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Rising climate temperatures in the future are predicted to accelerate the microbial decomposition of soil organic matter. A field
microcosm experiment was carried out to examine the impact of soil warming in freshwater wetlands on different organic car-
bon (C) pools and associated microbial functional responses. GeoChip 4.0, a functional gene microarray, was used to determine
microbial gene diversity and functional potential for C degradation. Experimental warming significantly increased soil pore wa-
ter dissolved organic C and phosphorus (P) concentrations, leading to a higher potential for C emission and P export. Such
losses of total organic C stored in soil could be traced back to the decomposition of recalcitrant organic C. Warming preferen-
tially stimulated genes for degrading recalcitrant C over labile C. This was especially true for genes encoding cellobiase and mnp
for cellulose and lignin degradation, respectively. We confirmed this with warming-enhanced polyphenol oxidase and peroxi-
dase activities for recalcitrant C acquisition and greater increases in recalcitrant C use efficiency than in labile C use efficiency
(average percentage increases of 48% versus 28%, respectively). The relative abundance of lignin-degrading genes increased by
15% under warming; meanwhile, soil fungi, as the primary decomposers of lignin, were greater in abundance by 27%. This work
suggests that future warming may enhance the potential for accelerated fungal decomposition of lignin-like compounds, leading
to greater microbially mediated C losses than previously estimated in freshwater wetlands.

The average global surface temperature has increased by 0.74°C
since 1850 and is likely to increase by another 1.1 to 6.4°C by

the end of this century (43). Decomposition of soil organic matter
strongly responds to global warming (6). For open-water regions
in freshwater ecosystems, decreased amounts of soil organic car-
bon (C) associated with nutrient release from soil-microorganism
complexes greatly contributes to C dynamics as well as nutrient
balance (38, 44). Meanwhile, phosphorus (P) is the key element
causing eutrophication and subsequent water quality deteriora-
tion (39). Wetlands are well regarded as productive and biologi-
cally diverse ecosystems; in particular, the nutrient composition of
shallow surface water can be altered by a range of biogeochemical
processes (45). Understanding C and nutrient biogeochemical cy-
cling in wetlands in response to global warming and the associated
ecological feedback to the biosphere has gained great attention
worldwide.

The global change-driven loss of dissolved C is highly corre-
lated to the decomposition of organic C pools stored in soil.
Organic C pools can be divided into labile and recalcitrant C frac-
tions, the proportions of which vary according to the heterogene-
ity of soil with different intrinsic turnover times (14). Labile frac-
tions constitute a small amount of total organic C (TOC) pools
and have relatively fast turnover rates, while recalcitrant fractions
represent larger portions of the pools and have relatively slow
turnover rates (37). The decomposition of labile organic C pools
can be equally as sensitive as or even less sensitive than more
resistant organic C pools to temperature. For instance, a clear-cut
test with changes in stable isotope composition in vegetation in-
dicated that the decomposition of young and old soil organic C
might be equally responsive to changes in climate (13), while a 14C
isotopic profile (26) and a three-pool model (25) demonstrated

that the nonlabile organic C pools may be expected to be of par-
ticular importance to C dynamics under warming. This is because
recalcitrant compounds with relatively low decomposition rates
and high activation energies are inherently more sensitive to rising
temperature than labile ones (11). Wetlands contain one-third of
the global organic C (19), and even small changes in organic C
pools due to altered environmental conditions in these ecosystems
may have substantial effects on global C dynamics (12). However,
which fractions of the wetland organic C pools are more sensitive
to degradation under elevated temperature and how this may af-
fect dissolved organic C (DOC) export are still being debated.

Microorganisms mediate decomposition of soil C pools and
drive Earth’s biogeochemical cycling (15, 51). In response to
warming, microbial biomass may decrease, especially when labile
C pools are depleted. The reduction in readily available substrate,
in turn, leads to the downregulation of microbial functions (17),
lessening the microbial impact on the global C budget. Other
studies (5, 40), however, suggested that microbial biomass may
either remain steady or even increase, which would accelerate
global C cycling and the microbially mediated C feedbacks to cli-
mate warming. The destiny of microbial biomass and associated
labile C pools in this response remains under debate. Aside from
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the alteration in microbial biomass, recent studies have also
shown that warming can also greatly impact microbial commu-
nity composition and physiology (8, 16, 17, 49). Such shifts in
microbial community composition were also always combined
with altered microbial physiology and functioning. For instance,
higher copy numbers of fungal genes in warmed samples (8, 50)
led to the adjustment of strategies to use C as a resource for mi-
crobial growth (2), which suggested a greater C utilization effi-
ciency than in bacteria (31). However, these altered microbial re-
sponses to experimental warming based on phylogenetic analysis
have not been well explored with regard to the impact of potential
changes in microbial community functional and metabolic pro-
cesses on wetland soil C cycling.

In the past decade, substantial experimental warming research
on microbial responses to warming with associated C biogeo-
chemical cycling has been conducted on soil in terrestrial ecosys-
tems such as forests, grass prairies, plateaus, and arctic lands (32,
40, 41, 49). However, the genetic linkage of C dynamics with as-
sociated microbial functions in freshwater ecosystems subjected
to warming is poorly studied. In this work, a microcosm ecosys-
tem was developed in May 2008 simulating warming scenarios to
investigate biogeochemical dynamics in subtropical wetlands
(50). In addition to conventional analysis, a comprehensive func-
tional gene microarray, GeoChip 4.0, containing 83,992 50-mer
oligonucleotide probes (21, 34) was used to gain insight into soil
microbial changes, including microbial gene diversity, and asso-
ciated ecological function shifts when communities were sub-
jected to warming. We observed how microorganisms mediated
the response of different organic C fractions to experimental
warming, particularly through the functional potential of detected
C-degrading genes. We hypothesized that the accelerated decom-
position of recalcitrant organic C pools under experimental
warming could be linked with increased microbial metabolic ac-
tivity for recalcitrant C acquisition and the potential shifts in mi-
crobial community composition to a relative dominance of fungi.

MATERIALS AND METHODS
Microcosm configuration. A custom-built novel microcosm (see Fig. S1
in the supplemental material) simulating climate warming under a min-
ute scale for both daily and seasonal temperature variations was developed
using separately monitored water bath jackets under both current ambi-
ent temperature conditions (control) and simulated warming conditions
of 5°C above ambient temperature (warmed). Specifics regarding the con-
figuration and corresponding operation of this microcosm system since
May 2008 have been reported previously (50) and can be found in the
supplemental material. This device used a water bath incubation method
to maintain hydrological characteristics and a humid habitat for micro-
bial growth, offering a high-resolution temperature comparison, good
repeatability, and the capability to simulate realistic warming conditions.

Sample description. The study sites (see Table S1 in the supplemental
material) were located in the southern region of the Taihu Lake Basin and
the Ningshao Plain, which has high spatial and temporal variability in
sediment-water nutrient exchange. The basic physicochemical parame-
ters of the three subtropical wetland soils selected in situ were previously
described (50). In brief, YaTang (YT) wetland is in an advanced state of
eutrophication and was classified as eutrophic, with the highest relative
levels of organic matter, nutrients, and water content. XiaZhuhu (XZ) and
XiXi (XX) wetlands are in a meso-eutrophic state although the organic
matter and nutrient contents of XZ soil were nearly twice those of XX soil.
Transparent polyvinyl chloride (PVC) columns (45.0 cm in height and
10.0 cm in internal diameter) were prefabricated in May 2008 to be filled
with 20 cm of fresh soil and 20 cm of the corresponding overlying water.

The details for preparing wetland columns with three replicates were de-
scribed previously (50). For pore water sampling, a soil solution sampler
(0.5-�m porous polyacrylonitrile hollow fiber; Chinese Academy of Sci-
ences, Nanjing) was horizontally embedded into the soil in each column at
a fixed depth of 5 cm. About 100 ml of overlying water and 30 ml of pore
water were sampled from each wetland column at approximately 90-day
intervals from the summer of 2010 to the winter 2010 to 2011 after ap-
proximately 2.5 years of warmed incubation. In addition, approximately
100 g of 0- to 5-cm fresh top soil was collected (16 December 2010) for
each column from the experimental warming microcosm system. The
sampling procedures for water and soil were previously described (50).

Water and soil biogeochemical analysis. Soil pore water was imme-
diately digested and measured spectrophotometrically using a continuous
flow analyzer (Autoanalyzer III; Bran�Luebbe, Germany) set to 880 nm
for P measurements. Dissolved organic C (9) was determined using a TOC
analyzer (Shimadzu Scientific Instruments, Columbia, MD). Soil samples
were centrifuged to remove pore water. One-third of each soil sample was
stored at 4°C for 1 to 2 days and was subsequently used for microbial
biomass measurement using a fumigation-extraction method as de-
scribed by Wu et al. (47). In brief, soil-extractable C in fumigated and
nonfumigated soil samples was extracted by 0.5 M K2SO4. The difference
in extractable C amounts between the fumigated and nonfumigated soils
was assumed to be the amount released from lysed soil microbes. Another
portion of each pooled sample was stored at �15°C, freeze-dried, ground,
sieved, and analyzed for TOC content according to standard methods (4).
Organic C content was determined using KMnO4 oxidation (33). Three
fractions of labile organic C in these wetland columns, highly labile or-
ganic C (HLOC), mid-labile organic C (MLOC), and labile organic C
(LOC), were determined using 33 mmol liter�1, 167 mmol liter�1, and
333 mmol liter�1 of KMnO4, respectively. Recalcitrant organic C (RO-C)
pools were calculated as the difference between the TOC and the LOC.

Laboratory incubation for soil respiration and enzyme activity as-
says. For soil respiration measurements, each soil core was put into a glass
with a chamber containing up to 10 ml of 2N NaOH solution as a CO2

absorbent, and respiration rates were measured every other day for the
first week and then weekly for the remaining days during a 60-day incu-
bation period (20). Extracellular enzyme activity, including polyphenol
oxidase and peroxidase involved in lignin degradation were analyzed un-
der saturating conditions according to Li et al. (28). These measures rep-
resent potential enzyme activities indicative of overall enzyme concentra-
tions (46) which are used to evaluate the actual rates of enzymatic
reactions under natural in situ conditions. Briefly, both enzymes were
assayed spectrophotometrically at 430 nm using 1,2,3-benzenetriol [4-(2-
pyridylazo)-pyrogallol (PAPG)] as the substrate, followed by quantifica-
tion of a red oxidation product of PAPG. For polyphenol oxidase assays,
10 ml of 1% PAPG was added to 1 g of soil and mixed to complete ho-
mogenization before incubation in the dark at 30°C for 3 h. After incuba-
tion, 4 ml of citric and phosphoric acid buffer (pH 4.5) was added. For
peroxidase assays, 10 ml of 1% PAPG plus 2 ml of 0.5% H2O2 was added
to 1 g of soil and mixed to complete homogenization before incubation in
the dark at 30°C for 1 h. After incubation, 2.5 ml of 0.5 mol liter�1 HCl was
added. For both enzymes, 35 ml of diethyl ether was used to absorb the
oxidized reaction product; subsequently, absorbance of the solution was
measured.

DNA extraction, amplification, and labeling. DNA extraction was
conducted as described previously (34). Aliquots of DNA (100 ng) from
each sample were amplified by whole community genome amplification
with a TempliPhi kit (GE Healthcare, Piscataway, NJ) using a modified
reaction buffer (48). The amplified DNA (2 �g) was then labeled with Cy3
using random primers and the Klenow fragment of DNA polymerase I
(34). Labeled DNA was then dried in a SpeedVac (at 45°C for 45 min;
ThermoSavant). Sample tracking control (NimbleGen, Madison, WI) was
used to confirm sample identity, and hybridization buffer (7.32 �l) was
added to the samples (34).
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GeoChip 4.0 hybridization and data processing. The functional gene
microarray (GeoChip 4.0) in this study was developed by the Institute for
Environmental Genomics (University of Oklahoma). For hybridization,
an HX12 mixer (NimbleGen) was placed onto the array using Nimble-
Gen’s precision mixer alignment tool. The array was preheated to 42°C on
a hybridization station (MAUI; BioMicro Systems, Salt Lake City, UT) for
at least 5 min, after which 6.8-�l samples were loaded onto the array
surface and hybridized by mixing for approximately 16 h. After hybrid-
ization, the arrays were scanned with a laser power of 100% and a 100%
photomultiplier tube (MS 200 Microarray Scanner; NimbleGen). Low-
quality spots were removed prior to statistical analysis, as described pre-
viously (21). Spots were scored as positive if the signal-to-noise ratio
(SNR) was �2.0 and the coefficient of variation (CV) of the background
was �0.8; these positive spot data were used for the subsequent analysis.
The abundance of the detected genes indicated by signal intensities was
the relative gene abundance by GeoChip 4.0 analysis, which indicated the
relative shifts in microbial community composition differences between
the two treatments.

Statistical analysis. Three-factor, repeated measure analysis of vari-
ance (ANOVA) tests were performed to show the effect of geographic
variation (site), experimental warming, and sampling date on DOC and P
concentrations in soil pore water. Soil organic C fractions, microbial bio-
mass, respiration, and enzyme activities were examined by two-way
ANOVA with experimental warming and sampling sites as factors. Stu-
dent-Newman-Keuls (SNK) analysis was conducted for multiple compar-
isons within the three sample sites (i.e., YT, XZ, and XX). Student’s t tests
were used to examine the effects of experimental warming. Detected gene
biodiversity was calculated based on Simpson’s index. Diversity indices
and Mantel tests were carried out using R, version 2.9.1 (http://www.r
-project.org/). A paired Student t test was further performed to examine
significant changes in microbial gene diversities and community compo-
sitions at a P value of �0.05 or 0.01 using SPSS (version 15.0). The Spear-
man correlation was used to analyze correlations.

RESULTS
Dissolved carbon and phosphorus concentrations in soil pore
water. After a 2.5-year incubation, DOC concentrations in
warmed soil pore water increased by 25.5% (XX) to 33.4% (YT)
compared to the controls (Fig. 1A). The observed DOC concen-
tration increased to 30.1 mg liter�1 in the summer of 2010 under
warming (Fig. 1A, Aug). Geographic variation (site), experimen-
tal warming, and sampling date all had significant impacts on
DOC concentrations as analyzed by ANOVA (Table 1); however,
no possible interaction of these variables was significant (Table 1).
Meanwhile, warming significantly (P � 0.01) increased P concen-
trations in soil pore water (Table 1 and Fig. 1B). The effect of
warming on P concentration was highly dependent on the original
nutrient status of soils (P � 0.014) (Table 1). A positive correla-
tion between DOC and P concentration (R2 � 0.738; P � 0.037)
under warming was also observed, indicating that the effects of
warming on the C concentration may also impact P dynamics.

Soil organic carbon pools and MBC. The average labile or-
ganic C pools as HLOC, MLOC, and LOC in tested wetlands un-
der warming increased by 20.1%, 25.4%, and 6.59%, respectively
(Table 2). For HLOC, the contents in soil increased by 1.66 mg g�1

(18.2%), 0.514 mg g�1 (8.87%), and 1.27 mg g�1 (58.7%) under
warming conditions for YT, XZ, and XX wetland columns, respec-
tively (P � 0.001) (Table 2). Similarly, significant increases were
found in MLOC, but no significant differences in LOC were ob-
served (P � 0.547) (Table 2). The recalcitrant organic C (RO-C)
contributed to a large amount of total C (�82.3%) compared to
LOC (�11.2%) and HLOC (�6.7%) (Table 2). Warming signif-
icantly decreased RO-C content by 22.5 mg g�1 (12.0%) and TOC

content by 25.3 mg g�1 (11.3%) in tested wetland columns (Table
2). Further analysis showed that the decrease in RO-C pools was
significantly (P � 0.01) correlated with decreases in TOC, accord-
ing to Spearman correlation analysis, implying that TOC varia-
tions in response to warming may be greatly influenced by recal-
citrant organic C fractions. Microbial biomass C (MBC) in tested
soils accounted for only a small portion of TOC (�2.03%) and
represented �12.1% of the labile organic C pools (Table 2).
ANOVA with SNK analysis showed an increased microbial bio-
mass C with experimental warming for YT (increased by 21.4%;
P � 0.051) and XZ (increased by 31.1%; P � 0.009), along with
XX wetland samples (increased by 29.9%; P � 0.067) (Table 2).
Additionally, linear regression analysis across different wetlands
verified a positive correlation (P � 0.01) between labile organic C
fractions and microbial biomass (see Fig. S2 in the supplemental
material); among three different labile organic C pools, HLOC
pools may be most representative of a possible shift in microbial
biomass because they had the highest adjusted R2 values (0.663
compared to 0.471 for LOC, for example).

Microbial respiration and metabolic activities. Cumulative
soil respiration was generally greater in all warmed samples, with a
range from 68.6 (XX) to 202 �g of CO2-C g�1 of soil (YT), than

FIG 1 Dissolved organic carbon (DOC) and phosphorus (P) concentrations
in soil pore water from YT, XZ, and XX wetland columns in the microcosm
experiment under ambient temperature (control, c) and at 5°C above ambient
temperature (warmed, w). The DOC and P concentrations measured here (i.e.,
on the dates indicated) were about 2.5 years from the start of the experiment in
May 2008. Error bars are �1 standard deviation.
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the level in the control (35.3 for XX to 185 �g of CO2-C g�1 for
YT) (Fig. 2). About 22.3 (XZ) to 51.9% (XX) of the total CO2 was
released from the soil organic C within the first 7 days of the
60-day incubation. Respiration increases of 17.3 (XX) to 28.2%
(XZ) were observed for warmed soils compared to the control
(Fig. 2, inset). After 7 days, soil respiration rates in warmed sam-
ples tended to decline over time, and no significant difference was
found between any two treatments up to day 60 (Fig. 2). In addi-
tion, microbial metabolic activity estimated by soil microbial res-
piration to biomass C (2) was positively affected by experimental
warming in the case of XX (Fig. 3A). Experimental warming in-
creased C use efficiency (5) for both labile and recalcitrant pools.
The labile carbon use efficiency (estimated by the MBC/LOC ra-
tio) (Fig. 3B) significantly (P � 0.001) increased by 38.4%, 31.0%,
and 14.5% under warming for YT, XZ, and XX, respectively, while
the recalcitrant carbon use efficiency increased by 48.2%, 42.7%,
and 51.6%, respectively (estimated by the MBC/RO-C ratio) (Fig.
3C). The XX wetland with the lowest relative soil organic matter
content among the three tested wetlands seemed to have the high-
est carbon use efficiency (XX) (Fig. 3B and C), indicating that
microorganisms in nutrient-poor wetlands may be relatively
more efficient than those in nutrient-enriched wetlands (i.e., YT)
at converting C to form new cells rather than releasing the C di-
oxide into the atmosphere.

Microbial gene diversity and community structure shifts.
The number of total genes detected by GeoChip 4.0 encoding key
soil enzymes was 25.5% greater in warmed samples than in the
control (Fig. 4). Approximately 4.6 to 10.2% of detected genes

were unique and were found only in warmed samples (P � 0.033)
(see Table S2 in the supplemental material). The number of de-
tected genes belonging to different phylogenetic groups was in-
creased for bacteria (by 22.3%; P � 0.089) and fungi (by 27.2%;
P � 0.047) in warmed samples; however, no significant or mar-
ginally significant differences (P � 0.242) were found for archaea
(Fig. 4). The microbial abundance for fungus-related genes as in-
dicated by normalized signal intensity was preferentially higher
(P � 0.078) in warmed samples than in the controls. The micro-
bial community structure showed changes in response to warm-
ing as well. Most of the bacteria-related genes were derived from
Alpha-, Beta-, Gamma-, and Deltaproteobacteria, Actinobacteria,
Firmicutes, and Cyanobacteria, while Ascomycota (�78.9% of total
fungus-related genes) and Basidiomycota (�18.9%) were found to
be the dominant phyla of fungi in warmed samples (see Fig. S3 in
the supplemental material). Among these main phyla, the gene
diversities of Proteobacteria, Ascomycota, and Basidiomycota were
significantly (P � 0.05) increased under warming. In order to
show the relationship between detected functional genes and soil
biogeochemical properties, Mantel tests (Table 3) were per-
formed. The results suggested that the microbial biomass and
highly labile organic C were critical in influencing and shaping the
microbial functional community structure (microbial biomass,
rM � 0.580 and P 0.050, where rM is Mantel’s r; for HLOC, rM �
0.448 and P � 0.046).

Microbial functions in degradation of carbon pools. C-de-
grading genes measured by GeoChip 4.0 include a variety of genes
responsible for degrading starch, hemicellulose, cellulose, chitin,

TABLE 1 Results of three-factor, repeated measures ANOVA of soil pore water DOC and phosphorus concentrations to geographic variation,
experimental warming, and sampling datea

Substance

P value by factor(s)b

Site Warming Date
Site �
warming

Site �
date

Warming �
date

Site �
warming � date

DOC 0.019 <0.001 0.001 0.697 0.258 0.459 0.490
P <0.001 0.001 0.015 0.014 0.789 0.872 0.703
a The DOC and P concentrations were measured in situ in YT, XZ, and XX wetland columns under warmed and control conditions (control, ambient temperature; warmed,
ambient temperature � 5°C) in the microcosm experiment on three different sampling dates (i.e., 19 August 2010, 16 November 2010, and 19 February 2011).
b Significant P values (�0.05) are in bold.

TABLE 2 Effects of warming on soil total organic carbon, highly labile organic carbon, mid-labile organic carbon pools, labile organic carbon,
recalcitrant organic carbon, and soil microbial biomass carbon

Condition and site

Mean amt of carbon by fraction (g kg�1 soil [SD])a

TOC HLOC MLOC LOC RO-C MBC

Control
YT 133 (9.97) 9.13 (0.23) 13.0 (1.01) 19.0 (4.20) 111 (7.92) 1.37 (0.01)
XZ 54.8 (5.91) 5.80 (0.32) 8.55 (0.30) 9.93 (0.43) 44.9 (6.13) 1.08 (0.02)
XX 35.5 (1.67) 2.14 (0.07) 3.12 (0.23) 3.70 (0.31) 31.8 (1.69) 0.97 (0.02)

Warmed
YT 117 (2.62) 10.8 (0.15) 18.6 (0.89) 20.5 (4.26) 98.5 (6.98) 1.66 (0.10)
XZ 49.2 (3.55) 6.31 (0.07) 8.67 (0.13) 9.93 (0.32) 39.3 (3.40) 1.42 (0.04)
XX 31.8 (1.26) 3.39 (0.07) 3.64 (0.13) 4.32 (0.16) 27.4 (1.14) 1.25 (0.11)

P valueb 0.005 <0.001 <0.01 0.547 0.010 <0.001
a TOC, total organic carbon; HLOC, highly labile organic carbon; MLOC, mid-labile organic carbon; LOC, labile organic carbon; RO-C, recalcitrant organic carbon; MBC, soil
microbial biomass carbon.
b Determined by ANOVA. Significant P values (�0.05) are in bold.
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and lignin. The complexity of C is presented in an increasing or-
der, from labile to recalcitrant C. The relative abundance of each
C-degrading gene represents the microbial functional potential
for degrading different organic C fractions (Fig. 5 and 6). Experi-
mental warming generally increased overall detected C-degrading
genes, implying that a faster temperature-dependent decomposi-
tion of organic matter occurred in warmed soils. For hierarchical
cluster analysis (Fig. 5), clustered genes in group 3 (31.4% of total
detected C-degrading genes) showed significant increases (P �
0.05) in abundance under warming conditions for genes for key
soil enzymes involved in different C degradation. Specific genes
encoding glucoamylase for starch degradation, xylA for hemicel-
lulose degradation, cellobiase for cellulose degradation (P �
0.010), and mnp for lignin degradation (P � 0.033) showed sig-
nificantly (P � 0.01 or 0.05) higher abundance in warmed soils
than in the controls (Fig. 6A). In contrast, genes encoding man-
nanase for hemicellulose degradation significantly (P � 0.01) de-

creased when subjected to warming. Hierarchical clustering analy-
sis of mnp genes (Fig. 7) showed that warmed samples were clustered
together and well separated from control samples. Microbial popu-
lations similar to Phanerochaete sordida (protein identification [ID]
number, 21929222) and Trametes versicolor (protein ID number,
40714547) showed the strongest signal intensities (Fig. 7). Warming
stimulated genes for degrading both labile and recalcitrant C but to
different degrees. The relative abundance of detected genes increased
by 8.6% and 4.2% for starch and hemicellulose degradation, respec-
tively, while the abundance of detected genes increased by 14.5% and
6.8% for lignin and chitin degradation, respectively, under warming
(Fig. 6B). Meanwhile, within the top 20 population/genes showing
the highest normalized signal intensities (see Table S3 in the supple-
mental material), a large proportion of detected genes (more than
50%) were involved in degrading chitin and lignin. Particularly, genes
derived from Trametes versicolor which are responsible for lignin deg-
radation increased significantly (P � 0.05) in warmed samples (see
Table S3). Genes derived from Ganoderma lucidum (protein ID num-
ber, 224037824) were detected in all of the warmed samples but were
absent in the controls (see Fig. S4 in the supplemental material). Con-
sistent with this, the potential activities of some key soil enzymes such

FIG 2 Cumulative soil respiration (�g of CO2-C g�1 of soil) over the 60-day
incubation period at a constant temperature of 25°C for the YT, XZ, and XX
wetlands under control (dotted regression lines) and warmed (solid regression
lines) conditions. Differences in cumulative soil respiration for the initial 7
days and the remaining days are shown in the inset bar chart. Error bars are �1
standard deviation. Asterisks represent significant Student’s t test differences
between warmed and control samples (*, P � 0.05; **, P � 0.01).

FIG 3 (A) Microbial metabolic activities expressed as the ratio of the soil
respiration rate (SR; g of CO2-C kg�1 day�1) to microbial biomass carbon
(MBC; g kg�1). (B) Labile carbon use efficiency by microbes expressed as the
ratio of MBC to labile organic carbon (LOC; g kg�1). (C) Recalcitrant carbon
use efficiency by microbes expressed as the ratio of MBC to recalcitrant organic
carbon (RO-C; g kg�1) for tested subtropical wetland soils (i.e., YT, XZ, and
XX) under experimental warming. Error bars show �1 standard deviation.
Asterisks represent significant Student’s t test differences between warmed and
control samples (*, P � 0.05; **, P � 0.01).
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as polyphenol oxidase and peroxidase involved in lignin degradation
were generally enhanced under warming, especially for YT and XZ
wetland samples (Fig. 8). In contrast, the abundance of starch-de-
grading genes clustered in group 3 did not significantly change and
even decreased (P � 0.05) in group 1 under warming, as revealed by
hierarchical cluster analysis (Fig. 5).

DISCUSSION

Global warming is making it increasingly difficult for wetlands to
effectively perform storage functions. A series of lab-scale soil in-
cubation experiments simulating global warming using fixed tem-
peratures to illustrate the impact of elevated temperature on C and
nutrient cycling in ecosystems were reported previously (23, 30).
However, these lab-scale experiments examined only a single
temperature and do not reflect actual conditions under future
global warming conditions; as such, the implications for ecosys-
tem function are limited. Here, we conducted a field microcosm
experiment with a high-resolution temperature control system.
Through continuously comparing temperature differences at
2-min intervals between ambient and warming conditions, this
system provided a more accurate simulation of realistic warming
scenarios under expected future climate conditions. The present
work, relating warming impacts on different types of organic mat-
ter to microbial functional responses, can assist in understanding
microbial roles in ecological C cycling and microbially mediated
feedbacks in freshwater wetlands to future climate warming.

Enhanced C and nutrient release associated with microbial
responses under warming. When taken together, the current data
(Fig. 1 and Table 1) indicate that experimental warming enhanced
the ecological role of wetland soil as a source for both DOC and P,
leading to a relatively high potential of soil C emission and P
transport to surface water bodies. This is consistent with findings
(29) that a temperature increase of 2.1°C resulted in a 16% in-
crease in DOC concentrations in forest soil baseflow. Experimen-
tal warming benefited microbial growth (Table 2), which is critical
for the decomposition of organic matter and acceleration of nu-

trient cycling. On a global scale from colder arctic regions to the
tropics, the amount of organic matter stored in soil substantially
decreases, accompanied by an increase in microbial population
density (22). This indicates that higher temperatures promote de-
composition processes by increasing microbial populations in the
soil. As one of the primary determinants of metabolic rates from
the cellular level to global-scale ecosystems (1, 18), rising temper-
ature increases microbial metabolic activity (Fig. 3A) and soil res-
piration rates (Fig. 2), thus enhancing soil C acquisition for en-
ergy. Temperature-dependent decomposition induced aggregate
breakdown and liberated nutrients from soil-microorganism
complexes (3, 36). Excessive P leached to water bodies (Fig. 1) may
weaken the soil storage capacity, causing water quality deteriora-
tion in freshwater ecosystems.

Potential shifts in microbial function and structure for de-
grading recalcitrant C. The response of different soil organic C
fractions to warming is a major concern and source of uncertainty
in projecting future climate change (25). GeoChip 4.0 analysis
showed greater increases in genes for recalcitrant C than genes for
labile C degradation, especially for lignin (Fig. 6B). This suggests
that the microbial functional potential to biodegrade humus-like
organic C was preferentially enhanced under warming. Humifica-
tion refers to microbial transformation of organic matter into hu-
mus (51), and this process will probably be impaired by global
warming because of changed microbial roles, such as the en-
hanced potential enzyme activities of polyphenol oxidase and per-
oxidase enzymes (Fig. 8), which are negatively correlated with the
intensity of humification (28). Our results are supported by the
similar findings of Li et al. (27), who showed that the relative losses
of humified organic matter for manipulated soil from boreal for-
ests under warming were disproportionately increased compared
to loss of labile C. Generation of recalcitrant dissolved organic
matter by the microbial carbon pump (24) is well regarded as a
vital process for C sequestration in oceans. However, in this work
we observed an �12.0% reduction in recalcitrant organic C pools
with warming and a correlated, significant (P � 0.01) response in
TOC although the amount of LOC remained almost unchanged
(Table 2). Therefore, the warming-induced increase in DOC may
be traced back to the recalcitrant organic C pools in wetlands.

TABLE 3 The relationship of detected functional genes involved in
carbon cycling by GeoChip 4.0 and individual environmental variables

Environmental variable rM
a Pb

pH 0.130 0.407
Water content 0.204 0.251

C-relatedc

TOC 0.197 0.318
HLOC 0.448 0.046
MLOC 0.099 0.409
LOC 0.194 0.312
RO-C 0.238 0.313
MBC 0.580 0.050

a Mantel statistic. The signal intensities of carbon cycling genes for warmed and control
soil samples were used as the first matrix; the normalized environmental variables were
used as the second matrix.
b Significant P values (�0.05) are in bold.
c TOC, total organic carbon; HLOC, highly labile organic carbon; MLOC, mid-labile
organic carbon; LOC, labile organic carbon; RO-C, recalcitrant organic carbon; MBC,
soil microbial biomass carbon.

FIG 4 Microbial community diversity of total detected genes (total), unique
genes detected only in control or warmed samples (uniqueness), and main
phylogenetic groups (bacteria, fungi, and archaea), as indicated by detected
gene numbers under warmed and control conditions (control, ambient tem-
perature; warmed, ambient temperature � 5°C) by GeoChip 4.0. The number
of genes in each category is the average of total gene numbers from YT, XZ, and
XX wetland samples. Error bars are �1 standard deviation. Asterisks represent
significant Student’s t test differences between warmed and control samples
(*, P � 0.05; **, P � 0.01).
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Genetic evidence validated our hypothesis of C loss derived from
recalcitrant organic C.

Increased decomposition of recalcitrant organic C pools may
be due to shifts in microbial community composition and struc-
ture to the relative dominance of fungi (Fig. 4; see also Fig. S3 in
the supplemental material). Such an increase in the fungus-to-
bacteria ratio indicated by detected genes agreed with findings of a
previous investigation which used phospholipid fatty acid analysis
in the same wetland columns (50). In the soil, fungus population
numbers are smaller, but they dominate the soil biomass because
fungi are more efficient than bacteria at converting available sub-
strate C to form new cells (22). Experimental warming signifi-
cantly increased the C use efficiency in tested wetlands (Fig. 3B
and C) with greater increases in recalcitrant C use efficiency than
labile C use efficiency (average percentage increases of 48% versus
28%, respectively). The relatively higher increment of recalcitrant
C use efficiency suggested that the decomposition of recalcitrant C
was preferentially accelerated under experimental warming. One
possible reason for this is that most fungi can consume cellulose
and lignin, which is more difficult to degrade and is decomposed
at a lower rate (22). Similarly, Zhang et al. (49) and Clemmensen
(10) observed increased fungal biomass and abundance in grass-

land and tundra soils, which may act as a major mechanism un-
derlying warming-induced acclimatization of soil respiration.
With respect to microbial roles in decomposition of different or-
ganic C pools, fungi, as the primary decomposer of lignin (42),
could excrete a lignin-degrading enzyme which is responsible for
oxidation of lignin. Simpson et al. (42) further found that future
warming may accelerate lignin degradation and associated in-
creases in the fungal community. Many factors may influence the
fungal contribution to the microbial community under warming.
For example, rising temperature benefits fungal growth because
the filamentous nature of fungi makes them more tolerant of
higher soil temperature than bacteria (49). Oxygen conditions in
soils influence fungus diversity and the role of fungi in lignin ox-
idation since fungi rely on more aerobic conditions (49). In fresh-
water ecosystems, the hydrological cycling of water bodies is
greatly impacted by rising temperature, which accelerates the
evaporation and loss of surface water (7). The decreased depth of
the water column facilitates the penetration of atmospheric oxy-
gen through the water layer into the bottom soils. Moreover,
warming-enhanced photosynthesis by microalga growth may also
contribute to enhanced oxygen concentrations near the bottom of
water sources. Therefore, fungal lignin oxidation is probably re-

FIG 5 Hierarchical cluster analysis of all C-degrading genes involved in carbon cycling by GeoChip 4.0. Results were generated in CLUSTER, version 3.0, using
the Spearman rank correlation and the complete linkage method and visualized using TREEVIEW. Gray indicates signal intensities above background while black
indicates signal intensities below background. Brighter red indicates higher signal intensities. YT-c, XZ-c, and XX-c represent control samples, and YT-w, XZ-w,
and XX-w represent warmed samples. The abundance of detected genes, indicated by normalized signal intensities, involved in the degradation of different
organic carbon pools (i.e., starch, hemicellulose, cellulose, chitin, and lignin) was plotted in three separate groups (group 1, group 2, and group 3). Genes
clustered in group 3 showed a significant (P � 0.05) difference in abundance of detected genes between warmed and control samples. Error bars are 	1 standard
deviation. Asterisks represent significant Student’s t test differences between warmed and control samples (*, P � 0.05; **, P � 0.01).
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lated to oxygen conditions in soil. However, future study is needed
to confirm whether and how experimental warming impacts ox-
ygen conditions in freshwater wetlands. In our study, since long-
term C storage is determined by recalcitrant fractions (5), differ-
ential impacts of warming on genes/populations for degrading
more recalcitrant C further implied that microbially mediated C
losses may be greater in freshwater wetlands than previously esti-
mated. As such, the fate of large releases of C from soils may
accelerate global C and nutrient cycling in the future. However,
because decomposition rates and microbial responses may vary
less with different daily or seasonal dynamics (i.e., “native” tem-

perature) than when soil is manipulated with alternatively per-
turbed temperature changes (25, 40), further analysis in situ with
long-term monitoring should be established.

Linking microbial features to labile organic C. LOC is a direct
reservoir of readily available substrate and is important for eco-
system functioning (22). The values of the MBC/LOC ratio (rang-
ing from 0.07 to 0.29) are consistently higher than the values of the

FIG 6 (A) Degradation of organic carbon pools (labile and recalcitrant frac-
tions) indicated by normalized signal intensities of detected key genes involved
in carbon degradation as determined by GeoChip 4.0 from tested samples in
the microcosm experiment under warmed and control conditions (control,
ambient temperature; warmed, ambient temperature � 5°C). The signal in-
tensity for each gene was the average of the total signal intensity from YT, XZ,
and XX wetland samples. The complexity of organic C fractions is presented in
order from labile to recalcitrant C. Error bars are �1 standard deviation.
Asterisks represent significant Student’s t test differences between warmed and
control samples (*, P � 0.05; **, P � 0.01). (B) Percent change in abundance
of detected genes between warmed and control samples, indicated by the nor-
malized signal intensities for decomposition of different organic carbon pools
(starch, hemicellulose, cellulose, chitin, and lignin) subjected to experimental
warming.

FIG 7 Hierarchical cluster analysis of mnp genes encoding manganese perox-
idase, which is responsible for lignin degradation. Results were generated in
CLUSTER, version 3.0, using the Spearman rank correlation and the complete
linkage method and visualized using TREEVIEW. Gray indicates signal inten-
sities above background while black indicates signal intensities below back-
ground. Lighter gray indicates higher signal intensity. YT-c, XZ-c, and XX-c
represent control samples, and YT-w, XZ-w, and XX-w represent warmed
samples. Warmed samples clustered together and were well separated from the
controls. Protein identification numbers and organisms are given at right.

FIG 8 Potential enzyme activities of polyphenol oxidase (A) expressed as mg
g�1 3 h�1 and peroxidase (B) expressed as mg g�1 h�1 for tested subtropical
wetland soils (i.e., YT, XZ, and XX) sampled on 16 December 2010 under
experimental warming. Error bars are �1 standard deviation. Asterisks repre-
sent significant Student’s t test differences between warmed and control sam-
ples (*, P � 0.05; **, P � 0.01).
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MBC/RO-C ratio (ranging from 0.01 to 0.05) for both warmed
and control samples (Fig. 3B and C), indicating that LOC is easily
digested and utilized by microbes relative to use of recalcitrant C.
Highly labile C pools also exerted considerable control on micro-
bial functional potential (Table 3). If LOC is depleted under
warming, microbial activity would be expected to decrease. We
confirmed this in lab-incubated warmed soils which showed an
initial burst of respiratory activity within the first 7 days of incu-
bation but then had a greater decrease in respiration rate over the
remaining 60-day incubation period. The warmed samples, with
higher microbial biomass, will consume more readily available
substrate C (i.e., labile C), leading to a greater decline in C sub-
strate than in the control. A close look at the results from many soil
warming experiments (17, 35) showed that rising temperature
may cause a gradual decline of LOC. In contrast, our field warm-
ing experiments did not cause a decrease in the availability of labile
organic C pools. Such maintenance of labile C pools may likely
result from warming-enhanced organic inputs (such as microalga
detritus) which are equal to or larger than decomposition of labile
organic compounds. This is especially true for terrestrial grass
ecosystems under experimental warming, as reported previously
(5). Though water column primary productivity was not mea-
sured in this work, faster microalga growth was observed in
warmed wetland columns. Increased organic carbon input from
accelerated decomposition and transfer of microalga detritus into
soil organic matter may compensate for the decreased labile or-
ganic fractions. The integration of microbial ecology, C biogeo-
chemistry, and experimental warming along with associated bi-
otic factors (e.g., substrate availability) should receive further
investigation.

Summary. Experimental warming enhanced the ecological
role of soil in wetlands as a source of both DOC and P, posing a
positive feedback for freshwater ecosystems. Experimental warm-
ing did not result in a depletion of labile organic C fractions but
did lead to a decrease in recalcitrant C fractions. We confirmed
this with functional microarray detection of C-degrading genes at
the molecular level. Microorganisms may alter their populations/
genes in response to warming to potentially function more effec-
tively in decomposing recalcitrant pools, especially lignin. The
abundance of detected C-degrading genes increased in the
warmed samples by 8.6%, 4.2%, 6.8%, and 14.5% for starch,
hemicellulose, chitin, and lignin degradation, respectively, sug-
gesting that recalcitrant C fractions were susceptible to warming-
induced degradation. The increased potential enzyme activities of
polyphenol oxidase and peroxidase further suggest that warming-
enhanced fungal decomposition of lignin may be prevalent in
freshwater wetlands. The labile organic C pools exert great control
on microbial biomass and potential functioning. A comprehen-
sive evaluation of C dynamics in the phytoplankton-microbe-soil
system under warming is needed to better understand the role of
wetlands in climate warming.
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