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• Effects of 14 years of experimentally ele-
vated CO2 on soil microbes in a semi-
arid grassland were examined.

• The abundance-weighted average rrn
copy number of significantly changed
OTUs declined by elevated CO2.

• The nitrogen fixation gene nifH and the
ammonium-oxidizing gene amoA signif-
icantly decreased by elevated CO2.

• Elevated CO2 constrained microbial N
decomposition, thereby slowing poten-
tial maximum growth rate of microbial
community.
⁎ Corresponding author.
E-mail address: yangyf@tsinghua.edu.cn (Y. Yang).

https://doi.org/10.1016/j.scitotenv.2018.10.353
0048-9697/© 2018 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 7 August 2018
Received in revised form 22 October 2018
Accepted 26 October 2018
Available online 28 October 2018

Editor: Henner Hollert
The continuously increasing concentration of atmospheric CO2 has considerably altered ecosystem functioning.
However, few studies have examined the long-term (i.e. over a decade) effect of elevated CO2 on soil microbial
communities. Using 16S rRNA gene amplicons and a GeoChipmicroarray, we investigated soil microbial commu-
nities from a Californian annual grassland after 14 years of experimentally elevated CO2 (275 ppm higher than
ambient). Both taxonomic and functional gene compositions of the soil microbial community were modified
by elevated CO2. There was decrease in relative abundance for taxa with higher ribosomal RNA operon (rrn)
copy number under elevated CO2, which is a functional trait that responds positively to resource availability in
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culture. In contrast, taxa with lower rrn copy number were increased by elevated CO2. As a consequence, the
abundance-weighted average rrn copy number of significantly changed OTUs declined from 2.27 at ambient
CO2 to 2.01 at elevated CO2. The nitrogen (N) fixation gene nifH and the ammonium-oxidizing gene amoA signif-
icantly decreased under elevated CO2 by 12.6% and 6.1%, respectively. Concomitantly, nitrifying enzyme activity
decreased by 48.3% under elevated CO2, albeit this change was not significant. There was also a substantial but
insignificant decrease in available soil N, with both nitrate (NO3

−) (−27.4%) and ammonium (NH4
+) (−15.4%)

declining. Further, a large number of microbial genes related to carbon (C) degradation were also affected by el-
evated CO2, whereas those related to C fixation remained largely unchanged. The overall changes in microbial
communities and soil N pools induced by long-term elevated CO2 suggest constrained microbial N decomposi-
tion, thereby slowing the potential maximum growth rate of the microbial community.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Increasing atmospheric CO2 concentration, which is largely attrib-
uted to anthropogenic activities (IPCC, 2014), is well-documented to
cause rising global temperature. Ecosystem responses to these global
environmental changes can feed back to affect climate. As the increase
in atmospheric CO2 could continue in the coming decades, it is critical
to assess its influence on terrestrial biogeochemical cycling and ecosys-
tem functioning. Elevated CO2 typically increases plant growth
(Ainsworth and Long, 2005) and plant organic matter inputs to the
soil via litter or fine root and root exudate production (de Graaff et al.,
2006; Hungate et al., 2009; Reich et al., 2001). Elevated CO2 also in-
creases both soil microbial biomass and respiration (Dijkstra et al.,
2006; Reid et al., 2012). However, the influence of elevated CO2 on
plants and microbial communities may be constrained when available
nitrogen (N) becomes depleted in the long-term (i.e., progressive N lim-
itation) (Reich et al., 2006). Limited N availability can also affect micro-
bial decomposition of soil organic matter (Hu et al., 2001), stimulating
the CO2-induced priming effect (i.e. the use of more recalcitrant frac-
tionswhich are sources of additional N from soil) (Fontaine et al., 2011).

Elevated CO2 could change the soil C pool and increase soil aggregate
turnover rates. For example, the quantity of aggregate-occluded light
fraction (OLF) of soil organic matter was decreased but the OLF lignin
concentration was increased by elevated CO2 in a grassland ecosystem
(Henry et al., 2005). Simultaneously, the occlusion of soil aggregates
could decrease the amount of soil organic matter accessible for micro-
bial decomposition (Rovira and Vallejo, 2003). Although additional C
fixation feeds rapidly cycling C pools (Hungate et al., 1997), the priming
effect theory suggests that an increase in labile C pools under high CO2

may evoke the breakdown of recalcitrant C (Hoosbeek et al., 2004). Ex-
tracellular enzyme activities, often used as indices for assessing changes
in the function of soilmicrobial communities (Henry et al., 2005), can be
affected by elevated CO2. For example, Dhillion et al. (1996) reported
that elevated CO2 increased the activity of cellulose-degrading enzymes,
likely as a result of increased turnover of fine roots.

In addition to C processes and associated microbial groups, elevated
CO2 can also affect N and phosphorus (P) cycling and the corresponding
microbial communities. Elevated CO2 may stimulate N2O efflux from
soil, though the effect can be variable (Brown et al., 2011; Niboyet
et al., 2011a). This could be caused by stimulated heterotrophic denitri-
fication as elevated CO2 enhances root-derived carbon inputs to soil
(Regan et al., 2011). It could also be due to the enhanced anaerobic de-
nitrification, in response to the reduced soil oxygen concentration
owing to increases in soil moisture (Arnone III and Bohlen, 1998). The
effects of elevated CO2 on nitrification and nitrifier abundance are idio-
syncratic (Barnard et al., 2006; Horz et al., 2004; Le Roux et al., 2016;
Niboyet et al., 2009; Niboyet et al., 2011b; Regan et al., 2011; Simonin
et al., 2015): elevated CO2 sometimes decreases nitrification and nitri-
fier abundances due to increased soil moisture and decreased soil oxy-
gen or to decreased availability of N for nitrifiers (Barnard et al.,
2004). N mineralization can also increase under high CO2, possibly
caused by higher soil moisture and increased root biomass
(Ebersberger et al., 2003). P may function as a secondary limiting re-
source for primary production in many ecosystems (Vitousek, 2004).
Some studies showed that elevated CO2 did not alter P limitation or de-
mand (Menge and Field, 2007). However, other studies showed that el-
evated CO2 could increase the activities of alkaline phosphatase and
urease, thus promoting P acquisition (Ebersberger et al., 2003). While
the effects of rising CO2 on plant growth and soil biogeochemical cycling
are reasonably well understood, the effects of elevated CO2 on the soil
microbiome are controversial.

Soil microbial diversity has been reported to increase (Lesaulnier
et al., 2008), decrease (He et al., 2012), or remain unchanged (Austin
et al., 2009) in response to elevated CO2. This inconsistency could be as-
cribed to high complexity of soil microbial communities (Gans et al.,
2005), differences among ecosystems, techniques used to profile micro-
bial communities, and the time scale of various studies. Previous studies
focusedmainly on taxonomic composition (He et al., 2012) or the com-
position of certain functional groups such as nitrifiers (Horz et al., 2004;
Le Roux et al., 2016; Simonin et al., 2015); but comprehensive investiga-
tion into both taxonomic and functional compositions of the soil micro-
bial community, especially looking at a broad range of functions, is still
lacking.Moreover, studies of the effect of elevatedCO2 on the soilmicro-
bial community are often conducted using a relatively short-term CO2

exposure. Only a limited number of studies examine the long-term (e.g.
over 10 years) effect of elevated CO2 on the soil microbial community.
Since long-termmanipulations are often necessary for detecting changes
in soil microbial community dynamics (Gutknecht et al., 2012), this
knowledge gap calls for attention, as the need is underscored by observa-
tions that microbes mediate important soil biogeochemical processes
(Falkowski et al., 2008) and that plants rely on soilmicrobes for theirmin-
eral nutrition (Field et al., 1992). Thus, soil microbial communities must
be consideredwhen assessing the long-term environmental impact of el-
evated CO2 and elucidating the underlying mechanisms.

Here, we report a study in a California annual grassland subjected to
14 years of elevated CO2 by using a free-air CO2 enrichment. We
adopted high-throughput MiSeq sequencing of 16S rRNA gene
amplicons to measure fine-resolution composition of microbial com-
munities, and the microarray-based metagenomic tool, GeoChip, to de-
tect functional genes related to C, N and P cycles. Our objectiveswere to:
(i) determine the effect of elevated CO2 on the overall taxonomic and
functional gene composition of soil microbial communities; (ii) exam-
ine the effect of elevated CO2 on microbial functional potentials related
to C, N and P cycling; and (iii) link soil geochemistry and plant variables
with soil microbial community. We hypothesize that, in response to el-
evated CO2, (1) the microbial community would shift towards fast-
growing taxa as soil C inputs are expected to increase; (2) the relative
abundance of functional genes related to labile C degradationwould in-
crease; (3) but those related to recalcitrant C degradation would de-
crease; and (4) the relative abundance of some functional genes
related to N cycling (e.g. nitrification genes) would decrease, due to
higher N limitation.
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2. Materials and methods

2.1. Site description and sampling

The study was conducted as part of the Jasper Ridge Global Change
Experiment (JRGCE) located at Jasper Ridge Biological Preserve (37°40
N, 122°22 W), CA, USA (Menge and Field, 2007). The site is an annual
grassland with sandstone-derived soil. The plant community is domi-
nated by grasses, mainly non-native annuals (including Avena barbata,
Avena fatua, Bromus hordeaceus, and Lolium multiflorum) and native pe-
rennials. The remainder of the vegetation is a mix of native and non-
native annual and perennial forbs. The Mediterranean-type climate
has cool, wet winters and warm, dry summers, with most of the grow-
ing season from November to April.

The elevated CO2 experiment is part of a global change experiment
set up in fall 1998 (Shaw et al., 2002) to test grassland responses to el-
evated CO2, warming, N deposition, precipitation and all possible com-
binations between two levels (ambient and elevated) of these four
main global change treatments. The experiment comprised 32 circular
grassland plots of 2 m-diameter, which were each divided into four
quadrants of 0.78m2 resulting in a total of 128 subplots. Half of the sub-
plots were intentionally burned in July 2011. Fiberglass barriers were
used underground to separate subplots, discouraging roots and re-
sources from escaping. Abovegroundmeshwas also used to limit plants,
seeds, and litter from crossing subplot boundaries.

In the present study, we focus on the control and elevated CO2 treat-
ments. Therefore, we examined samples from ambient and elevated
CO2 treatments with 4 replicates, which experienced ambient levels of
temperature, N deposition, and precipitation and were unburned. CO2

was elevated using a free-air CO2 enrichment system, which continu-
ously adjusted the speed and direction of CO2 fumigation to keep CO2

concentrations near the target level of +275 ppm compared to ambient
subplots. One soil core per subplot of 5 cm diameter × 7 cm depth was
collected on April 26 and 27, 2012. The soil was mixed and sieved
through 2 mm mesh, and soil samples were then stored at 4 °C for a
few days before conducting enzyme activities assays, at −20 °C before
soil geochemical measurements, or at−80 °C before DNA extraction.

2.2. Measurements of soil and vegetation variables

Soil temperature data were recorded hourly from thermo-couples at
depths of 2 cm and 10 cm. A Carlo Erba StrumentazioneModel 1500 Se-
ries I analyzerwas used to determine the total soil C (TC) and total soil N
(TN). Soil Dissolved Organic Carbon (DOC) content was measured on a
CaCl2 extract using a Shimadzu TOC-analyzer. Soil ammonium (NH4

+)
and nitrate (NO3

−) concentrations were measured by filtering 2 M KCl
solution extracts from 5 g of soil, with a SEAL Automated Segmented
Flow analyzer. Soil pH was measured in water using 5 g of soil, and
soil moisture was measured by the difference in weight after drying
10 g of soil at 105 °C for 24 h.

Aboveground plant material in each subplot was harvested the day
before soil sampling. Individual plants were separated into functional
groups (annual grasses, annual forbs, perennial grasses, and perennial
forbs), and the biomass was oven-dried at 70 °C and weighed. The bio-
mass of plant total shallow roots and fine roots was collected and oven-
dried at 70 °C and weighed. Litter was also collected, dried at 70 °C and
weighed.

Nitrifying and denitrifying enzyme activities, also called potential ni-
trification and denitrification rates, were measured on fresh soil sam-
ples. Nitrifying enzyme activity was measured according to Niboyet
et al. (2011b) as nitrite (NO2

−) plus NO3
− production rate from 3 g soil

samples amendedwith NH4
+ (50 μg N-NH4

+ g−1 dry soil) and incubated
at 28 °C for 10 hwith constant agitation at 180 rpm. NO2

− and NO3
− con-

centrations were measured after 0, 2, 4, 6, 8 and 10 h on an ion chro-
matograph (DX120, DIONEX, Salt Lake City, USA). Denitrifying enzyme
activity was measured as nitrous oxide (N2O) production rates from
5 g soil samples amendedwith NO3
− (50 μg N-NO3

− g−1 dry soil) and la-
bile C (0.5mgC-glucose g−1 dry soil and 0.5mgC-glutamic acid g−1 dry
soil) and incubated at 28 °C for 5 h under anaerobic conditions using
acetylene to inhibit N2O reduction (Patra et al., 2005). N2O concentra-
tion was measured after 3 h of incubation every 25 min during 2 h on
a gas chromatograph equipped with an electron capture detector
(Agilent P200, Santa Clara, CA, USA).

2.3. DNA extraction, purification and quantification

DNA was extracted from 5 g soil samples using a freeze-grinding
mechanical lysis method (Zhou et al., 1996). DNA extraction steps in-
cluded liquid-N grinding, proteinase K lysis, phenol-chloroform extrac-
tion and isopropanol precipitation, followed by ~1% gel purification. The
final DNA concentrationwas quantifiedwith a PicoGreenmethod (Yang
et al., 2014), and DNA quality was assessed by ratios of light absorbance
at 260 nm/280 nm and 260 nm/230 nm.

2.4. 16S rRNA amplicon sequencing

PCR amplicons targeting the V4 region of 16S rRNA gene with
primers F515 (5′-GTGCCAGCMGCCGCGG-3′) and R806 (3′-TAAT
CTWTGGGVHCATCAG-5′) were sequenced with a MiSeq machine
(Illumina, San Diego, CA) using a previously described protocol
(Caporaso et al., 2012). Paired barcodes were used to identify paired-
end raw sequences and then FLASH was used to combine the raw se-
quences. Btrim was used to trim unqualified sequences, and then joint
sequences with multiple Ns were deleted. Then sequences were
trimmed to 200–300 bp to remove potential non-16S rRNA gene se-
quence. Chimeras were removed using Uchime. UCLUST was used to
identify operational taxonomic units (OTUs) at the 97% identity level,
corresponding to species-like OTUs. Singlet OTUs, which were detected
in only one sample, were deleted to improve data quality.

2.5. GeoChip 4.6 hybridization and signal processing

Microbial DNA was labeled with Cy-3 fluorescent dye using a ran-
dom priming method. DNA was then purified with a DNA purification
kit (Qiagen, Valencia, CA, USA) and dried at 45 °C for 45 min with a
SpeedVac (ThermoSavant, Milford, MA, USA). Labeled DNA was then
hybridized with GeoChip in a MAUI hybridization system (BioMicro,
Salt Lake City, UT, USA) at 42 °C for 16 h. After manually washing the
slides with three buffers provided by NimbleGen, a MS 200 Microarray
Scanner (Roche Diagnostics, Madison, WI, USA) was used to scan the
fluorescent intensities of each probe on GeoChip. Then the fluorescent
intensities were digitalized using NimbleScan version 2.5 (Roche Diag-
nostics, Madison, WI, USA).

RawGeoChip datawere processed as previously described (Liu et al.,
2015), including the following steps: (i) removepoor-quality spotswith
a signal-to-noise ratio (SNR) b2.0; (ii) remove genes detected only in
one replicate out of four samples from the same treatment; (iii) perform
logarithmic transformation of the signal intensity of each gene; and (iv)
normalize thedata bydividing the transformed signal intensities of each
gene by the mean intensity in the sample.

2.6. Statistical analyses

To determine the effects of elevated CO2 on taxonomic and func-
tional compositions of the soil microbial community (objective 1), anal-
yses were performed with the Vegan package in R v.3.1.0. Detrended
correspondence analysis (DCA) and two dissimilarity tests, multiple re-
sponse permutation procedure (MRPP, based on Bray-Curtis distance)
and permutation multivariate analysis of variance (Adonis, based on
Bray-Curtis distance), were used to assess the overall difference of mi-
crobial communities between the control and elevated CO2 treatments.
Shannon-Weaver and Simpson indices were used to estimate the alpha



Fig. 1. Estimated weighted average rrn copy number of significantly changed OTUs under
ambient CO2 (aCO2) and elevated CO2 (eCO2) samples. Error bars indicate standard errors
(n = 4).
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diversity. Phylogenetic diversity and species richness were measured
using the picante R package. The rrn copy number for each OTU on the
rrnDB database was calculated as previously described, based on the
closest relatives with known rrn copy number (Roller et al., 2016). To
address objective 2, analysis of variance (ANOVA)was performed to an-
alyze the differences in microbial functional gene abundance between
elevated CO2 and ambient CO2 samples. The significance of differences
was determined by two-tailed Student's t-test (two sample equal vari-
ance). The P value was adjusted for false discovery rate using the
Benjamini-Hochberg method to take into account the high number of
differences tested. The phylogenetic tree was constructed from OTUs
showing the largest fold change in response to elevated CO2 using
MEGA 6 and visualized with the pipeline (http://itol.embl.de/).

To address objective 3, canonical correspondence analysis (CCA) and
Mantel tests were used to explore the correlations between soil and
vegetation variables and relative abundance of microbial phyla or func-
tional genes. Soil variable measurements include soil temperature,
moisture, pH, NH4

+, NO3
−, DOC, TC and TN. Vegetation variablemeasure-

ments include annual/perennial grass and forb biomass, shallow and
fine roots, and litter biomass. Before CCA modeling, variance inflation
factors (VIFs) were calculated for each plant/soil variable to identify re-
dundant constraints, using VIF values of over 10 as the criterion. Based
on VIFs, soil temperature at the depth of 2 cm, soil moisture, soil NO3

−

concentration and annual grass biomass were selected for the CCA
model with MiSeq sequencing data. For the CCA model with GeoChip
data, the selected variables were soil moisture, soil total N, dissolved or-
ganic C, soil NO3

−, and annual grass biomass.
Fig. 2. Percent changes in abundances of N cycling genes between elevated CO2 and
ambient CO2 treatments. When the CO2 treatment had a significant effect, the
significance of the difference is indicated as ** when P b 0.01 and * when P b 0.05.
3. Results

3.1. Bacterial and archaeal taxa

A total of 586,684 sequences were obtained, ranging from 63,037 to
82,066 reads per sample (Fig. S1). After re-sampling with 29,275 se-
quences per sample, 29,214 OTUs were obtained. We have a total of
128 samples in this JRGCE experiment, the lowest number of sequences
in all these samples were 29,275, but this sample was not involved in
this study.We stick to 29,275 sequence reads so that there is a potential
to compare with other studies. Shannon-Weaver and Simpson indices
indicated no significant differences in taxonomic diversity between am-
bient CO2 and elevated CO2 (Table S1). However, the overall taxonomic
composition of soil microbial communities tended to differ between el-
evated CO2 and ambient CO2 (DCA, Fig. S2A), which was verified by the
nonparametric multivariate statistical tests of dissimilarity (P=0.08 by
MRPP and P = 0.08 by adonis, Table S2). In addition, the phylogenetic
diversity increased (P = 0.05) under elevated CO2 (Table S1).

Significant differences of bacterial and archaeal taxonomic composi-
tion at the phylum level between elevated CO2 and ambient CO2 were
observed (Fig. S3). The relative abundance of Bacteroidetes was lower
(P = 0.02) under elevated as compared with ambient CO2 (5.7% and
7.6% of all taxa, respectively). At the finer taxonomic level, 27 bacterial
generawere altered (P b 0.05) in relative abundance (Fig. S4). Microbial
taxa with high rrn copy numbers decreased (P b 0.05) under elevated
CO2. Responsive taxa include the Bacteroidetes genera Ferruginibacter
(estimated rrn copy number of 4.50), Segetibacter (estimated rrn copy
number of 4.50), Ohtaekwangia (estimated rrn copy number of 2.89),
Pseudomonas belonging toγ-Proteobacteria (estimated rrn copy number
of 5.01) and Skemanella belonging to α-Proteobacteria (estimated rrn
copy number of 3.83) (Fig. S4). By contrast, genera with low rrn copy
number increased (P b 0.05) under elevated CO2. Responsive taxa in-
clude Gp1 and Edaphobacter belonging to Acidobateria (estimated rrn
copy number of 1.13), Labrys (estimated rrn copy number of 2.00),
and Pedomicrobium belonging to α-Proteobacteria (estimated rrn copy
number of 1.67). The abundance-weighted average rrn copy number
of all the significantly changed OTUs for each sample was decreased
from 2.27 ± 0.018 under ambient CO2 to 2.01 ± 0.008 under elevated
CO2 (P b 0.01, Fig. 1).

We selected the 137 sequences that exhibited the largest relative
changes (positive or negative) in response to elevated CO2 to construct
a phylogenetic tree of CO2-responsive microorganisms. Among them,
three OTUs with lower estimated rrn copy number from Acidobacteria,
OTU-1182 (Gp1 genus), OTU-42814 (Gp6 genus) and OTU-20644 (Gp1
genus), were more abundant (P b 0.05) under elevated CO2 (Fig. S5).
In contrast, OTUs with higher estimated rrn copy number, such as
OTU-18988 (Cellvibrio genus of Proteobacteria), OTU-64624 (Klebsiella
genus of Proteobacteria), OTU-26206 (Flavobacterium genus of
Bacteroidetes) and OTU-101605 (Adhaeribacter genus of Bacteroidetes)
showed lower (P b 0.05) abundance under elevated CO2 (Fig. S5).

3.2. Functional genes

A total of 63,755 functional geneswere detected by GeoChip 4.6. Mi-
crobial functional gene compositionwas affected by elevated CO2 (DCA,
Fig. S2B), which was verified by nonparametric multivariate statistical
tests of dissimilarity (P = 0.05 based on MRPP and P = 0.02 based on
Adonis, Table S2). In contrast, microbial functional diversity and even-
ness remained unchanged under elevated CO2 (Table S1). The relative
abundance of genes related to C cycling, metal homeostasis, and stress
decreased (Fig. S6, P b 0.05) under elevated CO2 whereas those of P cy-
cling increased with elevated CO2 (Fig. S6, P b 0.05). The relative abun-
dance of genes related to N cycling remained similar between elevated
CO2 and ambient CO2.

http://itol.embl.de/
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3.2.1. N cycle genes
The relative abundances of the nifH gene encoding nitrogenase and

the gene amoA encoding the ammonia monooxygenase decreased
under elevated CO2 by 12.6% and 6.1%, respectively (Fig. 2, P b 0.01).
Other N cycling genes remained unchanged. Concomitantly, nitrifying
(−48.3%) and denitrifying (−25.5%) enzyme activities, indicators of
soil potential nitrification and denitrification rates, were lower under el-
evated CO2 as compared to ambient CO2 though those changeswere not
significant (P N 0.05; Table S3).
3.2.2. C cycle genes
We did not observe a significant effect of CO2 treatment on the rela-

tive abundances of any genes associated with C fixation. The relative
abundances of genes associated with starch degradation decreased (P
b 0.01), whereas genes associated with pectin, hemicellulose, cellulose,
chitin and lignin degradation remained unchanged (Fig. S7). More pre-
cisely, the relative abundances of amyA (−13.3%, P b 0.01) encoding
alpha-amylase and cda (−11.3%, P b 0.01) encoding cytidine deaminase
decreased, whereas that of glucoamylase increased (+9.5%, P b 0.01)
under elevated CO2 (Fig. 3). Similarly, exoglucanase (+13.4%, P b 0.01)
and cellobiase (+9.3%, P b 0.01) increased under elevated CO2, whereas
CDH encoding CDP-diacylglycerol phosphotidylhydrolase decreased
(−4.8%, P b 0.01). Among chitin degradation genes, chitinase (+3.5%,
P b 0.01) and endochitinase (+1.2%, P b 0.01) increased but
N‑acetyglucosaminidase (−2.0%, P b 0.01) decreased. In addition,
some of the pectin degradation genes (pel, pectate lyase and rgl) de-
creased whereas others (exopolygalacturonase of fungi, pec and rgh)
increased.
3.2.3. P cycle genes
The relative abundances of the two P cycle genes targeted by

GeoChip 4.6 were significantly increased under elevated CO2, i.e. the
genes encoding exopolyphosphatase (ppx) for inorganic polyphosphate
degradation, and polyphosphate kinase (ppk) for polyphosphate bio-
synthesis (ppx: +8.8%, P b 0.01; and ppk: +4.9%, P = 0.05) (Fig. S8).
Fig. 3. Percent changes in abundances of C degradation genes between elevated CO2 and ambie
all C degradation genes that were significantly affected by the CO2 treatment are indicated. Err
3.3. Relationships among microbial communities and soil and plant
characteristics

To identify possible environmental drivers for changes in the soil mi-
crobial community, we examined soil and plant variables under ambient
and elevated CO2 (Table S3). In 2012, elevated CO2 significantly increased
the biomass offine root (+70.6%, P b 0.05). Despite suggestions, effects on
biomass of annual grasses (+29.3%), perennial forbs (+77.6%), perennial
grass (+123.5%) and total shallow roots (+60.5%) (Table S3) were not
significant. In April 2012, therewere also no significant effects of elevated
CO2 on soil N pools and microbial N activities, despite suggestions of de-
creased soil NO3

− (−27.4%), soil NH4
+ (−15.4%), nitrifying enzyme activ-

ity (−48.3%) and denitrifying enzyme activity (−25.6%) under elevated
CO2. Other environmental variables, such as soil pH, TC, TN and litter bio-
mass, were similar between ambient and elevated CO2.

We performed CCA to explore soil and plant variables for their link-
ages with microbial communities. Four variables (soil temperature at
2 cm, soil NO3

−, soil moisture, and annual grass biomass in April 2012)
were selected to perform CCA on microbial taxonomic composition
(see Materials and Methods for details). The resulting a model ex-
plained 58.9% of the total variance (P=0.05, Fig. 4A). Soil temperature,
soil NO3

−, and soil moisture appeared to be the important environmen-
tal variables linking to changes in microbial taxonomic composition.

Five variables (soil moisture, dissolved organic C, soil NO3
−, total N

and annual grass biomass) were selected for the CCA model on micro-
bial functional composition, which explained 62.5% of the total variance
(P=0.05, Fig. 4B). Among them, soil NO3

−, dissolved organic carbon and
annual grass biomass were major variables related to microbial func-
tional composition.

4. Discussion

4.1. Long-term elevated CO2 treatment induces a shift in bacterial taxo-
nomic composition

The microbial community was shifted towards taxa with lower rrn
copy number under elevated CO2 (Fig. 1). The rrn copy number is
nt CO2 (C sources ranked from labile on the left to recalcitrant on the right). Abundances of
or bars indicate standard errors (n = 4). **, P b 0.01 and *, P b 0.05.



Fig. 4. Canonical correspondence analysismodels of (A) the taxonomic composition of the
bacterial community, accounting for all OTUs at the significance P = 0.05; and (B) the
functional composition of the microbial community, accounting for all probes at the
significance P = 0.05. The value associated to each axis is the proportion of total
variation attributed to the corresponding axis. Temp, average soil temperature at 2 cm
in April 2012; DOC, soil dissolved organic C; AGBm, aboveground grass biomass; TN,
total soil N concentration; Moisture, soil moisture; NO3, soil nitrate concentration.
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thought to reflect ecological strategies, with high rrn copy number indi-
cating rapid responses to resource input (i.e. r strategists) and low rrn
copy number reflecting efficient allocation of resources under constant,
slow-growth environments (i.e. K strategists) (Klappenbach et al.,
2000; Lee et al., 2009). The rrn copy number is indicative of the maxi-
mum growth rate of bacteria in culture, whereas the carbon use effi-
ciency is inversely related to maximal growth rate and rrn copy
number (Roller et al., 2016). Our result was consistent with a previous
study showing that average rrn copy number decreased with succes-
sional time in salt marsh sediment, deglaciated Alaskan soil and a
burned soil from Colorado (Nemergut et al., 2016).

Bacteroidetes include many fast-growing members with strong cel-
lulolytic and chitinolytic capacity (Lladó et al., 2015) and the potential
to metabolize both plant and fungal cells (Lesaulnier et al., 2008; Lladó
et al., 2015). We found that Bacteroidetes, especially the genera
Segetibacter, Ferruginibacter and Ohtekwangia, characterized by high
rrn copy number, decreased under elevated CO2 (Fig. S4). Opitutae
genus of Verrucomicrobia also decreased under elevated CO2 (Fig. S4),
consistent with the observation of decreased Verrucomicrobia in an ele-
vated CO2 experiment in trembling aspen (Lesaulnier et al., 2008). In
contrast, there was a significant increase in the group 1 (Gp1) genus of
Acidobacteria (Fig. S4), which was reported to be abundant among
very slow-growing and mini-colony-forming soil bacteria (Davis et al.,
2011), and whose growth is suppressed by the addition of organic
matter (Stevenson et al., 2004). These results contrast with those from
other CO2 experiments. In plantations and in scrub and tidal marsh ex-
posed to 10 years of elevated CO2, results from Sanger sequencing
showed that Acidobacteria Gp1 declined (Dunbar et al., 2012). In grass-
land mesocosms exposed to short-term elevated CO2, PLFA analysis
showed no responses of the fungal/bacterial ratio and Gram positive/
Gram negative bacteria ratios used as proxies of the prevalence of K-
strategists in the microbial community (Simonin et al., 2017). These
contrasting responses to elevated CO2 might be caused by differences
in nutrient and other resource limitations across ecosystems (Shaw
et al., 2002) or in the technologies used to characterize microbial com-
munities (Hayden et al., 2012). In the grassland experiment we
assessed, the shift towards microorganismswith a lower rrn copy num-
ber under elevated CO2may indicate a shift in themicrobial community
towards slow-growing taxa, possibly in response to increased competi-
tion for nutrients under elevated CO2.

4.2. Long-term effects of elevated CO2 on microbial functions related to soil
biogeochemical cycling

The decreases of nifH and amoA genes in relative abundances were
concurrent with substantial but insignificant decreases of soil nitrifying
and denitrifying enzyme activities (Table S3), and were in agreement
with previous studies conducted at the JRGCE where elevated CO2 was
reported to decrease the total abundance of bacterial ammonia-
oxidizers (Horz et al., 2004) and potential nitrification rates (Barnard
et al., 2006), but contrastedwith a previous study that reported noeffect
of elevated CO2 on potential nitrification and denitrification rates after 7
and 8 years of CO2 exposure (Niboyet et al., 2011b). The CO2 effect on
nitrification and nitrifiers could vary according to N availability
(Niboyet et al., 2009).

In soybean agro-ecosystems, the relative abundances of genes asso-
ciatedwithNfixation anddenitrificationwere significantly increased by
elevated CO2, possibly due to the increased labile C inputs into soil via
litter and root exudation (He et al., 2014). In the BioCON grassland, ele-
vated CO2 stimulated the relative abundances of genes related to N fix-
ation (He et al., 2010) and the growth and N2-fixation rates of legume
species in monoculture (Lee et al., 2003). The presence of N2-fixing le-
gume species also stimulated net photosynthesis and leaf N concentra-
tion of co-occurring non-fixing species, though legumes did not
enhance the overall plant biomass response (Lee et al., 2003). In our
study, the decreases in the abundances of N cycling genes and trends to-
wards decreasing N enzyme activitiesmay reflect increasedN limitation
to microbes under elevated CO2.

Alpha amylase (amyA), which hydrolyses the α (1–4) glycosidic
bond of starch, decreased under elevated CO2, but glucoamylase,
which hydrolyses α (1–4) and α (1–6) glycosidic bonds of starch, in-
creased under elevated CO2 (Fig. 2). Since the changes of labile C degra-
dation genes were inconsistent, and labile C is of a small portion of the C
pool (Carol Adair et al., 2011; Reid et al., 2012), changes in labile C
caused by elevated CO2 might make a negligible contribution to long-
term storage (Gill et al., 2002). In contrast to our findings, a study con-
ducted in the BioCON grassland reported significant increases in the rel-
ative abundances of carbon degradation genes, including amyA,
pullulanase, arabinofuranosidase, and vanilate demethylase, after
8–10 years of elevated CO2 (He et al., 2010). This inconsistency might
be caused by different soil N availability. Specifically, in their study, ele-
vated CO2 increased gene abundances for symbiotic N2 fixation and la-
bile C degradation, and it stimulated soil microbial biomass, together
indicating increased resource availability that stimulated fast-growing
microorganisms, which were previously at a low abundance but grow
quickly (He et al., 2010).

C stocks generally increase under elevated CO2 due to the continu-
ous input of C belowground by plants, though a few studies also ob-
served unchanged or decreased soil C stocks (Qiao et al., 2014). In this
study, we did not find any evidence of a change in soil microbial
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community or soil characteristics corresponding to a changed soil C
storage under elevated CO2. More precisely, no significant changes
were observed in soil TC (Table S3).

We observed a significant increase of the relative abundance of inor-
ganic polyphosphate degradation gene ppx under elevated CO2

(Fig. S8), possibly suggesting an increase in the degradation of
polyphosphates, as well as the availability of inorganic P under elevated
CO2 (He et al., 2010). This result implies that long-term elevated CO2 in
the JRGCE might lead to increased utilization of soil P. However, a four-
year elevated CO2 study in this same grassland showed that neither
phosphatase activity nor P demand was altered (Menge and Field,
2007).

The effects of elevated CO2 on plant C inputs to soil, soil moisture, or
nutrient availabilities are likely the key drivers of any shifts in the soil
microbial community (Carol Adair et al., 2011). The shift towards taxa
with low rrn copy numbers (putative slow-growing taxa) may suggest
that elevated CO2 shifts the interaction between plants andmicrobes to-
wards the priority of plant utilization of nitrogen, since plants outcom-
pete microbes for N when N is limiting (Hu et al., 2001). Plants can
aggravate N limitation for microbes by decreasing the allocation of N-
rich metabolites to root exudates released to soil under elevated CO2

(Tarnawski and Aragno, 2006). When N limits the growth of microbes
(Henry et al., 2006), the “priming effect” theory suggests that soil mi-
crobes could utilize recalcitrant C to gain Nwhen the labile C input is in-
creased under elevated CO2 (Gill et al., 2002).Whether this effectwould
affect soil C stocks depends on the availability of substrates in the soil
(Qiao et al., 2014).

When N availability is high, increased C input caused by elevated
CO2 could stimulate microbial activity and N utilization (Diaz et al.,
1993; Zak et al., 1993). Themain effects of elevated CO2 on soil microbi-
ota occur via plant metabolism and root secretion, especially in C3
plants (Drigo et al., 2008). Under elevated CO2, C3 plants increased
root growth without increasing soil N input (i.e., total efflux rate of
amino acids), but C4 plants increased soil N input (total efflux rate of
amino acids) without promoting root or shoot growth (Drigo et al.,
2008). Elevated CO2 accelerated the successional replacement of C4
grasses by C3 forbs (Polley et al., 2003), which possibly decreased soil
N input. Therefore, elevated CO2 could reduce microbially available
soil N, exacerbate N limitation to microbes, and reduce microbial respi-
ration per unit biomass (Hu et al., 2001). In ecosystems where N
strongly limits plant growth, both fine root production andmycorrhizal
infection of plants may increase, reducing the path length for soil N in
solution to diffuse to roots (Rillig et al., 1998). As a result, microbially
available N could be outcompeted by plant N uptake (Hu et al., 2001).
We observed a significant linkage between plant aboveground biomass
and microbial taxonomic communities (Fig. 4). Such a response of the
soil-plant system to elevated CO2 was also observed in nutrient-poor
grassland on a silty clay loamwhereN stocks in living plants and surface
litter increased under elevated CO2, but N in soil organic matter andmi-
crobes remained unaltered (Niklaus et al., 2003). However, plant bio-
mass production in the JRGCE study is generally unresponsive (Dukes
et al., 2005; Zavaleta et al., 2003) or suppressed by elevated CO2

(Henry et al., 2006; Shaw et al., 2002). Over the entire experiment, ele-
vated CO2 had no significant effect on above or below-ground biomass
(Zhu et al., 2016).

5. Concluding remarks

This study examines soil microbial communities in an annual grass-
land in California, USA, after 14-years of elevated CO2 exposure. Our hy-
pothesis that elevated CO2 shifts microbial community towards fast-
growing taxa was refuted, which might be attributed to lack of funda-
mental understanding in ecological consequences of long-term elevated
CO2 treatment. In particular, this may suggest that other resources like
nutrients become increasingly limiting under high CO2, thus
counteracting any selection of fast-growing taxa by the enhanced labile
C availability. The decreased rrn copy number of significantly changed
OTUs suggested a shift of microbial community towards slow-growing
taxa, possibly indicative of increased competition for nutrients. Consis-
tently, the relative abundance of the amoA gene decreased under ele-
vated CO2, which might also reflect higher N (NH4

+) limitation to soil
microorganisms. The relative abundance of the nifH gene also decreased
under elevated CO2, suggesting that the decreased N availability in soil
induced by higher plant N uptake was likely not compensated by in-
creased N2 fixation. Long-term elevated CO2 exposure may shift N real-
location from soil to plant biomass, resulting in decreased available N in
soil. Overall, those results suggest that the response of soil microorgan-
isms to long-term CO2 elevation is not simply driven by the treatment-
induced increase in labile C sources, which should favor fast-growing
taxa. In contrast, the changes in the soil microbial community seem to
be driven by cascading treatment effects on the availability of other re-
sources (decreased soil nutrient availability), which steers the soil mi-
crobial community towards slow-growing taxa without stimulation of
microbial functional groups involved in N dynamics.
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