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The broad distribution and high colonization rates of plant roots by a variety of endophytic fungi suggest
that these symbionts have an important role in the function of ecosystems. Semiarid and arid lands cover more
than one-third of the terrestrial ecosystems on Earth. However, a limited number of studies have been
conducted to characterize root-associated fungal communities in semiarid grasslands. We conducted a study
of the fungal community associated with the roots of a dominant grass, Bouteloua gracilis, at the Sevilleta
National Wildlife Refuge in New Mexico. Internal transcribed spacer ribosomal DNA sequences from roots
collected in May 2005, October 2005, and January 2006 were amplified using fungal-specific primers, and a
total of 630 sequences were obtained, 69% of which were novel (less than 97% similarity with respect to
sequences in the NCBI database). B. gracilis roots were colonized by at least 10 different orders, including
endophytic, coprophilous, mycorrhizal, saprophytic, and plant pathogenic fungi. A total of 51 operational
taxonomic units (OTUs) were found, and diversity estimators did not show saturation. Despite the high
diversity found within B. gracilis roots, the root-associated fungal community is dominated by a novel group of
dark septate fungi (DSF) within the order Pleosporales. Microscopic analysis confirmed that B. gracilis roots
are highly colonized by DSF. Other common orders colonizing the roots included Sordariales, Xylariales, and
Agaricales. By contributing to drought tolerance and nutrient acquisition, DSF may be integral to the function

of arid ecosystems.

Symbiotic associations of fungi and plants are ancient and
phylogenetically diverse (4, 9, 11, 42, 43, 60, 64, 69). Some of
these fungi, notably mycorrhizal fungi, have received extensive
study, but accumulating evidence indicates that many of the
fungi associated with plant roots are dark septate fungi (DSF).
These fungi are usually described as endophytes, whose func-
tions have only recently been studied (43, 44, 76). DSF com-
prise a taxonomically diverse group (34, 37) characterized by
melanized septate hyphae. Endophytes with hyaline hyphae
are also common (e.g., see references 48, 53, and 76), but are
less well characterized, because they are more difficult to de-
tect in microscopic analysis and are sometimes considered con-
taminants in mycorrhizal fungal studies. Growing evidence
showing the broad distribution and high root colonization rates
of DSF in different ecosystems suggests that their functional
importance may rival that of arbuscular mycorrhizal fungi
(AMF) (1, 43), particularly for plants growing in stressed en-
vironments, such as alpine habitats and arid grasslands (8, 45a,
54, 56, 75). In these habitats, endophytic DSF and other root-
associated fungi allow some plants to increase their resistance
to drought and heat and facilitate the acquisition of nutrients
(23, 43, 45a, 50, 57, 76, 81).

Desert environments are one of the most challenging eco-
systems for plants and microorganisms (18, 51, 87). Biological
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activity, diversity, and distribution are highly restricted by tem-
perature and the heterogeneous availability of moisture and
nutrients (7, 82, 86). Desert plants, including grasses (8, 54)
and cacti (73), harbor a diversity of fungal endophytes. How-
ever, few studies have characterized these communities. Anal-
yses of these fungal communities may yield important infor-
mation about the ecological roles of root-associated fungi in
the maintenance of plant community structure and ecosystem
production in arid ecosystems (86).

In a previous study conducted at the Sevilleta National Wild-
life Refuge (SNWR) in central New Mexico, we showed that
the roots of Bouteloua gracilis (Willd. ex Kunth) Lag. ex Grif-
fiths (blue grama), a dominant C, perennial grass, harbored
few AMF but an abundance of DSF (54). As a result of this
assessment, we conducted a more extensive survey of the fungi
associated with B. gracilis roots. B. gracilis is one of the most
dominant perennial grasses in North America, in part, because
it is highly resistant to drought (see the PLANTS database at
http://plants.usda.gov) (12, 47). Our hypothesis is that the wide
distribution of B. gracilis may be related to its relationship with
fungal endophytes. Few previous studies have characterized
the root-associated fungal community of this important forage
grass (8, 54).

MATERIALS AND METHODS

Methodology. Bouteloua gracilis roots were collected at the SNWR (New
Mexico) in May and October 2005 and January 2006. The samples were collected
at the long-term N-amended and control plots (5 X 10 m; 34°24’N, 106°40'W).
Nitrogen has been applied twice a year on these plots since 1995 as granular
NH,NO; (100 kg N ha~'y~1) (33, 72). We randomly collected a minimum of six
plants per collection date and at least three plants for each treatment in different
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plots. The roots were cleaned with sterile water until all soil particles attached to
the roots were removed. A subset of the roots was microscopically analyzed to
visually evaluate endophytic colonization, and a subset of the roots was stored
without additional buffers in Eppendorf tubes at —20°C for DNA extraction for
less than a week. We also isolated pure cultures from roots by following the
methods of Porras-Alfaro and Bayman (55). Roots were selected if they were (1)
connected to green leaves, (2) had root hairs, and (3) did not have obvious
lesions. The molecular and microscopy methods used in this paper have been
described in detail in a previous paper (54). Plant identification was confirmed
with internal transcribed spacer (ITS) sequences (plant GenBank accession num-
bers, EU144371 to EU144388).

Microscopy. In preparation for visual assessment of plant-associated fungi, the
roots were stained using a modification of the Vierheilig and Piche protocol (80)
as described in a previous paper (54).

A total of 93 images from 39 roots from 18 plants were examined. Briefly, roots
were surface sterilized with a solution containing 1% sodium hypochlorite and
1% Triton X-100 (a surfactant), placed at 65°C for 1 h in a 1.0 M KOH solution,
and kept in the solution at room temperature overnight. During the next day, the
KOH was removed and the tissue was washed with water until the solution was
clear. A solution of 1% HCI with lactophenol cotton blue (1:50, vol/vol) was
added for 12 to 15 h. The roots were subsequently kept in acidified glycerol (1%
HCI, vol/vol) until they were assessed for DSF (within 2 weeks).

Because it was difficult to take high-resolution images of longitudinal sections
of root tissue that were in focus throughout the images, we opted to strip the
cortex from all roots and take digital images of the margins of the vascular
cylinder (on the outside margin of the darker-staining endodermis). This method
also assured that the fungal structures imaged would be within the root and not
superficial fungi resistant to our serial washing. The longitudinal area within the
root-harboring fungi was assessed by taking high-resolution images of at least
one section of the length of every root using a Sony 3-chip RGB camera (Sony
Medical Systems, Montvale, NJ).

Molecular methods. DNA was extracted with the DNeasy plant mini kit
(Qiagen, Chatsworth, CA) from root segments that were cleaned with sterile
water (approximately three to five segments, each 3 cm long) before storage at
—20°C. Fungal-specific primers ITS1-F and ITS4 were used for amplification by
following a method described previously (26), PCR products were cloned by
using the TOPO-TA cloning kit (Invitrogen, Carlsbad, CA), and plasmid se-
quences were amplified by using rolling-circle amplification (TempliPhi; Amer-
sham, Buckinghamshire, England) and sequenced with the BigDye Terminator
sequencing kit (version 1.1; Applied Biosystems, Foster City, CA) (54). Negative
controls were included in all amplifications and clonings (without DNA tem-
plate). The sequences were assembled and edited with Sequencher 4.0 (Gene
Codes, Ann Arbor, MI). For this study, 18 clone libraries (from 18 different
plants; a total of 630 sequences) were generated, representing six samples for
each collection (three nitrogen and three control plots). Totals of 358, 124, and
148 sequences were obtained from all the samples collected on May 2005,
October 2005, and January 2006, respectively. A preliminary analysis of May
samples revealed that B. gracilis roots are mainly colonized by a dominant group
of endophytes that in some cases constituted 100% of the clone libraries (66).
Therefore, we opted to obtain fewer sequences from plants collected in October
and January. In this article, we present a general description of the fungal
community colonizing B. gracilis roots. A detailed analysis of the seasonal vari-
ation and the effect of nitrogen enrichment on fungal communities will be
presented in a subsequent paper.

Chimeric sequences were determined by following a method described by
O’Brien et al. (52); ITS1 and ITS2 regions of the same sequence were queried
independently in GenBank, and if the ITS1 and ITS2 sequences matched unre-
lated sequences in the NCBI database, they were considered chimeric, especially
in those cases where sequences were obtained only once or in only one sample.
Based on the chimeric analysis, seven sequences were removed from the data set.

Complete sequences from ITS regions and the 5.8S gene were used for taxo-
nomic identification and the determination of operational taxonomic units
(OTUs) using the Sequencher program (Mountain View, CA). A database cre-
ated by George Rosenberg, Molecular Biology Facility of the University of New
Mexico, was used to obtain taxonomic information and similarity values from the
core nucleotide database in GenBank. Sequences were classified at the levels of
phylum, class, and order following taxonomy described previously (20, 45, 67,
88). We did not intend to assign sequences at the level of family or genus using
BLASTN, because most of our sequences matched other uncultured fungi.

We analyzed the pooled data of all the collection dates and treatments by
using the approach reported previously by Arnold et al. (6) and Higgins et al.
(31). Contigs for defined OTUs were created with the Sequencher program
(Mountain View, CA) at 95% similarity and 40% sequence overlap and rarefac-
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FIG. 1. DSF endophytes colonizing B. gracilis roots. (a) Tertiary
root of B. gracilis (blue grama) showing the endodermis torn to expose
the vascular bundle within. DSF are commonly observed on the exter-
nal surfaces of the endodermis cells (brown hyphae) but rarely within
the vascular cylinder (magnification, X400). (b and c¢) DSF grow along
intercellular grooves and form clusters of hyphae known as microscle-
rotia (magnification, X200). (d) In some cases, hyphae penetrate
through cell walls to inhabit adjacent cells (magnification, X1,000).

tion curves, and Chao estimator curves were constructed using the EstimateS
program.

For the phylogenetic analysis, trees were constructed using parsimony analysis
with PAUP (version 4.0b10) (74). Only 5.8S ribosomal DNA and small partial
regions of ITS1 and ITS2 were included in the phylogenetic analysis, because ITS
regions are highly variable. A full heuristic search using tree bisection reconnec-
tion as the branch-swapping algorithm was conducted, and all characters were
equally weighted and unordered. A total of 100 trees were retained during the
analysis. Bootstrap values were obtained based on 1,000 replicates, with 50%
majority rule.

Accession numbers. Sequences were deposited in GenBank under accession
numbers EU144362 to EU144370 and EU144389 to EU145018. Sequence
alignments from phylogenetic analysis were deposited in the Webin-Align
database (ftp://ftp.ebi.ac.uk/pub/databases/embl/align/) under the numbers
ALIGN_001182 (all sequences, 184 bp), ALIGN_001183 (Agaricoid clade
alignment, 500 bp), ALIGN_001184 (Sordariomycetes alignment, 306 bp),
and ALIGN_001185 (Pleosporales alignment, 363 bp).

RESULTS

Microscopic analysis showed that DSF were observed in 36
of the 39 (92%) roots examined and in all 18 plants collected
from May 2005 to January 2006. Only two roots exhibited
structures or hyaline hyphae characteristic of AMF. DSF were
observed mainly within the root cortex but seldom penetrated
into the vascular cylinder (inside the endodermis) (Fig. 1a).
Although fungal hyphae commonly grew within the intercellu-
lar grooves created by adjacent endodermis cells (Fig. 1b and
¢), it was common for many DSF hyphae to traverse the cortex
and extend outside the root into the adjacent soil and on
occasion to penetrate through the cell walls of adjacent root
cortex cells (Fig. 1d).

The analyses of the pooled molecular data revealed that B.
gracilis roots are colonized by a diverse fungal community (the
Shannon-Weiner diversity index for the entire data set was
3.1). A total of 51 (95% confidence interval, 39 to 63) OTUs
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FIG. 2. Distribution of fungal orders found in the different ITS clone libraries (CL) of B. gracilis plants. Clonal libraries, nitrogen (N) plots,
control (C) plots, and number of sequences obtained per plant are indicated on the left side of the graph. CL1 to CL6, CL7 to CL12, and CL13
to CL18 were collected in May 2005, October 2005, and January 2006, respectively.

and a Chao diversity estimator of 91 OTUs with a confidence
interval of 63 to 179 were obtained from B. gracilis roots.

Most of the sequences obtained exhibited low similarity with
sequences previously known. A comparison of the sequences
obtained from B. gracilis roots with those in the NCBI database
using BLASTN revealed that the fungal community colonizing
B. gracilis roots was related largely to uncultured endophytes
and coprophilic fungi (together, both groups represent 92.7%
of the entire data set); 7.2% represented other known saprobes
and plant pathogens, and 0.2% corresponded to AMF. In the
data set, 435 (or 69%) of the 630 sequences and 34 (or 67%)
of the 51 OTUs were novel (less than 97% similarity with
respect to other sequences in the core nucleotide NCBI data-
base). Ascomycota and Basidiomycota represented 83.2% and
16.5% of the sequences in the entire data set (630 sequences
obtained from healthy roots), respectively. In a previous study,
we reported that no AMF sequences were obtained from our
ITS clone libraries (300 sequences at that time) (54). After
additional clones were obtained with the ITS primers, only one
sequence corresponded to Glomeromycota. These results con-
firm the low level of AMF colonization observed in the micro-
scopic analysis. Based upon the molecular data, the most com-
mon classes colonizing B. gracilis roots are Dothidiomycetes
(58.7% of 630 sequences, obtained from all 18 plants), Sordar-
iomycetes (22.7%, obtained from 10 plants), and Agaricomy-
cetes (16.5%, obtained from 10 plants).

Pleosporales was the most abundantly represented order
within the clone libraries, accounting for 58.9% (370 se-
quences) of all sequences in the database (Fig. 2). Members of
the Pleosporales were obtained from all plants, and in some
samples, they constituted up to 100% of the clone libraries.
Other frequent orders represented in the clone libraries in-
cluded Sordariales, Agaricales, and Xylariales, accounting for
21.7%, 14.3%, and 11.6% of the fungal community, respec-
tively (Fig. 2).

Analysis of the fungal orders colonizing B. gracilis showed
that Agaricales sequences were more common in May (of a
total of 90 sequences of Agaricales, 71.3% were obtained from
May samples [four of the six plants]) than in January (5.6%
[two of six plants]) and October (23.3% [only one plant]). In
contrast, members of the Xylariales were almost absent in
October (of a total of 138 sequences of Xylariales, 2.9% were
obtained in October [one plant]) but were common in samples
collected in May (66.7% [four plants]) and January (30.4%
[four samples]) (Fig. 2).

Although B. gracilis roots were colonized by a highly diverse
group of endophytic fungi, this fungal community was domi-
nated by a small number of OTUs. The most common OTUs
(clade A with 94% bootstrap support and two terminal sub-
clades [B and C with 86% and 77% bootstrap support, respec-
tively]) (Fig. 3) belonged within the order Pleosporales. The
number of sequences within clade A alone represented 50% of
the entire database (315 out of 630 sequences). Furthermore,
with the exception of samples collected from N plots in Octo-
ber 2005, the sequences in clade A were obtained in all samples
collected from both N and C plots. DSF within subclade B also
were obtained in pure culture. The GenBank sequence most
closely related to subclade B is from a root endophyte isolated
from a grass (Stipa hymenoides) inhabiting a semiarid grassland
in Utah (29). Subclade C is related to endophytes commonly
found in coniferous trees, such as Juniperus, Picea, and Pinus
(32,71), and to a DSF in the genus Paraphaeosphaeria (Fig. 3).

Other common endophytes colonizing B. gracilis included
Cercophora (9.7% of the entire data set) and the genus Mono-
sporascus (11% of the entire data set) (Fig. 4). The phyloge-
netic analysis of the order Sordariales supports the assertion
that Monosporascus is more closely related to Xylariales than
to Sordariales (17). Most of the sequences obtained from B.
gracilis are related to other endophytes that colonize grasses or
plants growing in saline soils (14, 17, 29, 49, 58).
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FIG. 3. Phylogenetic analysis of the most common endophytic group within the order Pleosporales (clade A and subclades B and C) (see
Results). Sequences from this study are shown in bold, and GenBank numbers are shown in parentheses after the name or sequence code. Isolates
in pure culture are indicated with asterisks. One of the most parsimonious trees is shown, and bootstrap values (1,000 replicates [more than 70%])
are indicated above the branches. Capnodium coffeae (DQ461515) and Mycosphaerella sp. (DQ632689) were used as outgroups (67), and the
sequence alignment was deposited in Webin-Align under accession number ALIGN-001185.

Within the class Agaricomycetes, we included only mem-
bers of the Agaricoid clade in the phylogenetic analysis,
since the ITS regions for the other sequences within the
Agaricales are difficult to align (45). All basidiomycete
sequences obtained are closely related to previously de-
scribed species, including several common coprophilic fungi
(Fig. 5).

DISCUSSION

Root-associated fungal diversity in arid grasslands. Consid-
ering the difficult conditions plants endure in arid environ-
ments—high temperatures, low precipitation, variable rainfall
patterns, and low soil moisture—we found high diversity of
root-associated fungi in B. gracilis (Fig. 2). The low similarity
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FIG. 4. Common Sordariomycetes colonizing B. gracilis roots. One of the most parsimonious trees is shown, and bootstrap values (1,000
replicates [more than 70%]) are indicated above the branches. Sequences from this study are shown in bold, and GenBank numbers are shown
in parentheses after the name or sequence code. Isolates in pure culture are indicated with asterisks. Microglossum rufum (DQ257360) and Leotia
lubrica (DQ491484) were used as outgroups (88). Sequence alignment was deposited in Webin-Align under number ALIGN-001184.

levels between many of our sequences and existing sequences
in the NCBI core nucleotide database suggest that a high
proportion of the fungal sequences associated with B. gracilis
roots are novel to science. Although the ITS is the most widely
used region for fungal identification, with more than 77,000
fungal ITS sequences in NCBI, it is possible that some of the
sequences obtained here represent known fungi for which ITS
sequences are not available at NCBI. Moreover, further anal-
yses need to be conducted using pure cultures to obtain se-
quences of regions, such as the large-subunit ribosomal DNA,
to get a better phylogenetic placement for the species repre-
sented by our novel ITS sequences (e.g., see reference 31). The
fungal species richness associated with B. gracilis roots is sim-
ilar to that of other grasses from more mesic environments,
such as the perennial grass Arrhenatherum elatius, in which 49
different phylotypes were found associated with roots (77), and
the wetland grass Phragmites australis (85).

Most studies of root-associated fungi in arid environments

have focused on AMF (e.g., see references 19, 33, and 41). To
our knowledge, our study is the first to show that the roots of
an arid grass species are associated with a diverse consortium
of Ascomycota and Basidiomycota. A study of bacterial diver-
sity found in soil samples at the SNWR by Fierer and Jackson
(24) showed that bacteria are also highly diverse in arid grass-
lands in comparison with other temperate and tropical ecosys-
tems. Why are microbial communities so diverse in desert
environments? Chesson et al. (15), Herrera et al. (30), and Zak
(86) proposed that the heterogeneous conditions of desert
ecosystems (e.g., rainfall variability that controls carbon and
nitrogen cycles, disturbance events, soil heterogeneity, and the
patchy distribution of plant communities and cyanobacteria
crust soils) may be responsible for the greater fungal and
enzymatic diversity present in these extreme environments.
The high colonization rates of healthy plant roots by root-
associated fungi (8, 41, 54, 77), along with evidence showing
that endophytes improve resistance to drought conditions and
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FIG. 5. Phylogenetic analysis of common endophytes in the Agari-
coid clade. One of the most parsimonious trees is shown, and bootstrap
values (1,000 replicates [more than 70%]) are indicated above the
branches. Sequences from this study are shown in bold, and GenBank
numbers are shown in parentheses after the name or sequence code.
Ambiguous regions in the alignment (characters 101 to 250 and 441 to
469 [alignment accession number ALIGN-001183]) were excluded
from the analysis. Entoloma prunuloides (DQ206983) and Tricholoma
myomyces (AF377210) were used as outgroups (45).

contribute to increasing the efficiency of nutrient transfer pro-
cesses (1, 23, 28, 37, 38, 45a, 76), suggests that the association
of plants with a variety of fungi might be fundamental for plant
survival in arid ecosystems. Our knowledge about root-associ-
ated fungal diversity is very limited in most ecosystems, and
cross-site comparisons are necessary to understand the bioge-
ography and ecological role of these fungal communities. In
addition, how these diverse groups of root-associated fungi
interact with mycorrhizal fungi, the host, and environmental
conditions is for the most part unknown (36).

DSF within the order Pleosporales are common inhabitants
of B. gracilis roots. Although we detected high diversity of
fungi associated with B. gracilis roots, microscopic analysis
showed that roots are highly colonized by DSF (Fig. 1). These
results are supported by the molecular data that showed that
the dominant fungal clade colonizing B. gracilis roots (50% of
the sequences in the entire data set, found in almost all plants)
is closely related to other DSF within the order Pleosporales
(Fig. 3). Neubert et al. (49) reported similar results for Phrag-
mites australis, a wetland grass that is colonized by a diverse
fungal community, but with only a few dominant species. Al-
though we obtained sequences and observed fungi known to
have hyaline hyphae, they represented less than 5% of the total
surface area of the endodermis in our roots. It is possible that
some of the OTUs related to species known to produce light-
colored hyphae possibly inhabit areas in the cortex nearer the
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root epidermis (indeed, microscopic analysis of the surface of
the endodermis showed DSF almost exclusively), or perhaps
these fungi are hidden by the high colonization rates of DSF.
PCR bias is a recognized problem (35), but our observations
under the microscope suggest that the molecular data used to
describe the composition and structure of the fungal commu-
nities colonizing B. gracilis roots are a good proxy to describe
the dominant root-associated fungi in B. gracilis.

Johnson et al. (33) and Allen et al. (2) reported that B.
gracilis plants collected from the same SNWR sites that we
sampled were highly colonized by AMF. However, the level of
colonization evaluated with molecular and microscopy meth-
ods in this and a previous study (54) showed high levels of DSF
instead of AMF (see reference 8). Different environmental
conditions and a long drought period that followed previous
studies may account for the low AMF colonization rates ob-
served for B. gracilis roots (54), suggesting that the fungal
community of grama roots is highly sensitive to climate.

The abundance and diversity of DSF within B. gracilis roots
had no obvious detrimental effects on the plants. Microscopic
observations supported molecular data in which only 7.2% of
the entire data set corresponds to known pathogens and sa-
probes. The repeated isolation and identification of DSF from
healthy B. gracilis plants by molecular methods and careful
visual inspection of the plants roots suggest that the symbiosis
with this novel group of DSF within the order Pleosporales
(Fig. 3) could be mutualistic (1, 62). Subsequent experiments
of reinoculation of the endophyte in the host plant are neces-
sary to further demonstrate that these root-associated fungi
are endophytic. It is notable that despite their ubiquity
throughout the cortex and epidermis cells of nearly all roots of
all plants examined, DSF were never found within any of the
vascular bundles. Similar results have previously been de-
scribed by O’Dell et al. (53), who reported colonization of
cortical cells by the DSF Phialocephala fortinii, and by Gao and
Mendgen (25), who reported that the fungus Stagonospora sp.
inhabits the external areas of the cortex but not the vascular
cylinder of Phragmites australis. In our study, however, much of
the growth was observed immediately outside the external in-
terface of the vascular cylinder, on the endodermis. Conse-
quently, we suspect that the dominant DSF in B. gracilis (and
not AMF) are more intimately involved with important phys-
iological functions that involve the movement of nutrients and
water in and out of the vascular cylinder (Fig. 1), as suggested
by several studies of DSF (28, 34, 37, 76, 89). Well-described
cases of symbiotic endophytic fungi in above-ground tissues of
grasses (63-65) have already demonstrated that endophytic
fungi can contribute to the survival and adaptation of grasses.

One fundamental characteristic of DSF that may be impor-
tant in symbiotic associations with plants is the production of
wall-bound and extracellular melanins. Melanins provide pro-
tection to the fungus and very likely to the plant against des-
iccation and extreme temperatures (10, 37). In addition, they
appear to be important for resistance against microbial attack,
providing protection against hydrolytic enzymes and exerting
an antibiotic effect (10, 43). The ubiquitous distribution of DSF
associated with roots of other dominant grasses related to B.
gracilis, such as Bouteloua eriopoda and Bouteloua curtipendula,
(8) and the grass Deschampsia flexuosa (89), suggest that DSF
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could have an important function in the adaptation, survival,
and distribution of these plants.

Coprophilous fungi associated with plant roots. To our
knowledge, few other instances of known coprophilous fungi
associated with plant roots have been reported (e.g., see ref-
erences 58 and 84). The fact that 20% of the sequences in our
data set have high similarity with those from known coprophi-
lous fungi (Fig. 2, 4, and 5) suggests a previously undisclosed
ecological role for these fungal species. Studies by Wicklow
and Zak (83) and Wicklow et al. (84) showed that herbivory
might have a fundamental role in B. gracilis seed dispersal and
establishment. Variable rainfall patterns and moisture in semi-
arid grasslands complicate the effective establishment of seed-
lings (68, 86), and herbivore dung may provide a more suitable
environment than soil in possessing enough water for seed
germination. Wicklow and Zak (83) found a significant in-
crease in the germination of B. gracilis and Sporobolus cryptan-
drus (sand drop) seeds when they were in contact with herbi-
vore dung in semiarid grasslands. Wicklow et al. (84) also
suggest that dung-burying beetles may have a significant role in
the establishment of B. gracilis seedlings. A significant percent-
age of seeds, leaves, and roots are consumed by herbivores in
grasslands (70), and B. gracilis plants are highly palatable even
during dry periods (27, 46). Thus, it is possible that during the
passage of B. gracilis seeds through the digestive tract of an
herbivore, those seeds become inoculated with coprophilic
fungi. The establishment of a symbiotic association with cop-
rophilous fungi (Fig. 4 and 5) may facilitate access to different
nutrients during the decomposition and mineralization of her-
bivores feces. For example, Angel and Wicklow (3) suggested
that coprophilous fungi have an important role in long-term
nitrogen immobilization. This nitrogen might contribute to the
survival of plants associated with coprophilous fungi when this

nutrient is limiting plant growth. The presence of coprophilous
fungi associated with plant roots therefore may have a signif-
icant role in the survival and establishment of seedlings in
semiarid grasslands. In the future, published descriptions of
the role of coprophilous fungi in arid grasslands may need to
include the possibility that some members of this group are
also endophytic as part of their life cycles.

Consortium of root-associated fungi: interactions and im-
plications for ecosystem functioning. Our study demonstrates
that B. gracilis forms symbiotic associations with a broad range
of fungi, including coprophilous fungi, DSF, and AMF (also
see references 8 and 54). Diverse communities of root-associ-
ated fungi have been reported for many plant families and
within several species of grasses (22, 37, 56, 75). These findings
counter the traditional view that endophytic fungal symbioses
in grasses mostly occur within above-ground tissues (60, 63,
65). Although it has been suggested that these fungal commu-
nities have important roles in plant survival and ecosystem
functioning (1, 13, 37), most studies examining the effects of
fungal communities on plant diversity and structure have fo-
cused only on mycorrhizae (e.g., see references 39, 78, and 79).
Current models of plant-fungi interactions in the roots over-
simplify this complex system.

We define root-associated fungi as the consortium of fungal
species that symbiotically interact among themselves, with the
plant host, and with other ecosystem components with the
common effect of enhancing survival and fitness of the symbi-
onts (Fig. 6). In this consortium, roles vary; for example, some
fungi will contribute to the uptake of nutrients, while others
will improve resistance to drought or pathogens or enhance
seed germination and survival of seedlings. As in any consor-
tium, interactions will range from positive to neutral to nega-
tive, depending on conditions (5, 55). The composition, activ-
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ities, and interactions of these fungi will be regulated by the
plant host and by the fungal members of the consortium in
response to biotic and abiotic factors, such as nitrogen amend-
ment, temperature, rainfall patterns, and the presence of
pathogens and herbivores (21, 40, 55, 61, 60).

Such fungal consortia can have ecosystem-level effects. En-
dophytic colonization of one dominant grass can alter the
abundance of other plant species (16), and AMF can alter the
diversity and structure of a plant community (59, 78, 79).
Rudgers and Clay (60) suggest that the differential competitive
ability of plants colonized by endophytic fungi in comparison
with plants that are not colonized may be important in defining
plant community structure in stressful conditions. At present,
we know very little about the variation in fungal consortia
among plants, or their responses to environmental changes, or
their interactions with rhizosphere and soil fungal communities
and consumers in the ecosystem. The complex responses to
small-scale spatial heterogeneity and changes in environmental
conditions of fungal consortia associated with plant roots and
other tissues may act to ensure survival and maximize the
benefits of the fungal symbiotic associations for the plant host.
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