean sites (Pearson correlation, r = 0.03, P = 0.900). The

contrasting latitudinal distributions of organic N users in soils vs.

oceans were consistent with differences in latitudinal distributions in

N availability between the two environments.

Labile C users should need fewer extracellular enzymes, and might

invest their resources instead in transport proteins that target organic

N sources. This strategy would allow labile C users to better-tolerate

habitats with low availability of inorganic N. Nitrogen fixation is

another means of augmenting N availability in N-poor ecosystems,

and labile C users might be relatively well-positioned to invest N and

energy in this process (Vitousek & Hobbie 2000). Only five of the

study taxa, however, contained nitrogenase genes (Pectobacterium

atrosepticum, Burkholderia vietnamiensis, Bradyrhizobium japonicum, Pseudo-

monas stutzeri, and Klebsiella pneumoniae subsp. ozaenae). This sample size

is too small to formally test for relationships between N fixation

capacity and the other traits, although the N-fixers tended to use a

lower proportion of cyclic compounds (21 ± 7% SE) with a smaller

molar weight (153.9 ± 13.8 g mol)1) than did non-N fixers (cyclic:

47 ± 3%; molar weight: 203.9 ± 9.5).

The observed trade-offs among traits are not likely to be an artifact of

correlations in substrate traits or ocean chemistry. For instance, neither

cyclic compounds (H = 0.635, P = 0.528) nor larger molar weight

compounds (Pearson correlation, r = 0.098, P = 0.418) possessed

significantly lower N contents than non-cyclic or smaller compounds,

respectively (Table S2). In addition, nitrate concentrations were not

significantly related to sea floor depth in the ocean sites in this study

(Table S4, Pearson correlation, r = 0.058, P = 0.38). This pattern is

germane because near-shore (i.e. shallower) areas generally contain

higher concentrations of dissolved organic carbon (including recalci-

trant carbon) than do off-shore areas (Guo et al. 1995). Thus, the

positive relationship between recalcitrant carbon use and ocean nitrate

concentrations was probably not due to greater availability of

recalcitrant carbon in ocean sites with higher nitrate concentrations.

We highlighted two clades, Pseudomonas and the Micrococcineae,

because the majority of study taxa in the Pseudomonas targeted relatively

labile carbon compounds, whereas those in the Micrococcineae used

more recalcitrant carbon compounds. Thus, these clades can serve as

examples for each functional type. We found that their traits were

consistent with evolutionary trade-offs suggested for the 519 taxa as a

whole. Specifically, labile carbon use (by Pseudomonas) occurred

concurrently with prevalence in low NO3
) ocean water and higher

soil latitudes, and with greater use of organic N. Recalcitrant carbon

use (by Micrococcineae) was associated with the opposite traits. These

results suggest that the hypothesised evolutionary trade-offs may be

operating within clades as well as across the broader phylogenetic

range represented in this study.

Other examples of evolutionary trade-offs in microbes have been

reported that have implications for biogeochemical processes. For

instance, algae that evolve a tolerance of low nutrient conditions can

concurrently lose defences against predation by rotifers (Yoshida et al.

2003). In this case, algal taxa that populate low-nutrient areas may also

display higher mortality rates – and faster microbial turnover – owing

Table 1 Traits of selected clades

Trait Micrococcineae Pseudomonas

Independent contrasts

Gram-positive minus

gram-negative taxa*

P-value

Average molar weight of substrates used (g mol)1) 242.7 ± 6.6 146.4 ± 3.6 43.0 ± 4.9 < 0.001

Cyclic substrates used (% of substrates assayed) 76.5 ± 3.0 22.7 ± 2.3 17.1 ± 2.2 < 0.001

Average organic N concentration of substrates used (%) 0.9 ± 0.3 4.8 ± 2.3 )1.7 ± 0.2 < 0.001

Recalcitrant carbohydrate genes (% of genome) –� –� 0.11 ± 0.03 0.002

Average NO3
– concentration of ocean sites (lM) 4.9 ± 0.6 0.7 ± 0.1 2.7 ± 0.5 < 0.001

Average latitude of soil sites (�) 5.3 ± 5.7 27.8 ± 5.0 )31.9 ± 3.4� < 0.001

*Means ± 1 SE.

�More negative values are more southern.

�Not calculated due to low number of whole genome sequences within clades.
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to predation. These results imply that evolutionary trade-offs may lead

bacterial strains to specialise on certain temperature ranges. As a

result, the ability of individual taxa to respond immediately to climate

change may initially be constrained, with time lags dependent on rates

of adaptation. Nevertheless, trade-offs need not always influence

microbial responses to environmental conditions. In thermal adapta-

tion of E. coli, selection for fitness at cooler temperatures only

sometimes results in a decline in fitness at warmer temperatures

(Bennett & Lenski 2007). In addition, Velicer & Lenski (1999) found

little evidence that adaptation to abundant energy and nutrient

resources led to a concomitant decrease in fitness under scarce

resources, and vice-versa.

Our findings should be considered within the context of several

caveats. First, SUPs were determined in vitro, under conditions quite

different from marine and soil environments. Nevertheless, genomic

traits of taxa were consistent with SUPs in that prevalence of

recalcitrant carbohydrate-related genes was positively related to use of

larger, cyclic substrates. Second, our analyses were restricted to

bacterial taxa that could be cultivated aerobically and in monoculture,

even though most bacterial taxa are not culturable by current

methods. However, the study taxa consisted of 107 of the 811 taxa

from the GOS survey (Rusch et al. 2007) and 108 of 1245 taxa from

the soil database. Third, this analysis was restricted to bacteria.

It remains to be seen whether decomposer fungi display similar trade-

offs. Fourth, we essentially tested for correlations between traits,

which limits our ability to identify causal mechanisms (Bennett &

Lenski 2007). A more robust test would involve experimental

selection for recalcitrant substrate use, for instance, combined with

assays for sensitivity to N availability and use of organic N. This

would be a valuable future endeavour.

An evolutionary trade-off between recalcitrant carbon use and

tolerance of low N conditions has important implications for carbon

storage under global change. Human activities are leading to N

enrichment in soils via anthropogenic N deposition (Vitousek et al.

1997), and to increases in nitrate concentrations in oceans via terrestrial

runoff (Howarth et al. 1996). If recalcitrant users are constrained to

habitats with relatively high N availability, they may proliferate under

anthropogenic N enrichment. As a result, decomposition rates of

recalcitrant carbon may increase, leading to greater fluxes of CO2 to the

atmosphere. Indeed, increases in decomposition of organic matter –

including large cyclic compounds such as cellulose – in response to N

additions have been documented in marine waters (Kirchman et al.

1991; Zweifel et al. 1993; Martinez-Garcia et al. 2010).
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