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Abstract Arbuscular mycorrhizal fungi (AMF) have been
implicated in non-native plant invasion success and persis-
tence. However, few studies have identified the AMF spe-
cies associating directly with plant invaders, or how these
associations differ from those of native plant species.
Identifying changes to the AMF community due to plant
invasion could yield key plant–AMF interactions necessary
for the restoration of native plant communities. This re-
search compared AMF associating with coexisting Bromus
tectorum, an invasive annual grass, and Artemisia triden-
tata, the dominant native shrub in western North America.
At three sites, soil and root samples from Bromus and
Artemisia were collected. Sporulation was induced using trap
cultures, and spores were identified using morphological char-
acteristics. DNAwas extracted from root and soil subsamples
and amplified. Sequences obtained were aligned and analyzed
to compare diversity, composition, and phylogenetic distance
between hosts and sites. Richness of AMF species associated

with Artemisia in cultures was higher than AMF species
associated with Bromus. Gamma diversity was similar and
beta diversity was higher in AMF associated with Bromus
compared to Artemisia. AMF community composition dif-
fered between hosts in both cultures and roots. Two AMF
species (Archaeospora trappei and Viscospora viscosum) as-
sociated more frequently with Artemisia than Bromus across
multiple sites. AMF communities in Bromus roots were more
phylogenetically dispersed than in Artemisia roots, indicating
a greater competition for resources within the invasive grass.
Bromus associated with an AMF community that differed
from Artemisia in a number of ways, and these changes could
restrict native plant establishment.
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Introduction

Interactions with the soil microbial community have been
implicated in successful invasions by introduced plant spe-
cies (Callaway et al. 2004; Reinhart and Callaway 2006). In
particular, interactions with arbuscular mycorrhizal fungi
(AMF) are thought to be important in invasive plant success
through a number of mechanisms (Pringle et al. 2009;
Richardson et al. 2000; Shah et al. 2009). These mecha-
nisms include suppression of AMF by non-mycorrhizal
invaders (Callaway et al. 2008; Stinson et al. 2006), receipt
of greater benefits from associations (Harner et al. 2010;
Marler et al. 1999), reduced dependence on AMF (Seifert et
al. 2009; Vogelsang and Bever 2009), and alterations to the
AMF community (Mummey and Rillig 2006; Shah et al.
2010; Zhang et al. 2010).

However, due to the high variation in interactions be-
tween AMF and plant species (Gustafson and Casper 2006;
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Sanders and Fitter 1992; Wilson and Hartnett 1998), it is not
known if many of these observed changes are unique, or if
they reflect species-specific variation among plant hosts.
Because of the influence of extrinsic factors, such as environ-
ment (Allen et al. 1995; Opik et al. 2006), land use intensity
(Oehl et al. 2003), grazing (Eom et al. 2001), fire (O’Dea
2007), neighbor identity (Hausmann and Hawkes 2009), etc.
on AMF communities, comparing changes to AMF commu-
nities due to invaders with AMF communities associated with
natives becomes difficult to achieve. To determine differences
between introduced and native species, native species need to
be carefully selected in order to elucidate invader differences
that are ecologically relevant (van Kleunen et al. 2010).

Invasive grasses are particularly destructive, as they are
globally invasive and alter ecosystem processes (D’Antonio
and Vitousek 1992). Bromus tectorum L. (hereafter Bromus)
invasion in the semi-arid sagebrush (Artemisia spp.) range-
lands of western North America has caused a catastrophic
shift from shrub-dominated plant communities to those
dominated by this introduced annual grass. Overgrazing of
native perennial grasses by cattle allowed Bromus to gain a
foothold (Klemmedson and Smith 1964; Knapp 1996), and
it has since invaded 20 million ha in the intermountain west
(Mack 1989). Bromus burns readily and has reduced the fire
return interval substantially in invaded communities
(D’Antonio and Vitousek 1992), maintaining its dominance
through this alteration of the fire regime (Klemmedson and
Smith 1964). Historic fire return interval estimates range
from 60 to 110 years across the sagebrush steppe
(Whisenant 1990), to as high as 100 to 240 years for stands
of Wyoming big sagebrush (Baker 2006). Bromus invasion
has reduced these intervals to every 3 to5 years (D’Antonio
and Vitousek 1992). Native species are not adapted to this
altered fire cycle and are subsequently replaced by Bromus
(Klemmedson and Smith 1964; Young and Evans 1978).
Bromus often attains nearly 100 % coverage in invaded areas,
and approximately 20 % of the historic sagebrush steppe is
dominated by Bromus, which restricts establishment of native
vegetation (Knapp 1996). Sagebrush historically occurred on
over 60 million ha in western North America, and big sage-
brush (Artemisia tridentata Nutt., hereafter Artemisia) was
dominant or co-dominant with perennial grasses over much
of this area (West 1983).

The impacts of Bromus invasion on the AMF community are
not well known. Bromus is considered a facultative AMF host
(Allen 1984). Bromus reduces AMF diversity colonizing roots
of neighboring grass species (Hawkes et al. 2006), and soils
invaded by Bromus have lower AMF density than un-invaded
soils (Al-Qawari 2002). While Artemisia associates with a high
diversity of AMF (Allen et al. 1995), the identity and diversity
of AMF species associating with Bromus are not known.

An important question in understanding replacement of
Artemisia dominance by Bromus is how this shift alters the

diversity of AMF in invaded sagebrush steppe habitat,
thereby impacting future recovery and restoration of invad-
ed communities. It is likely that Bromus invasion results in
significant alteration to the AMF community, given the
disparity that exists between Bromus and the historic native
dominant, Artemisia. The goals of this research were to
determine how coexisting Bromus and Artemisia differ in
their associations with AMF and identify AMF species that
may be important for restoration of Artemisia in Bromus-
invaded soils. We tested the hypothesis that alpha diversity
of AMF associated with Bromus is lower than alpha diver-
sity of AMF associated with Artemisia. AMF species were
identified from three distinct locations in Colorado, Utah,
and Wyoming, USA (hereafter the CO, UT, and WY sites,
respectively), using trap cultures on field-collected soil and
root material and DNA extracted from subsamples of the
roots and soils.

Materials and methods

Study sites

Three sites were selected that contain coexisting Bromus
and Artemisia, are geographically separated, and represent
three distinct levels of plant community age (Table 1). By
selecting study sites where the target host plant species were
interspersed, site effects and previous disturbances that alter
the AMF community were minimized. Detailed site descrip-
tions are available in Online Resource 1.

Sample collection

To compare AMF associations of Bromus and Artemisia, 16
individuals of each host at each site were selected and
excavated (Fig. A1, Online Resource). Sampling was con-
ducted from May 19 to May 22, 2008 to obtain samples
during the estimated peak colonization interval for both
hosts (Busby et al. 2012; Trent et al. 1994). Because these
plant species differ drastically in their growth strategies,
juveniles of Artemisia less than 15 cm in height were se-
lected to more appropriately compare a long-lived shrub to a
winter annual grass, as juveniles would be much closer in
age, mass, height, root volume, and C fixation capacity to
Bromus. To minimize the effects of one host on the other,
individuals were selected that were at least 50 cm from
individuals of the other target host. Sixteen interspersed
individuals of each host plant species fitting the above
criteria across each selected study site were identified. Soil
and roots were excavated and removed from a depth and
diameter of 15 cm immediately around the stem of each
individual. Soils were placed in sterile bags and kept cool
for transport to the greenhouse. A subsample each of roots
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and soil was removed from each excavated host sample.
Subsamples were placed in 50 mL conical centrifuge tubes
and placed on ice for transport to the laboratory. An addi-
tional subsample was removed from the roots of five indi-
viduals of each host at each site and placed in 70 % ethanol
for observation of AMF colonization.

Root colonization

Root subsamples collected for colonization were washed
in tap water, cleared to remove pigments in 2.5 % KOH
for 30 min at 90 °C, re-rinsed with tap water, and
acidified in 1 % HCl for 4 h. Roots were then stained
in acid glycerol containing 0.05 % trypan blue for
30 min at 90 °C and destained in acid glycerol for
30 min at 90 °C (Koske and Gemma 1989). Each
subsample was observed under 400× magnification and
the presence of hyphae, vesicles, and arbuscules was
determined using 100 root intersections per subsample
with a crosshair reticle (McGonigle et al. 1990).

Culturing of AMF

Bulk soil samples were used to establish trap cultures for
propagation of AMF following Stutz and Morton (1996).
Each of the 96 soil samples was mixed 1:1 (v/v) with
autoclaved sand, placed in 2.8 L pots, and seeded with 80
to 100 surface-sterilized (5 min in 5 % sodium hypochlorite
solution) seeds of Sudangrass (Sorghum bicolor (L.)
Moench ssp. drummondii (Nees ex Steud.) de Wet &
Harlan). Cultures were placed in a climate-controlled glass-
house at Colorado State University, Fort Collins, CO. The
glasshouse was maintained at 20 °C nighttime and 24 °C
daytime temperatures and supplemented with sodium vapor
lights to maintain 16 h of daylight. Cultures were watered
daily and re-randomized on the bench every 2 weeks to
minimize microclimate effects. Cultures were grown for
120 days and watering was then stopped to allow soils to
dry slowly for induction of sporulation. After 14 days of

drying in low-light conditions, Sudangrass shoots were re-
moved and a 250-mL subsample of soil was collected.
Cavities remaining from collected soil subsamples were
refilled with sterile sand, the cultures were reseeded with
80 to 100 surface-sterilized Sudangrass seeds, and culturing
was repeated. This process was repeated for three rounds of
culturing to maximize sporulation of AMF species present
(Stutz and Morton 1996).

Identification of AMF

AMF spores were isolated from subsamples using sucrose
density gradient centrifugation (Daniels and Skipper 1982).
A 50-mL subsample of soil removed at each sampling
interval was passed through 500- and 38-μm sieves using
a water drench. Material retained by the 38-μm sieve was
transferred to a 50-mL centrifuge tube containing a 20/60 %
sucrose gradient and centrifuged at 1,000×g for 1 min. The
supernatant was poured into a 38-μm sieve and thoroughly
rinsed. The rinsed material retained on the 38-μm sieve was
transferred to a glass Petri dish, and spores were isolated and
removed under a dissecting microscope using manually
extended glass pipette tips. Isolated spores were mounted
in polyvinyl lacto-glycerol and Meltzer’s reagent (Koske
and Tessier 1983; Stutz and Morton 1996), and species were
identified using spore wall characteristics (Morton 1988).
Mounted spores were compared to voucher specimens at the
International Culture Collection of (Vesicular) Arbuscular
Mycorrhizal Fungi (INVAM, West Virginia University,
Morgantown, WV, USA) and to published descriptions of
AMF species.

Molecular analyses

Roots were rinsed in sterile, DNA-free water, and DNAwas
extracted using the FastDNA Spin Kit (MP Biomedicals,
Irvine, CA, USA). DNA was extracted from a maximum of
50 mg of roots, using the entire root subsample for Bromus
and only fine roots for Artemisia. For soils, DNA from

Table 1 Characteristics of sites where soil and root samples were obtained for culturing and molecular analyses of arbuscular mycorrhizal fungi

Sitea Location Elevation
(m)

Soil textureb Soil classificationb Landscape
position

Community age

CO 39.9063,
−108.3970

1,990 Loam Fine-loamy, mixed Borollic Camborthids Basin floor Mature sagebrush
steppe

UT 40.4558,
−112.0484

1,950 Cobbly sandy
clay loam

Clayey-skeletal, smectitic, frigid Lithic
Argixerolls

Rocky, upland
slope

Intermediate
sagebrush steppe

WY 42.2557,
−104.7671

1,340 Sandy loam Coarse-loamy, mixed, superactive, calcareous,
mesic Ustic Torrifluvents

Bottom-land
floodplain

Immature
sagebrush steppe

a CO, UT, and WY are the Colorado, Utah, and Wyoming, USA, sites, respectively
b Soil series data were obtained using NRCS Web Soil Survey (online). Website http://websoilsurvey.nrcs.usda.gov/app/HomePage.htm [Accessed
12–2010]
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400 mg (dry weight) soil was extracted using the FastDNA
Spin Kit for Soil (MP Biomedicals). AMF DNAwas ampli-
fied using the AM1 (5′-GTT TCC CGT AAG GCG CCG
AA-3–)–NS31 (5′-TTG GAG GGC AAG TCT GGT GCC-
3′) primer pair (Helgason et al. 1998; Simon et al. 1992).
PCR amplifications were conducted using the Expand High
Fidelity Plus PCR System (Roche, Penzburg, Germany)
with 25 μL reaction mixtures containing 2.5 μL of 2 μM
of each primer, 1 μL of 100 μM dNTPs, 1 μL Expand High
Fidelity Enzyme Mix in 1.25 U/μL, 2.5 μL of 1 mMMgCl2,
5 μL buffer, 1 μL 1 % BSA, 1 μL of 10 ng/μL template
DNA, and 8.5 μL H2O. Reaction conditions were as fol-
lows: hot start, 94 °C for 2 min, 10 cycles of: 94 °C for 15 s,
58 °C for 30 s, 72 °C for 45 s; 20 cycles of: 94 °C for 15 s,
58 °C for 30 s, 72 °C for 45 s+5 s per cycle; 72 °C for
5 min. PCR products were purified using the GENECLEAN
Turbo Kit (Qbiogene, Montreal, QC, Canada), verified us-
ing agarose gel electrophoresis, and quantified on a
NanoDrop spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA).

Positive PCR products were ligated into a pCR®2.1-
TOPO vector using a TOPO TA cloning kit (Invitrogen,
Carlsbad, CA, USA). Ligated products were transformed
into One Shot® chemically competent Escherichia coli
cells (Invitrogen). The transformed cells were spread
onto a Luria–Bertani (LB) (Becton Dickinson, Franklin
Lakes, NJ, USA) agar plate containing 50 μg/mL am-
picillin and were incubated overnight at 37 °C. Fifteen
well-isolated ampicillin-resistant colonies were selected
randomly from each sample, transferred to 96-well
plates, and incubated for 24 h using a shaker incubator
at 37 °C and 320 rpm in 2× LB broth containing
50 μg/mL ampicillin. After incubation, the plates were
centrifuged at 1,500×g for 7 min for further plasmid
DNA isolation. Plasmid DNA isolation was performed
on 15 clones per soil or root sample using the Montage
Plasmid MiniprepHTS Kit (Millipore, Billerica, MA,
USA) following manufacturer’s instructions. Isolated
DNA was sequenced by the Colorado State University
Proteomics and Metabolomics Facility using an ABI
3130xL Genetic Analyzer (Applied Biosystems,
Carlsbad, CA, USA).

Editing, alignment, and matching of sequence data

Vectors were trimmed and raw sequences were edited using
Geneious Pro version 5.0.4 (Biomatters Ltd., Auckland,
New Zealand) with the following criteria: minimum se-
quence length of 300 bp and high quality DNA greater than
80 %. Sequences resulting from editing were analyzed for
chimeric sequences by the Bellerophon server (http://comp-
bio.anu.edu.au/bellerophon/bellerophon.pl) using Huber–
Hugenholtz correction and a window size of 200 bp

(Huber et al. 2004). Sequences passing the above screening
were assembled using custom assembly parameters: 50 bp
word length with an index word length of 13 bp, maximum
gap size of 1, 2 % maximum gaps per read, and 2 %
maximum mismatches. Assembled sequences were then
compared to the BLAST database to identify AMF sequen-
ces on February 6, 2012. All AMF sequences were submit-
ted to GenBank under accession numbers JF683552–
JF683578.

Phylogenetic analyses of sequence data

Assembled sequences from Geneious were imported into
MegAlign v.8.1.3 (Lasergene, DNASTAR, Inc., Madison,
WI, USA) and aligned using ClustalW with a gap penalty of
15, a gap length penalty of 6.66, divergent sequence delay
of 30 %, and a DNA transition weight of 0.5. A phyloge-
netic tree was constructed from the alignment using
Geosiphon pyriformis as outgroup. Branch divergence was
calculated by MegAlign.

Mean divergence (D) was calculated for each root and
soil sample using the following equation:

D ¼ 2

Ns Ns� 1ð Þ
XNs

i¼1

XNs

j¼iþ1
Dij

Where Ns 0 number of unique AMF sequences in sample,
and Dij 0 divergence between AMF sequences i and j.

Statistical analyses of data

Individual plant hosts sampled from each site were treated
as samples, with 16 replicate samples taken from each host
population at each site, with three replicate sites. Mean
AMF species richness in trap cultures, root DNA samples,
and soil DNA samples was used as an index of AMF
diversity to compare alpha diversity between sample sets
within and across sites and hosts. Gamma diversity was
calculated as the total species richness for a set of samples
within and across sites and hosts. The alpha and gamma
diversity calculations were then used to calculate respective
beta diversities using the equation β 0 (γ / α) − 1 (Whittaker
1972). Mean AMF alpha diversity was compared between
hosts using t tests with α 0 0.05.

Site and host effects and their interaction on AMF com-
position in cultures, roots, and soils were analyzed using
multivariate analyses of variance with α 0 0.1 using SAS
version 9.1 (The SAS Institute, Cary, NC, USA). To identify
potential AMF species associations with a particular host,
indicator species analysis was conducted across sites using
PC-ORD version 5.31 (MjM Software, Gleneden Beach,
OR, USA) with 4,999 permutations.
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Results

All root subsamples observed for AMF colonization
contained AMF (Table A1, Online Resource). Mean AMF
colonization for Artemisia was 28.5 %, while mean coloni-
zation for Bromus was 10.6 %. For both host plant species,
AMF percent colonization was lowest in samples from the
CO site while samples were highest at the WY site.

All 96 trap cultures produced AMF spores, with a range
from 1 to 12 species. A total of 32 AMF species were isolated

from the 96 trap cultures, including seven unidentified species
that were isolated across all three sites (Fig. 1). Funneliformis
mosseae was the most common species observed in the cul-
ture study, occurring in 83 of the 96 cultures across all sites
(Fig. 1). Other common species associating with both hosts
and occurring at all three sites were Glomus aggregatum,
Claroideoglomus claroideum, Diversispora eburnea,
Rhizophagus intraradices, Diversipora versiforme,
Viscospora viscosum, Diversispora spurca, Paraglomus
occultum, and Entrophospora infrequens (Fig. 1). Two

Fig. 1 Total frequency of arbuscular mycorrhizal fungi species across
and within three study sites (a total, b Colorado, c Utah, and d
Wyoming), based on identification of spores produced in 16 trap
cultures for each host plant species (Bromus tectorum or Artemisia
tridentata) at each site using soil samples for each host plant species (N

0 96 cultures total). Black bars indicate B. tectorum associations, white
bars indicate Artemisia tridentata associations. Ac. Acaulospora, Ar.
Archaeospora, C. Claroideoglomus, D. Diversispora, E. Entropho-
spora, F. Funneliformis, G. Glomus, Pac. Pacispora, Par. Paraglomus,
R. Rhizophagus, Sc. Scutellospora, Se. Septoglomus, V. Viscospora
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species were common in only two of the three sites:
Archaeaospora trappei and Septoglomus constrictum
(Fig. 1). Acaulospora delicata (WY site) and Pacispora scin-
tillans (UTsite) were moderately common at only one site and
not isolated elsewhere (Fig. 1). Many isolated AMF species
(16 of the 32 total species isolated) occurred in less than 5 %
of the cultures.

Of the 96 samples collected for roots and soils, usable
DNA was extracted from a total of 63 root and 82 soil
samples. Failed samples were not randomly distributed,
with 24 of the 33 failed root samples being Artemisia roots
(11 of 16 Artemisia root samples from the UT site failed).
Failed soil samples were also clustered, with 6 of the 14

samples occurring from Artemisia soils at the CO site. Of
the samples yielding extractable DNA, one Artemisia and
six Bromus root samples contained no AMF DNA, while six
Artemisia and eight Bromus soil samples contained no AMF
DNA.

A total of 1,612 sequences were assembled and aligned,
resulting in identification of 27 distinct AMF sequences
(Fig. 2). Eleven sequences clustered closely (<2 bp substi-
tutions per 100 residues) with a known species isolate in
GenBank (Fig. 2). The most common sequence, JF683571,
which occurred in root and soil samples from both hosts at
all sites, aligned closely with Glomus iranicum (Figs. 1 and
2). Of the 27 AMF sequences identified, 17 occurred in root

Fig. 1 (continued)
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samples and 21 occurred in soil samples (Fig. 3). Six
sequences were unique to roots, while 10 were unique to
soils (Fig. 3). The number of sequences isolated from each
sample ranged from 1 to 6 for Bromus roots (mean 2.15), 1
to 5 for Artemisia roots (mean 2.17), 1 to 5 for Bromus soils
(mean 1.41), and 1 to 4 for Artemisia soils (mean 1.61).
Across all sites, 14 AMF sequences were isolated from
Bromus roots (four unique) and 11 AMF sequences were
isolated from Artemisia roots (two unique). The most com-
mon sequence, JF683571, occurred in 76 % of root samples
and 55 % of soil samples (Fig. 3). Nine sequences were
common across all three study sites. One sequence
(JF683568) occurred at only two sites (UT and WY), and
17 sequences were unique to only one of the sites (Fig. A2,
Online Resource).

AMF species richness

AMF diversity measures are presented in Table 2, using
AMF species richness for diversity measures. Diversity
measures are as follows: α diversity is the mean species
richness per sample grouping (host and site as groups); γ
diversity is the total AMF species richness across sample
groups (host and site as groups); and β diversity is the rate

of change (i.e., number of unique communities) between
sample groups (host and site as groups).

Alpha diversity of AMF species was higher in cultures
associated with Artemisia within and among all sites com-
pared to Bromus (Table 2). Gamma diversity was similar
among cultures associated with the respective host plant
species within and across sites. Beta diversity was higher
in cultures with Bromus as host compared to Artemisia
within and across all sites (Table 2). Alpha, beta, and gam-
ma diversity indices for AMF DNA sequences in the soil
and root samples varied inconsistently between hosts within
and between sites. Consistent with these results, t tests
indicated that the mean alpha diversity of AMF species
isolated from Artemisia cultures was higher than Bromus
(t 0 2.46, df 0 94, P 0 0.02), while no host plant difference
was observed for root (t 0 0.4, df 0 61, P 0 0.69) or soil
DNA (t 0 0.56, df 0 48.75, P 0 0.58) sequences.

AMF species composition

Site had a significant effect on AMF community composi-
tion in cultures and root and soil DNA sequences (Table 3).
Host identity had a significant effect on AMF community
composition in cultures and root DNA sequences (Table 3).

Fig. 2 Neighbor-joining tree
showing phylogeny of AMF
DNA sequences isolated from
Bromus tectorum and Artemisia
tridentata roots and soils.
Fungal sequences from this
study are identified by their
GenBank sequences beginning
with JF683. Closely aligned
sequences from GenBank are in
bold and are identified by the
species name and accession
number
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The interaction between site and host had a significant
effect on AMF community composition only in cultures
(Table 3).

Indicator species analysis was used to determine if any
of the AMF species were significantly more likely to
associate with one host over another. An indicator spe-
cies is ideal if it occurs in all samples of one group, and
none of another group. Indicator species are calculated
by multiplying the proportional abundance of a species in
a group relative to its abundance in the other group by
the proportional frequency of the species in each group.
An indicator value (I.V.) of 100 equals perfect indication
of maximum indicator group. Across all sites, two AMF
species (Archaeospora trappei, I.V. 0 20, P 0 0.02 and
V. viscosum, I.V. 0 26.9, P 0 0.04) were more frequently

associated with Artemisia compared to Bromus in cul-
tures (Table A2, Online Resource), while no indicator
species were identified in root or soil DNA sequences.

Phylogenetic distance

Phylogenetic distance analyses produced 351 divergence
values between all combinations of paired DNA sequen-
ces, with a range from 1.3 to 134.5, and a mean of
57.3. Mean divergence of AMF DNA samples in
Bromus roots (40.3 ± 7.8 standard error) was higher
(P 0 0.04) than in Artemisia roots (16.9 ± 6.2). There
was no difference (P 0 0.26) between divergence of
AMF DNA in soil samples associated with Bromus
(24.7 ± 9.1) and Artemisia (39.6 ± 9.5).

Fig. 3 Frequency of AMF
DNA sequences isolated from
Artemisia tridentata (a) and
Bromus tectorum (b) roots and
soils. Total frequency of AMF
sequences across all sample
sites, based on occurrence in
either roots or soils from
Bromus or Artemisia host
plants. Black bars indicate root
isolates, white bars indicate soil
isolates. Naming convention for
the sequences are numbered
based on the last three digits of
the accession number assigned
by GenBank
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Discussion

The results indicate that AMF communities differ between
coexisting Artemisia and Bromus. AMF species richness was
lower in trap cultures associated with Bromus than in cul-
tures associated with Artemisia. Host had a significant effect
on AMF composition in cultures and host roots, and the

interaction between site and host had a significant effect on
AMF composition in cultures. Two AMF species isolated
from trap cultures associated more often with Artemisia than
Bromus. DNA sequences isolated from host roots indicated
that communities of AMF colonizing Bromus are more phy-
logenetically distant than communities colonizing Artemisia.

The two methods used to compare AMF communities
between hosts differed considerably. Because the trap cul-
ture source material comprised soil from underneath host
plants, it is possible that the AMF community in each
sample was not only influenced by the target host, but by
neighboring vegetation and the legacy effects of prior inhab-
itants of that microsite as well (Hausmann and Hawkes
2009; Hausmann and Hawkes 2010). Trap cultures also
introduce cultivation bias due to the varying growth strate-
gies of the different AMF species and vastly different field
and culture environmental conditions (Sýkorová et al.
2007). Similar to Sýkorová et al. (2007), F. mosseae
(Glomus mosseae) occurred in 86 % of trap cultures, but
only 17 % of roots and 10 % of soils. Thus, trap cultures
provide little more than a gross assessment of potential
associations with the target host plant with which to identify
important trends. However, each trap culture provided a
sample with approximately 80,000 times the mass of the
largest root samples and 10,000 times the mass of the soil
samples from which DNA was extracted, allowing each
culture to encompass the entire region of host root interac-
tion with the soil.

Table 2 Diversity of arbuscular
mycorrhizal fungi in trap cul-
tures, root DNA, and soil DNA
within and across sites and Bro-
mus tectorum and Artemisia tri-
dentata host plants

aCO, UT, and WY are the Colo-
rado, Utah, and Wyoming, USA,
sites, respectively
bN 0 number of samples per
group
cAlpha diversity, calculated as
mean AMF sequence richness
per sample, with standard errors
in parentheses
dBeta diversity, calculated as β 0
(γ / α) − 1 (Whittaker 1972)
eGamma diversity, calculated as
total AMF species richness
across samples

Sitea Plant host

Bromus Artemisia All hosts

Diversity Diversity Diversity

Nb αc βd γe N α β γ N α β γ

Trap cultures

CO 16 4.3 (0.4) 2.3 14 16 5.1 (0.3) 1.9 15 32 4.7 (0.3) 2.8 18

UT 16 6.4 (0.3) 1.7 17 16 7.4 (0.4) 1.3 17 32 6.9 (0.3) 2.0 21

WY 16 5.7 (0.4) 1.8 16 16 6.7 (0.5) 1.5 17 32 6.2 (0.3) 2.2 20

All sites 48 5.5 (0.3) 3.6 25 48 6.4 (0.3) 2.8 24 96 6.0 (0.3) 4.3 32

Root DNA sequences

CO 12 1.2 (0.3) 3.3 5 11 2.0 (0.4) 3 8 23 1.6 (0.3) 5.4 10

UT 14 1.9 (0.2) 4.4 10 5 1.8 (0.2) 0.1 2 19 1.8 (0.2) 4.4 10

WY 13 3.5 (0.4) 1.8 10 8 2.6 (0.5) 3 8 21 3.2 (0.3) 2.8 12

All sites 39 2.2 (0.2) 5.3 14 24 2.2 (0.2) 4.1 11 63 2.2 (0.2) 6.8 17

Soil DNA sequences

CO 14 1.3 (0.3) 5.2 8 10 0.5 (0.2) 7 4 24 1.0 (0.2) 7.3 8

UT 14 2.1 (0.4) 3.8 10 15 2.3 (0.3) 4.2 12 29 2.2 (0.2) 5.8 15

WY 13 0.8 (0.2) 5.5 5 16 1.7 (0.2) 4.9 10 29 1.3 (0.2) 7.6 11

All sites 41 1.4 (0.2) 9.1 14 41 1.6 (0.2) 7.8 16 82 1.5 (0.1) 12.9 21

Table 3 Two-way multivariate analysis of variance testing signifi-
cance of site, host plant, and site × host plant interaction effects on
arbuscular mycorrhizal fungi communities from trap cultures, root
DNA, or soil DNA (α 0 0.10)

Effect Num df Den df Wilks' lambdaa F P

Trap cultures

Site 62 120 0.06 5.9 <0.01

Host 31 60 0.55 1.6 0.06

Site × host 62 120 0.31 1.5 0.03

Root DNA

Site 34 78 0.35 1.6 0.05

Host 17 39 0.56 1.8 0.07

Site × host 34 78 0.48 1.0 0.44

Soil DNA

Site 42 112 0.30 2.2 <0.01

Host 21 56 0.76 0.8 0.66

Site × host 42 112 0.58 0.8 0.74

a A Wilks’ lambda close to 0 indicates a strong relationship, close to 1
indicates a weak relationship
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On the other hand, sequencing AMF DNA isolated
from roots of target hosts provides a specific compari-
son between hosts that is not limited to the presence of
spores, but is limited by sample size. Extraction of
DNA from roots is only an accurate measure of the
root subsample, while the minute mass of soils extracted
likely excludes numerous species that are present in the
composite soil sample from which the subsample was
removed. Further, many methodological biases can be
introduced in DNA isolation and amplification from root
and soil samples (Renker et al. 2006). To minimize
these biases, we chose to focus on isolating DNA from
multiple individual host plants (one PCR amplification
per DNA extraction), rather than pooling multiple PCR
amplifications from fewer replicate samples. Given that
AMF species richness was quite similar between mor-
phological and molecular methods, potential biases were
assumed to be minimized.

Most of the discrepancies between species in the trap
culture and DNA data sets are due to either gross
differences in relative frequencies or the occurrence of
unique species or sequences. However, the largest dis-
crepancy was the presence of G. aggregatum in most
cultures but not in DNA samples, while G. iranicum
and G. indicum occurred in numerous DNA samples but
not in cultures. Because of the lack of DNA sequences
specific or closely aligned to G. aggregatum, it is likely
that this species is synonymous with one or both of G.
indicum and G. iranicum, or was misidentified in cul-
tures. All three of these species have similar morpho-
logical descriptions (hyaline to yellow in color, spores
formed in loose clusters lacking a peridium), reactions
to Me l t z e r ’s r eagen t , and ove r l app ing s i ze s
(Blaszkowski et al. 2010a, b; Schenk and Smith
1982), with the major difference being three wall layers
in G. iranicum and two layers in each of G. aggrega-
tum and G. indicum).

Another important difference between trap cultures and
DNA sequences was the presence of P. occultum and A.
trappei in trap cultures and absence in sequence analyses.
Neither Paraglomus nor Archaeospora are amplified by the
primer set used for DNA amplification (Lee et al. 2003).
Although only one species from each genus was identified
in trap cultures, A. trappei was identified as an indicator
species for Artemisia. This non-amplification could partially
explain why no indicator species were identified from mo-
lecular data.

Mean AMF species richness per sample in Artemisia
cultures was close to one AMF species more than in
Bromus cultures, about a 15 % reduction in species richness
associated with Bromus across all sites. The calculated AMF
beta diversities from cultures indicate a greater variability of
AMF communities associated with Bromus than Artemisia,

while the gamma diversities of AMF are about equal
between Bromus and Artemisia. So, while either host
associates with about as many AMF species at the
individual site level and across sites, Artemisia individ-
uals associate with more AMF species than Bromus
individuals, and these sagebrush-associated AMF com-
munities are more similar from one individual host to
the next when compared to Bromus. Thus, AMF com-
munities associated with Artemisia at a given site are
analogous diversity hotspots. The higher concentration
of AMF species under Artemisia is supported by the
resource island effect of shrubs in arid and semi-arid
ecosystems (Reynolds et al. 1999). These shrub resource
islands are associated with altered soil microbial diver-
sity (Mummey and Stahl 2003) and harbor higher AMF
propagules (Azcón-Aguilar et al. 2003) than shrub
interspaces.

The alpha, beta, and gamma diversity measures from
DNA sequence analyses did not indicate a consistent
trend between hosts. However, the differences observed
could be due to the non-random loss of samples con-
centrated in the Artemisia roots and soils. Failure to
extract DNA from sagebrush root and soil samples
reduced the overall power of the statistical comparisons
between hosts and led to comparisons of unequal sam-
ple sizes for all statistical analyses. The large differ-
ences between Bromus and Artemisia roots at the UT
site undoubtedly skewed the gamma and beta diversity
calculations, at the very least. Artemisia produces nu-
merous phenolic and terpenoid compounds (Brown et al.
1975; Jassbi et al. 2010). Secondary compounds such as
these can contaminate DNA and interfere with DNA
extraction (Friar 2005). Thus, the difficulty in extracting
DNA from these samples, given the high concentration
in sagebrush samples, was most likely a result of sec-
ondary compounds present in the roots that were also
exuded into the soil.

Host had a significant effect on AMF community
composition in both cultures and roots, most likely
due to more than half of the AMF species colonizing
roots and almost half of the AMF species isolated from
cultures only occurring in one of the two host species.
AMF composition in trap cultures indicated a site ×
host interaction effect, likely due to certain AMF spe-
cies preferentially associating with one host over anoth-
er from one site to the next (Fig. 1). While the indicator
species preferentially associated with Artemisia across
sites, other associations did not produce a consistent
trend across sites (for example, D. spurca).

Two AMF species, A. trappei and V. viscosum, were
more prevalent in cultures from Artemisia compared to
Bromus across multiple sites. These indicator species for
Artemisia may be important to Artemisia juveniles, but
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the present work did not separate the effects of individ-
ual AMF species on host growth and survival. Further,
while V. viscosum occurred at all three sites, A. trappei
was only found at two. So, site effects may also be an
important consideration for which AMF species have a
strong association with Artemisia. A previous AMF
diversity study focused solely on Artemisia across mul-
tiple sites found that environmental conditions were
more important than host in shaping the Artemisia
AMF community (Allen et al. 1995). Thus, the differ-
ences across sites not due to host are most likely a
reflection of the sites themselves.

Phylogenetic overdispersion is thought to signify
competition for limited resources, while phylogenetic
clustering is evidence of habitat filters selecting for
certain traits possessed by closely related taxa (see
Tofts and Silvertown 2000). Closely related AMF spe-
cies are also believed less likely to coexist due to
competitive exclusion as a result of niche overlap
(Maherali and Klironomos 2007; Powell et al. 2009).
Because sampling in the present study was focused on
the two plant hosts and not on the entire AMF species
pool existing at each site, comparing divergence in
observed AMF assemblages against those occurring by
chance from the broader community was not possible.
Thus, clustering and overdispersion were not tested.
However, AMF sequences isolated from Bromus roots
were more phylogenetically dispersed than sequences
isolated from Artemisia roots. This indicates that com-
petition between AMF species for resources provided by
Bromus is stronger than for Artemisia symbionts. If
Bromus is a poor AMF host, it would be expected that
the AMF community associating with Bromus would
encounter competition for scarce resources, and thus
be overdispersed. Alternatively, a host that provides
greater resources would host an AMF community less
dispersed. Bromus is considered a facultative AMF as-
sociate and does not receive significant benefits from
nor provides significant benefits to AMF (Allen 1984;
Busby et al. 2011). Artemisia is considered AMF de-
pendent and exhibits high biomass responses to certain
AMF species (Lindsey 1984). The possibility also exists
that Artemisia exhibits greater specificity and may filter
certain AMF species to create a clustered AMF commu-
nity, as evidenced by the presence of associated indica-
tor species.

Future work needs to determine what the observed
AMF community changes mean to Artemisia in terms of
AMF species loss, as AMF diversity and identity have a
strong influence on plant community dynamics (van der
Heijden et al. 1998). Further, diversity measures of
AMF in trap cultures are only presence/absence data,
as sporulation rates associated with a trap culture may

not be reflective of relative densities of AMF associat-
ing with the initial plant host in the field. A measure of
relative densities between AMF species associating with
specific hosts would be useful to compare individuals,
populations, and communities of plants.

Invasion of shrublands by invasive grasses is a global
ecological concern, causing significant alterations to native
vegetation on multiple continents (D’Antonio and Vitousek
1992). One important consideration in the restoration of
invasive grass-dominated shrublands is the length of time
that remnant resource islands, including AMF diversity
hotspots, remain intact when invasive grasses are the sole
host. Soil fertility differences associated with sagebrush
resource islands have been shown to persist for 6 years
(Bechtold and Inouye 2007), but island effects on nutrient
cycling were reduced within 14 years after shrub removal
(Burke et al. 1987). The differences in AMF species asso-
ciations observed in this study may provide an initial as-
sessment of the changes that might occur as Bromus
replaces Artemisia in more heavily invaded rangelands.

Despite the presence of Bromus at the study sites, the
plant community was still dominated by native vegetation
and was not a Bromus monoculture that is typical of heavily
invaded Artemisia shrublands. Changes to the AMF com-
munity associated with Bromus that were observed in what
could be considered light invasions might become more
pronounced as the native vegetation is wholly replaced by
dense stands of Bromus that persist over a long period of
time. This vegetation shift has already occurred on over
20 % of the historic sagebrush steppe plant community
(Knapp 1996). However, comparing severe Bromus infesta-
tions with uninvaded Artemisia shrublands is difficult due to
variance of sites and the importance of site history on both
Bromus invasion and the AMF community. Overgrazing of
native perennial grasses often allows Bromus to gain a
foothold, and subsequent fires may remove remaining native
vegetation (Klemmedson and Smith 1964; Knapp 1996;
Young and Evans 1978). Both grazing (Eom et al. 2001)
and fire (O’Dea 2007) alter the AMF community. Due to
these confounding effects, this study chose to focus on
coexisting populations of Bromus and Artemisia so that site
differences between the populations could be removed.
However, focusing on sites where Bromus coexists with
native vegetation likely minimized the differences that
might be observed when comparing Bromus monocultures
to uninvaded Artemisia shrublands.
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