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In the southern Great Plains (USA), encroachment of grassland ecosystems by Prosopis glandulosa (honey
mesquite) is widespread. Mesquite encroachment alters net primary productivity, enhances stores of C
and N in plants and soil, and leads to increased levels of soil microbial biomass and activity. While
mesquite’s impact on the biogeochemistry of the region is well established, it effects on soil microbial
diversity and function are unknown. In this study, soils associated with four plant types (C3 perennial
grasses, C4 midgrasses, C4 shortgrasses, and mesquite) from a mesquite-encroached mixed grass prairie
were surveyed to in an attempt to characterize the structure, diversity, and functional capacity of their
soil microbial communities. rRNA gene cloning and sequencing were used in conjunction with the
GeoChip functional gene array to evaluate these potential differences. Mesquite soil supported increased
bacterial and fungal diversity and harbored a distinct fungal community relative to other plant types.
Despite differences in composition and diversity, few significant differences were detected with respect
to the potential functional capacity of the soil microbial communities. These results may suggest that
a high level of functional redundancy exists within the bacterial portion of the soil communities;
however, given the bias of the GeoChip toward bacterial functional genes, potential functional differences
among soil fungi could not be addressed. The results of this study illustrate the linkages shared between
above- and belowground communities and demonstrate that soil microbial communities, and in
particular soil fungi, may be altered by the process of woody plant encroachment.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Land use and land cover changes frequently alter key aspects of
ecosystem structure and function, affecting above- and below-
ground processes and contributing to global change (Houghton and
Goodale, 2004; Jarnagin, 2004; Foley et al., 2005; Berthrong et al.,
2009). One of the most widespread of these changes is that of
woody plant encroachment into grassland ecosystems (Van Auken,
2000; Archer et al., 2001; Jackson et al., 2002; Liao et al., 2006). The
encroachment of Prosopis glandulosa Torr (honeymesquite) into the
grasslands of the southern Great Plains (USA) has contributed to
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extensive changes in the productivity and biogeochemistry (Archer
et al., 2001; Asner et al., 2003) of the region. While the effects of
mesquite encroachment have been shown to vary and can be
altered by precipitation regime (Jackson et al., 2002), mesquite
encroachment typically leads to enhanced levels of above- and
belowground plant biomass (Hibbard et al., 2001; Asner et al.,
2003), and altered rates of net primary productivity (Hughes
et al., 2006). Mesquite, a species capable of symbiotic nitrogen
fixation, establishes extensive root networks (Heitschmidt et al.,
1988; Hibbard et al., 2001), creates zones of carbon- and
nitrogen-enriched soil directly beneath its canopy (Tiedeman and
Klemmedson, 1973; Dai et al., 2006), and contributes to the accu-
mulation of biochemically recalcitrant compounds in the soil,
including cutin and suberin, as well as the syringyl and vanillyl
forms of lignin (Boutton et al., 2009).

In other ecosystems, above- and belowground communities
have been shown to be linked to one another through strong
feedback interactions (Wardle et al., 2004; Ehrenfeld et al., 2005;
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Kardol et al., 2007), and changes in plant community composition
frequently alter the biomass and activity, composition, and/or
functional capacity of their associated soil microbial communities
(Smalla et al., 2001;Wallenstein et al., 2007;Marchante et al., 2008;
Berthrong et al., 2009). Soil microbial biomass and activity typically
increase following mesquite encroachment into Great Plains
grasslands and the desert ecosystems of the southwestern USA
(McCulley et al., 2004; Schade and Hobbie, 2005). However, the
degree to which these increases are also accompanied by changes
in the biodiversity and/or functional capacity of the soil microbial
community remains unclear.

In recent years, microarray technology has emerged as
a powerful tool for the detection and analysis of gene abundance
and expression patterns, including those of functional genes.
Microarrays provide a specific, sensitive, high-throughput tool
through which thousands of genes can be detected simultaneously
(Gentry et al., 2006; Loy et al., 2006). Functional gene arrays (FGA)
are microarrays that contain probes for functional genes, such as
those that might be involved in biogeochemical cycling and other
environmental processes (Wu et al., 2001). The FGA used in this
study is known as the GeoChip [version 2.0, (He et al., 2007)]. It is
composed of 50-mer oligonucleotide probes and contains over
24,000 gene probes, representing more than 10,000 genes and 150
functional groups known to be involved to carbon, nitrogen,
phosphorus and sulfur cycling, as well as the degradation of organic
contaminants and metal reduction/resistance (He et al., 2007).

The purpose of this study was to characterize the structure and
potential functional capacity of soil bacterial and fungal commu-
nities occurring in association with the four dominant vegetation
types of a mesquite-encroached mixed grass prairie ecosystem of
the southern Great Plains (i.e., mesquite, C3 perennial grasses, C4
midgrasses, and C4 shortgrasses). Given the dramatic changes to
soil C and N pools that typically occur following mesquite
encroachment, we hypothesized that both the soil bacterial and
fungal communities under mesquitewould differ significantly from
those associated with the grassland vegetation types. More
specifically, we expected that the mesquite microbial community
would harbor increased abundances of nitrogen-fixing and/or
ammonia oxidizing bacteria, as well as enhanced levels of Basi-
diomycota and other fungi associated with the degradation of
lignocellulose and other recalcitrant carbon compounds. We also
hypothesized that the soil microbial community under mesquite
would have a functional gene profile that differed significantly from
those associated with the grasses, and we expected that the
greatest differences in functional gene profiles would be foundwith
respect to genes involved in ammonia oxidation, nitrification, and
the metabolism of complex or recalcitrant carbon compounds.
2. Materials and methods

2.1. Study site

This studywas conducted in a southern Great Plainsmixed grass
prairie ecosystem, located near Vernon, TX (33�5102000 N, 99�2605000

W). It was carried out in a series of replicated (n¼ 3), ungrazed sites
(1e6 ha each) which contained patches of each of the four major
plant functional types that dominate the vegetation of this region
(further description below). Mean annual precipitation at this
location is 665mm, and themean annual air temperature is 16.1 �C,
with monthly average extremes ranging from 36 �C in the summer
to �2.5 �C in the winter (Ansley et al., 1990).

Soils at these sites are classified as fine, mixed, superactive,
thermic Vertic Paleustolls of the Tillman series, with 0e1% slope
(Soil Survey Staff, 2007). These clay loam surface soils (0e10 cm)
have a particle size distribution of 32% sand, 52% silt, and 16% clay,
and their pH values range from 7.0 to 7.2 (Ansley et al., 2006).

The plant community is comprised of four major functional
groups, each differing in growth form, phenology, productivity
(Ansley et al., 2004), and tissue chemistry (Levang-Brilz and
Biondini, 2003). The herbaceous layer is a mixture of C3 perennial
grasses, C4 midgrasses, and C4 shortgrasses, as well as occasional
forbs, and the over story is dominated by mesquite. Nassella leu-
cotricha (Trin. & Rupr.) Pohl (Texas wintergrass) is the dominant C3
perennial grass, and the dominant C4 grasses include the midg-
rasses Panicum obtusum Kunth (vine mesquite) and Sporobolus
compositus (Poir.) Merr. (meadow dropseed), as well as Buchlöe
dactyloides Nutt. (buffalograss), a stoloniferous shortgrass species.

2.2. Soil sampling

In August 2005, soil cores were collected from two different
patches of each vegetation type within each of the replicate plots
described above (n ¼ 6 cores vegetation type�1 among all replicate
plots). Surface litter was gently brushed away and cores of mineral
soil (2.5 cm diameter) were collected to a depth of 10 cm. Soil
samples were stored on ice in the field and then at �20 �C upon
return to the laboratory. Prior to nutrient analysis and DNA
extraction, each core was weighed, and cores were combined to
create three composite soil samples per plant functional type
(n ¼ 12 overall, each representing a single composite sample
vegetation type�1 plot�1). In order to quantify root biomass, an
additional 4 soil cores per plant functional type were collected
within each of the three replicate plots. These were collected as
described above and were stored at 4 �C until analysis.

2.3. Soil organic carbon, soil total nitrogen, bulk density,
and root biomass

Subsamples of each of the soil composites were saved for soil
organic carbon (SOC) and nitrogen analysis and the quantification
of soil bulk density. The subsamples used for SOC and soil total
nitrogen analysis were dried for 48 h at 60 �C, passed through
a 2-mm sieve to remove larger organic materials, pulverized in
a centrifugal mill (Angstrom, Inc., Bellville, MI, USA), and analyzed
for C and N concentrations with a Carlo Erba NA-1500 CHN analyzer
(Carlo Erba Strumentazione, Milan, Italy). These surface soils have
a neutral pH and tested negative for the presence of CaCO3 (data not
shown). As such, output from their direct analysis yielded % SOC. A
second subsample of each soil composite was weighed both before
and after drying at 105 �C for 24 h to determine gravimetric water
content, which was utilized to correct whole soil core weights for
bulk density. Root biomass was quantified from individual soil
cores using a hydropneumatic elutriation system (Smucker et al.,
1982) equipped with a 410 mm screen (Gillison’s Variety Fabrica-
tion, Inc., Benzonia, MI, USA). Roots were dried at 60 �C for 48 h and
then weighed.

Differences in bulk density, SOC, soil total nitrogen, and root
biomass in the soils beneath each of the plant functional groups
were analyzed using analysis of variance (ANOVA) (SPSS v 12.0.2,
SPSS Inc, Chicago, IL, USA). Values were log-transformed where
necessary to meet assumptions of normality and equality of vari-
ance. Post-hoc analysis was conducted using the Bonferroni
procedure, and p-values � 0.05 were considered to represent
significant differences.

2.4. DNA extraction and purification

Soil samples collected beneath each plant functional group were
combined in equal parts from each of the three replicate sampling
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sites to create a single composite soil sample for each vegetation type,
and the DNA extracted from each of these composites samples was
used for clone library construction. Additional DNA was extracted
from each of the 12 soil samples (4 vegetation types � 3 replicate
plots), individually, for microarray analysis. DNAwas extracted from
soil samples using previously described methods (Zhou et al., 1996),
purified using a Wizard genomic DNA purification kit (Promega,
Madison, WI, USA), and quantified with an ND-1000 spectropho-
tometer (NanoDrop Technology, Rockland, DE, USA).

2.5. Clone libraries

2.5.1. Bacterial 16S rRNA and fungal ITS/LSU amplification
The 16S rRNA gene was PCR amplified from community DNA

samples using the general bacterial primers 27F and 1492R (Lane,
1991). Each 25 ml reaction contained 100 ng template DNA,
50mMKCl, 30mMTris (pH 8.3), 4.0 mMMgCl2, 25 mg bovine serum
albumin, 200 mM each dNTP, 0.1 mM each primer, and 1.25 U Taq
polymerase. Thermocycling was conducted in a GeneAmp PCR
System 9700 (PerkinElmer Applied Biosystems, Norwalk, CT, USA)
under the following conditions: (i) initial denaturation at 95 �C for
1 min; (ii) 30 cycles of denaturation at 94 �C for 1 min, annealing at
55 �C for 1 min, and extension at 72 �C for 1 min, 30 s; and (iii)
a final extension at 72 �C for 7 min.

A portion of the fungal rRNA gene, containing the entire internal
transcribed spacer (ITS) region as well as a portion of the large
ribosomal subunit (LSU), was PCR amplified from community DNA
samples using fungal-specific primers ITS9 (Egger, 1995) and LSU
1221R (Schadt et al., 2003). Each 25 ml reaction contained 200 ng
template DNA, 50 mM KCl, 30 mM Tris (pH 8.3), 4.25 mM MgCl2,
25 mg bovine serum albumin, 200 mM each dNTP, 0.5 mM each
primer, and 1.875 U Taq polymerase. Thermocycling was conducted
in an Applied Biosystems 2720 Thermal Cycler (Applied Biosystems,
Foster City, CA, USA) under the following conditions: (i) initial
denaturation at 95 �C for 2 min; (ii) 30 cycles of denaturation at
94 �C for 45 s, annealing at 60 �C for 55 s, and extension at 72 �C for
1 min and 45 s (þ2 s/cycle); and (iii) a final extension at 72 �C for
10 min.

In order to minimize PCR biases and artifacts, for both the 16S
and ITS/LSU amplifications, five replicate amplifications were per-
formed for each sample, their products combined for downstream
use, and the number of PCR cycles was limited to 30.

2.5.2. Cloning and sequencing
The replicate PCR products from each original sample were

pooled and then visualized on a 1.2% (w/v) low melting point
agarose gel. Bands of approximately 1.5 and 2.0 kb in size were
excised from the gel for the 16S and ITS/LSU PCR products,
respectively, and theywere purified using a QiaQuick gel extraction
kit (Qiagen, Germantown, MD, USA). Purified PCR products were
then cloned using a TOPO TA PCR-2.1 cloning kit (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s directions,
except that the use of the salt solution was omitted. Transformants
containing the 16S and ITS/LSU PCR products were selected,10 uL of
cells were then suspended in 10 mM Tris (pH 8.0) and lysed at
99.9 �C for 15 min. Vector primers M13F and M13R were used to
amplify the inserts according to the cloning kit manufacturer’s
protocol (Invitrogen).

TheM13 PCR products were purified usingMontageMultiscreen
filter plates (Millipore, Billerica, MA, USA) and were prepared for
sequencing with a Big Dye v3.1 sequencing kit (Applied Bio-
systems). Primers 27F, 515F, 519R, and 1100R (Lane, 1991) were
used to create overlapping sequence reads for the bacterial clones,
and primers ITS9 and ITS4 (White et al., 1990) and LROR (Rehner
and Samuels, 1994) were used to create overlapping reads for the
fugal clones. Sequencing was performed on an ABI 3730 sequencer
(Applied Biosystems) at Oak Ridge National Laboratory and at the
Arizona Research Laboratories, Division of Biotechnology, Genomic
Analysis and Technology Core Facility (http://gatc.arl.arizona.edu).

The bacterial 16S sequences generated here were submitted to
GenBank under accession numbers EU051919 through EU052211,
and the fungal ITS/LSU sequences were submitted under accession
numbers EU489881 through EU490184.

2.5.3. Estimating diversity and richness, comparing
community structure

Sequence data were quality checked using Q20 scores, compiled,
and manually edited in Sequencher (GeneCodes, Ann Arbor, MI,
USA). Those 16S contigs that were shorter than 623 bp in length or
failed to assemble were discarded from further analysis, as were
any fungal contigs that did not contain the full ITS region as well as
the first 455 bp of the LSU. Clone sequences were checked for
chimeras using Bellerophon (Huber et al., 2004). 16S sequences
meeting the minimum length requirement described above were
used for this analysis, but due to the difficulties associated with
aligning the ITS region and the requirement for Bellerophon to
work off of a sequence alignment, only the LSU was used for
chimera detection among the fungal clones. Sequences that were
identified as potentially chimeric were excluded from further
analysis. The Classifier function of the Ribosomal Database Project
(Wang et al., 2007) was used for broad taxonomic characterization
of the bacterial clone libraries, and BLAST searches (Altschul et al.,
1990) of both the ITS and LSU regions versus GenBank were used
for taxonomic characterization of the fungal libraries. Those fungal
sequences that produced strong matches to non-fungal sequences
(e.g. ciliates, algae) were also removed from the data set.

Clone libraries were further characterized to determine the
degree of diversity present within, and the degree of similarity
occurring between, the microbial communities present under each
plant type. 16S sequences were used for all bacterial analyses and
statistical tests. However, among the fungi, the ITS sequences were
used to delineate fungal operational taxonomic units (OTUs) and
calculate their associated diversity indices (Taylor et al., 2008),
and LSU sequences were used to construct phylogenetic trees and
conduct the parsimony test among the fungal communities.

In separate analyses, 16S and LSU sequences were aligned using
Clustal X (Thompson et al., 1997) and trimmed to a common length.
Distance matrices were constructed in PHYLIP (Felsenstein, 2004)
using the DNA-DIST function and the Jukes-Cantor evolutionmodel.

OTUs, defined at the 97% similarity level, were identified using
MOTHURv1.10 (Schloss et al., 2009) for the 16S sequences, and CAP3
(Huang and Madan, 1999) was used to cluster the ITS sequences at
the same similarity level (Taylor et al., 2008). MOTHUR was also
used to calculate diversity indices, richness estimates, and rarefac-
tionvalues, based upon the presence and abundance ofOTUs in each
of the clone libraries. The Shannon (H0) and Simpson (1/D) indices
were used to establish relative rankings of diversity levels among
clone libraries, and Chao I was used to provide estimates of species
richness that might be expected if more exhaustive sampling were
to occur. Nonmetric multidimensional scaling (NMDS) of the
communities, based upon their OTU composition, was carried out
using the PAST software program (Hammer et al., 2001) and the
BrayeCurtis similarity coefficient in order to visualize relative
similarities and differences among the bacterial and fungal
communities.

The parsimony test, as implemented by MOTHUR, was used to
assess whether differences in the structure of the vegetation-based
microbial communities, as inferred by phylogenetics, could be
attributed to random variation (i.e., by chance) or some other factor
(e.g. changes in vegetation). Sequence data was pooled across clone

http://gatc.arl.arizona.edu
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libraries to create community-wide phylogenetic trees for the 1)
bacterial 16S and 2) fungal LSU data sets, and trees were con-
structed using the DNA-ML (maximum likelihood) function in
PHYLIP (Felsenstein, 2004). MOTHUR’s parsimony function was
used to generate both a parsimony score and a random probability
distribution for each of the phylogenetic trees. P-values of less than
0.05 were considered to be statistically significant. Analogous to an
ANOVA, pairwise comparisons of individual clone libraries were
performed only if significant differences were detected at the
whole community level first.
Table 1
Site characteristics, including root biomass, and soil organic carbon (SOC) content
and total soil nitrogen (total N) content in surface soils (0e10 cm), mean � standard
error. Significant differences are indicated by differing letters within each column.

Vegetation type Root biomass
(g dry weight m�2)

SOC
(g C m�2)

Total N
(g N m�2)

C/N ratio

Mesquite 1953 � 238a 1415 � 64a 140 � 6a 10.12 � 0.16
C3 perennial grass 1843 � 201ab 1305 � 89ab 129 � 8ab 10.11 � 0.14
C4 midgrass 1579 � 209b 1148 � 52b 115 � 5b 10.08 � 0.15
C4 shortgrass 1440 � 102b 1074 � 34b 107 � 3b 10.02 � 0.14
2.6. GeoChip (version 2.0) functional gene array

2.6.1. Amplification and labeling
Rolling circle amplification of soil community DNA samples was

performed using a TempliPhi 500 amplification kit (Amersham
Biosciences, Piscataway, NJ, USA) (Wu et al., 2006). Amplification
was confirmed by visualizing products on a 1% agarose gel under
UV light, and the amplified DNA was fluorescently labeled with
Cy5-dUTP using a random priming method (2004). Labeled DNA
products were then transferred immediately to a QIAquick PCR
purification column (Qiagen) and purified according to the manu-
facturer’s instructions. Cy5-dUTP dye incorporation was quantified
and evaluated by measuring absorption (A260, A280, and A650) of
labeled samples using ND-1000 spectrophotometer (Nanodrop
Technology). Following purification and quantification, samples
were concentrated using a vacuum centrifuge (Savant Instruments
Inc, Holbrook, NY, USA) and stored at �20 �C until hybridization.

2.6.2. Hybridization
All hybridizations were carried out in duplicate, and each of

them was prepared and processed independently. Microarray
hybridization, incubation, and post-hybridization washing were
carried out as described by Rhee et al. (2004) with the following
modifications as suggested by Wu et al. (2006): (a) An alternate
hybridization solution (containing 50% formamide; 5X SSC (1X SSC
is equal to 150 mM NaCl plus 15 mM trisodium citrate); 0.10% SDS;
4 mg unlabeled herring sperm DNA; 0.33 ml 1 mM spermidine; and
ddH2O in a total volume of 40 ml) was used in place of the
hybridization solution described by the authors; and (b) 1.6 ml of
RecA (490 mg ml�1) were added to each hybridization mixture just
prior to the application of samples to the arrays.

Following incubation, each microarray slide was removed from
its hybridization chamber, and its cover slip was removed by
immersion in a pre-warmed (50 �C) washing buffer (1� SSC and
0.01% SDS). Arrays were washed in a series of buffers of decreasing
stringency, beginning with 5 min at 50 �C in a fresh aliquot of the
buffer above, a second washing in 0.1� SSC and 0.1% SDS for 10 min
at room temperature, and a final series of 4 washes in 0.1� SSC for
1 min at room temperature with gentle shaking. Arrays were dried
using compressed N2, followed by centrifugation at 500�g in
a clean, padded slide box, at room temperature.

2.6.3. Image processing and data analysis
A ScanArray Express microarray analysis system (PerkineElmer,

Wellesley, MA, USA) was used to scan the microarrays at a resolu-
tion of 10 mm. Scans were processed using the ImaGene 6.0 soft-
ware package (BioDiscovery, El Segundo, CA, USA). The mean
hybridization signal intensity for each spot was quantified, and
local background signals were subtracted from the signal of each
spot. Poor-quality hybridization spots were automatically flagged
by ImaGene, and additional spots were removed based upon their
signal to noise ratio (SNR). SNR was calculated as (mean signal
intensity e mean background intensity)/standard deviation of the
background (Wu et al., 2006), and spots with SNR values <2 were
excluded from further analysis (Loy et al., 2002).

Signal intensity values were normalized by mean, and outliers
were removed according to He et al. (2007). Data from each of the
technical replicates were combined and gene detection was
considered successful if a positive hybridization signal for a given
probe occurred across both of the technical replicates. Normalized
signal intensity values were then averaged across technical repli-
cates and used in downstream analysis. The scope of this study is
limited to the functional genes contained in the “A probe” portion
of the array (summarized in Table 4) which differs from that
reported in He et al. (2007) in that it lacks the additional multiple
probe variants for each gene, but rather contains the single “best”
probe in terms of predicted specificity for each gene, that are
replicated on each array slide.

ANOVA was used to compare signal intensities and gene abun-
dances across vegetation types (SPSS v 12.0.2). False discovery rate
detection [FDR, (Benjamini and Hochberg, 1995)] was used to eval-
uate post-hoc comparisons, andp-values smaller than their corrected
FDR thresholds were considered to represent significant differences.

Analysis of similarity (ANOSIM) was used to compare the simi-
larity of functional gene expression patterns across vegetation
types. Analogous to ANOVA, ANOSIM compares themean difference
of ranks between groups and within them, generating the statistic
R (Clarke, 1993). Values of R range from �1 to þ1, with negative
values and values near 0 indicating similarity among samples and
values approaching þ1 indicating a strong dissimilarity among
samples. BrayeCurtis dissimilarity values were calculated among
samples (Legendre and Legendre, 1998), replicate samples were
grouped by vegetation type, and ANOSIM was conducted using the
PAST software program (Hammer et al., 2001). And, finally, NMDS
was performed as described above (for the OTU analysis) in order to
visualize relative similarities and differences of the communities
based upon their functional gene detection profiles.

3. Results

3.1. Soil characteristics

Soils sampled under mesquite were characterized by a lower
bulk density than those associated with the various grass types
(Table 1). Given this difference, the SOC and total N data associated
with these soils are presented here on a g m�2 basis. Soils associ-
ated with mesquite contained significantly more root biomass, and
despite having lower bulk densities, the mesquite soils also con-
tained significantly more SOC, and total N than did those sampled
under the C4 mid- or shortgrasses (p < 0.05) (Table 1). The soils
occurring under the C3 perennial grasses contained root biomass,
SOC, and total N at levels that were intermediate in value to, and
not significantly different from, the mesquite and C4 grass samples.
SOC and total N content were tightly coupled with one another in
these soils, thus, no significant differences were found with respect
to soil C/N ratios.



Table 2
Summary of sequence library sizes, operational taxonomic units (OTUs), and their
diversity and richness estimates. OTUs were defined as sequences sharing �97%
similarity and served as the basis for the Shannon, Simpson, and Chao I calculations.

Plant functional
type

Library
size

OTUs
identified

Shannon
(H0)

Simpson
(1/D)

Chao I estimated
richness

(A) Bacteria
Mesquite 83 71 4.20 226.87 341
C3 perennial grass 54 47 3.80 178.87 184
C4 midgrass 75 54 3.84 75.00 162
C4 shortgrass 83 68 4.14 170.15 245

(B) Fungi
Mesquite 78 44 3.49 32.64 122
C3 perennial grass 89 46 3.48 29.67 104
C4 midgrass 88 38 3.19 16.86 57
C4 shortgrass 85 40 3.38 27.89 47
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3.2. Bacterial and fungal community composition

A total of 295 bacterial sequences were produced, with indi-
vidual clone libraries containing 54 to 83 sequences and 47 to 71
unique OTUs each (Table 2). Associated diversity statistics and
richness estimators largely reflected differences in library size, with
the bacterial community associated with mesquite containing
greater diversity and estimated richness than the C3 perennial
grass, C4 midgrass, or C4 shortgrass communities (Table 2).
Although the clone libraries captured a wide variety of taxa, their
associated rarefaction curves did not reach saturation (Fig. 1A),
suggesting that a substantial portion of the soil bacterial commu-
nity was not captured by our sequencing efforts.

Phylum-level characterization of the 16S clones showed that
the libraries were largely composed of individuals representing the
Proteobacteria, Actinobacteria, Firmicutes, and Acidobacteria. These
four phyla accounted for 95% of library membership, and the
remaining 5% included members of the Gemmatimonadetes, Bacter-
iodetes, Cyanobacteria, and Nitrospira (Fig. 2A). Despite the degree of
similarity that the communities shared with one another, their
separation, based upon OTU composition and community structure
can be seen in the NDMS plot in Fig. 3A. The mesquite and C3
perennial grass communities were very distinct from one another,
but the C4 grasses clustered together.

An additional 340 fungal sequences were produced, resulting in
clone libraries that ranged in size from 78 to 89 individuals
(Table 2) and contained 38 to 46 unique OTUs each. The fungal
communities that occurred under mesquite and C3 perennial grass
Fig. 1. Rarefaction analysis of the A) bacterial 16S rRNA and B) fungal ITS gene sequences fr
sequences per library is plotted against the number of unique OTUs encountered within th
appeared to harbor greater levels of richness and diversity than
those occurring beneath the C4 mid- and shortgrasses. At the
phylum-level, the fungal libraries were dominated by members of
the Ascomycota (42e76%), composed to a lesser degree bymembers
of the Zygomycota (9e31%) and Basidiomycota (9e24%), and con-
tained few Chytridiomycota (0e2%) (Fig. 2B). Like the bacterial
communities, NMDS of the fungal community OTUs resulted in
the distinct separation of the mesquite and C3 perennial grass
communities and clustering among the C4 grasses (Fig. 3B). Unlike
the bacterial communities, however, the rarefaction curves
produced for the fungal sequence libraries appear to be closer to
leveling off (Fig. 1B).
3.3. Analysis of community structure

Analysis of community differences using the phylogeny-based
parsimony test did not detect significant differences (p ¼ 0.078)
in phylogenetic structure of the bacterial community (Table 3). It
did, however, detect significant differences with respect to the
fungal communities (Table 3). Pairwise comparisons of each of
the fungal clone libraries showed that the mesquite soil fungal
community harbored a phylogenetic structure that was signifi-
cantly different from those associated with the with C3 perennial
grasses (p ¼ 0.037), C4 midgrasses (p ¼ 0.033), and C4 short-
grasses (p ¼ 0.041). None of the fungal communities associated
with each of the grass types was significantly different from one
another.
3.4. Functional gene detection and community profile comparisons

Approximately 500 GeoChip probes were successfully detected
across all samples, representing genes and gene families from each
of the functional groups that were included on the microarray
(Table 4). Genes involved in organic contaminant degradationwere
detected with the greatest abundance, followed by those related to
metal resistance, nitrogen cycling, and the degradation of carbon
compounds and strongly reflect the number of probes, from each
category, that are contained within the array (He et al., 2007). No
statistically significant differences were found among samples with
respect to: (a) the number of gene probes detected; (b) their
aggregate signal intensities; or (c) the number of gene probes
detected relative to their taxonomic origin (Table 5). Likewise,
additional analysis of functional gene profiles via ANOSIM also
failed to detect significant differences among our four soil microbial
om soils associated with each of our four prairie vegetation types. The total number of
e same library. OTUs were defined at the 97% similarity level.



Fig. 2. Distribution and relative abundance of microbial taxonomic groups in mixed grass prairie soils based upon the analyses of A) bacterial and B) fungal rRNA gene clone
libraries.
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communities with respect to their functional gene diversity or
overall gene abundance patterns (results not shown). Overlap
among the communities’ gene abundance patterns is illustrated in
the NDMS plot shown in Fig. 4.

4. Discussion

The ability of individual plant species, or assemblages, to
support unique microbial communities has been demonstrated in
a number of ecosystems (Anderson et al., 2003; Callaway et al.,
2004; Hawkes et al., 2005; Wallenstein et al., 2007), and it is
Fig. 3. Nonmetric multidimensional scaling (NMDS) of the A) bacterial and B) fungal comm
and C3 perennial grass communities and clustering of the communities associated with the
often attributed to differences in productivity rates, nutrient use
efficiency, and the quantity and quality of different plants’ organic
inputs to the soil. Thus, the increases in ANPP, root biomass, SOC
and soil total N that typically occur following mesquite encroach-
ment (Archer et al., 2001; Hughes et al., 2006; Boutton et al., 2009)
could be expected to alter microbial community composition,
diversity, and/or function. Our study identified shifts in community
composition; however, concurrent shifts in potential functional
capacity were not detected and suggest the possibility that the
communities described here, or some portion of them, may be
functionally redundant with one another.
unities based upon their OTU composition shows a distinct separation of the mesquite
C4 grasses.



Table 3
Parsimony scores and their significance for the (A) bacterial and (B) fungal
communities as computed by TreeClimber. Significance values indicate the likeli-
hood of differences in community structure among the clone libraries being due to
random evolution (null hypothesis) versus evolutionary forcing (i.e. perturbation,
vegetation change).

Vegetation pair Parsimony score Significance

(A) Bacteria
All bacterial samples 146 0.078

(B) Fungi
All fungal samples 135 0.045
Mesquite e C3 perennial grass 37 0.037
Mesquite e C4 midgrass 36 0.033
Mesquite e C4 shortgrass 35 0.041
C3 perennial e C4 midgrass 44 0.063
C3 perennial e C4 shortgrass 41 0.056
C4 midgrass e C4 shortgrass 43 0.086

Table 5
Results of ANOVA tests evaluating the effects of aboveground vegetation type on
belowground microbial community functional gene expression. Using false
discovery rate control for our p-values, significant results would be indicated by
cases in which the p-value was smaller than the critical value. No test yielded
statistically significant results.

Response Variable Significance

Number of probes
detected

Summed signal
intensity

(p-value) (critical
value)

(p-value) (critical
value)

Gene functional group
Carbon degradation 0.175 0.031 0.168 0.027
Carbon fixation 0.143 0.023 0.551 0.050
Methane cycle 0.246 0.042 0.224 0.035
Nitrogen fixation 0.221 0.038 0.168 0.027
Nitrification 0.037 0.004 0.082 0.008
Nitrogen reduction 0.210 0.035 0.286 0.042
Sulfur cycle 0.326 0.050 0.320 0.046
Organic degradation 0.150 0.027 0.136 0.019
Metal resistance/reduction 0.112 0.012 0.150 0.023

Gene probe origin
Archaea 0.126 0.015 0.059 0.004
Bacteria 0.133 0.019 0.133 0.015
Eukaroyta 0.310 0.046 0.229 0.038
Lab clone/unclassified 0.066 0.008 0.101 0.012
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The soil bacterial community associated with mesquite was
more diverse and had a greater estimated richness than those
associated with any of the other plant functional types we
surveyed. Although these differences did not lead to statistically
significant findings with the parsimony test, it is expected that
deeper sequencing of these communities might lead to the detec-
tion of such differences. We consider this a likely possibility, given
that the p-value of the community-wide test was close to being
statistically significant (p ¼ 0.078), the separation observed among
the communities based upon their OTU composition was fairly
distinct (Fig. 3A), and our Chao I richness estimates (Table 2) and
rarefaction analysis (Fig. 1A) suggest that a substantially high level
of richness remained uncaptured by our sequence libraries.

In contrast, we did find statistically significant differences
among the fungal communities. The fungi associatedwithmesquite
were significantly different from each of the other fungal
communities that we surveyed. Contrary to our hypothesis,
mesquite associated soils did not harbor increased abundances of
Basidiomycota or other well-characterized lignin degraders. Rather,
mesquite soils contained increased abundances of Zygomycota
(specifically Mortierella spp.) and unclassified fungi, but fewer
Ascomycota (Fig. 2B) relative to the soils associated with the other
plant functional types.

Similar shifts in the abundance of Zygomycota and Ascomycota
have been reported in the comparison of shrub-encroached and
tussock soils in the Arctic tundra (Wallenstein et al., 2007). Members
of the Zygomycota are commonly characterized as r-selected species
and are sometimes referred to as “sugar” fungi (Poll et al., 2009). They
are commonly present at both early and late stages of decomposition
(Rayner and Boddy,1988), and they are thought tometabolize simple
sugars and theby-products of lignindegradation (Allison et al., 2009).
It is likely that their response to woody plant establishment, both
Table 4
Summary of functional gene array content (“A” probes) and the distribution of
probes successfully detected among the soil microbial communities characterized in
this study.

Gene functional group Number of genes
on the array

Number of
gene probes

Probes detected
in this study

Carbon degradation 980 1014 56
Carbon fixation 376 428 14
Methane cycle 303 303 13
Nitrogen cycle 1988 2027 82
Sulfur cycle 627 646 20
Metal reduction/resistance 1610 1933 128
Organic remediation 2774 2774 178
Total (including others not

specifically listed)
8658 9170 494
here and inWallenstein et al. (2007), is related to overall increases in
substrate availability resulting from increased productivity among
the woody species (Weintraub and Schimel, 2005; Hughes et al.,
2006), rather than increased concentrations of recalcitrant carbon
compounds specifically.

Despite the differences that were detected with respect to
fungal community composition and the strong suggestion that
differences among the bacteria might be detected with additional
sequencing, no differences were found with respect to the soil
communities’ potential functional gene capacity. Functional gene
probes variants were detected in similar numbers across all
samples, and their signal intensities occurred at similar levels
across all samples, too (Table 5). These results suggest that the soil
microbial communities examined here may share a high degree of
functional redundancy with one another regardless of their origin.
Fig. 4. Nonmetric multidimensional scaling (NMDS) of the replicate soil communities
based upon gene probe detection with the GeoChip functional gene array. With the
exception of the close clustering of the C4 midgrass communities, the distribution of
the communities suggests a high degree of overlap based upon potential functional
gene capacity.
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While functional redundancy is thought to be commonplace in soil
microbial communities (O’Donnell et al., 2005), and the results of
this study suggest that, at a minimum, a core group of function
genes can be found across all of the communities we characterized,
we put the interpretation of full functional redundancy forward
with caution, as: a) the results of our microarray study are based
upon the detection of gene probes within pools of DNA, rather than
actively expressed pools of RNA, and b) despite the large number of
probes contained within the GeoChip, it is not all-encompassing
and may have been limited in its ability to detect all potential
changes in our soil communities.

As ecosystems undergo succession, their microbial communities
often become increasingly diverse and contain greater proportions
of fungi relative to their earlier stages of development (Bardgett
et al., 2005). This has been demonstrated in cases of primary
succession (e.g. at the forefront of receding glaciers) and secondary
succession (e.g. in grasslands following agricultural abandonment),
and microcosm experiments have shown that increased fungal
diversity may lead to more efficient degradation of recalcitrant
substances (Setälä and McLean, 2004). Such shifts have been
demonstrated in studies of soil fungal communities from other
aggrading shrub- and woodland ecosystems (Anderson et al., 2003;
Wallenstein et al., 2007), and while our study did not address
bacterial versus fungal abundance specifically, we did observe
significant changes in the structure of the soil fungal community
with mesquite encroachment.

Succession-associated changes in community structure are
often attributed to the increased quantities and complexity of
organic matter that accrue in the soil as succession proceeds
(Bardgett et al., 2005). It is anticipated that woody plant-imposed
and succession-related changes in fungal community structure
would also result in changes to soil community function that would
provide the community with an enhanced ability tometabolize and
degrade complex carbon substrates. Unfortunately, given that: a)
the majority of the gene probes used in the design of the GeoChip
were of bacterial (w98%), rather than fungal origin (He et al., 2007),
b) nearly all of fungal probes on the array originated from labora-
tory studies of cultured organisms; and c) one of the major
responses of the fungal communities to mesquite establishment
was an increase in the relative abundance of unclassified fungal
OTUs, it is likely that this version of the GeoChip may have been
limited in its ability to detect changes in fungal portion of our soil
communities, particularly that which is uncultured or undescribed.
It is anticipated that the development of an FGA which places
greater emphasis on functional genes of fungal origin and from
uncultivated or undescribed organisms (Edwards et al., 2008),
might provide greater insight into the function of this soil microbial
community than did this version of the GeoChip.

5. Conclusion

Woody plant encroachment imparts substantial changes to the
structure and function of grasslands and grassland-like ecosystems.
The results of this study provide new information regarding the
effects of mesquite on ecosystem structure, illustrate the linkages
shared between above- and belowground communities, and
demonstrate that soil microbial communities, and in particular soil
fungi, may be altered by the process of woody plant encroachment.
Although we were unable to assess the functional significance of
such a fungal community shift, it appears that the functional profile
of the bacterial portion of these soil communities has remained
relatively stable. Future research directed more specifically at the
fungal portion of this community will be likely to yield valuable
insights in to the functional significance of woody plant induced
community changes.
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