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Abstract: The genus Artemisia includes several keystone shrub species that dominate the North American
sagebrush steppe. Their growth, survival, and establishment are negatively affected by exotic invasive
grasses such as Taeniatherum caput-medusae. While the outcomes of symbiotic relationships between
Artemisia spp. and arbuscular mycorrhizal fungi (AMF) are ambiguous, the benefits of ameliorated
nutrient and drought stress may be cryptic and better revealed under competition. We evaluated the
effects of a commercial AMF inoculum on ameliorating biotic (competition with T. caput medusae) and
abiotic (drought) stress of Artemisia tridentata ssp. wyomingensis, Artemisia arbuscula, and Artemisia nova
when grown in sterile and microbially active field soil. Stress amelioration was measured as an increase
in biomass production and nutrient acquisition. Mycorrhizal colonization of roots was lower in Artemisia
plants grown in competition, while T. caput medusae colonization was higher in plants with greater
moisture. Both types of stress negatively affected plant biomass. Commercial AMF inoculation did
not increase biomass. Colonization from field soil increased average phosphorous concentration under
drought for A. tridentata ssp. wyomingensis by 36% and A. nova by 125%. While commercial inoculum and
live soil led to AMF colonization of T. caput medusae, only the commercial inoculum increased average
phosphorus uptake by 71%.

Keywords: Artemisia; Taeniatherum caput-medusae; arbuscular mycorrhizal fungi; stress amelioration;
invasive species

1. Introduction

Ecosystem deterioration is one of the most important problems in many areas around
the world [1]. An approach to solve this problem is the development and implementation of
ecological restoration programs [2,3]. In North America, one of the most threatened ecosystems
is the sagebrush steppe where Artemisia species (a keystone plant species) have to endure
competition with exotic annual grasses such as Bromus tectorum (cheatgrass), Ventenata dubia
(ventenata), and Taeniatherum caput-medusae (medusahead) [4]. These annual species fiercely
compete for water and nutrients with the perennial vegetation, especially at the seedling
stage, quickly replacing the perennial cover with monocultures that eventually function as
fuels for fire that further enhance their dominance [5,6]. Another challenge for plant species
establishment is drought, which is a driver of successional processes in semi-arid systems and
a barrier to the reestablishment of sagebrush species post-disturbance [7-10].

To survive in harsh environments, plant species have different resource acquisition
strategies to be more or less competitive [11]. Yet, most competition studies are framed from
an aboveground perspective, with limited focus on the soil community interactions, such
as mycorrhizal fungi. Arbuscular mycorrhizal fungi (AMF) are a group of soil symbionts
widely recognized for the mutualistic associations they develop within the roots of a vast
number of terrestrial plant species [12,13]. Those associations might improve plant nutrient
acquisition and regulate water uptake [12,14-16]. Because of this, AMF often mediate plant
competition and are considered drivers of plant community structure [17]. However, AMF are
often studied in crop systems with fast growing species [18-20], but questions remain about
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plant responsiveness to AMF in late-successional rangeland systems [21], where mycorrhizal
associations may mediate ecosystem resistance to invasion of exotic annual plant species by
enhancing native plant competitive abilities through stress amelioration [22].

Enhancing the competitive ability of perennial native shrubs using AMF during
the establishment phase could be a key step for restoration programs [23]. However, the
response of invasive exotic grasses to AMF also requires further research because B. tectorum
and T. caput medusae have shown ambiguous results to AMF [24,25]. Furthermore, the
long-term presence of invasive species with low or no mycorrhizal dependency might
result in modification of the soil microbial communities [26,27]. Thus, in scenarios where
local AMF might be absent or degraded, introduction of AMF from an external inoculum
source might be required to allow native plant establishment, but it is also important to
understand the response of invasive plant species such as T. caput medusae since inoculation
could potentially affect the dynamics of competition.

Important native plant species from sagebrush steppe include Artemisia tridentata ssp.
wyomingensis Beetle and Young (Wyoming big sagebrush), Artemisia arbuscula Nutt (low
sagebrush), and Artemisia nova A. Nelson (black sagebrush). A. tridentata ssp. wyomingensis
is a known mycorrhizal plant that has been extensively studied for restoration, although
mycorrhizal responsiveness is ambiguous, while A. arbuscula and A. nova have been much
less studied [28-31]. All of those species are important components of sagebrush steppe
ecosystems and understanding their responses would inform restoration practices.

We evaluated the effect of a commercial AMF inoculum on the competitive ability of
three sagebrush shrubs (A. tridentata ssp. wyomingensis, A. arbuscula, and A. nova) during
the establishment phase while facing biotic (intraspecific competition from T. caput medusae)
and abiotic (drought) stress. We hypothesized that: (1) a commercial AMF inoculum
ameliorates stress in Artemisia spp. imposed by competition from T. caput medusae and
drought, and (2) T. caput medusae is not more competitive under mycorrhizal conditions.

2. Materials and Methods

A competition experiment with A. tridentata ssp. wyomingensis, A. arbuscula, A. nova, and
T. caput medusae was conducted in a greenhouse at Oregon State University. This experiment
wasa3 x 2 x 2 X 2 x 2 factorial pot design with five replicates in a complete randomized
block arrangement. The factors were plant species (A. tridentata ssp. wyomingensis, A. arbuscula,
A. nova), soil type (live field soil or autoclaved field soil), moisture levels (40% and 80% field
capacity), competition (presence/absence of T. caput medusae), and inoculum type (commercial
AMF or a “sham” inoculum). Sham inoculum is the autoclaved substrate (field soil or
AMF inoculum) in which we reincorporated a microbial wash to have a media with the
soil organisms except for AMF and was included as a control to compare the mycorrhizal
effects only [32]. For the complete list of treatment combinations, see Table 1. To account for
temperature and light gradients in the greenhouse, we used each replicate as a block.

Seeds of A. tridentata ssp. wyomingensis, A. nova, and A. arbuscula were obtained from
commercial vendors during the summer of 2017, and seeds of T. caput medusae were collected
from the Crooked River National Grasslands during the fall of 2018. Field soil was obtained from
the same area where T. caput medusae was collected, a disturbed sagebrush grassland ecosystem.
Coordinates where the soil was sampled are 44°27'50” N-121°0'57" W. The collected soil had
a loam texture (44% sand, 22% clay and 34% silt) and a Munsell color 10YR 4/3 (dry) and
10YR 2/2 (wet). The mycorrhizal inoculum was AM120 standard (Reforestation Technologies
International, Gilroy, CA, USA). Label contents of inoculum are 100% Rhizophagus intraradices.
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Table 1. Different combinations of 16 treatments (high-low moisture, autoclaved-field soils, sham-
AMF inoculum, no-yes competition) used in the study.

Letter Treatment Combinations

High moisture, autoclaved soil, sham inoculum, no competition
High moisture, field soil, sham inoculum, no competition
Low moisture, autoclaved soil, sham inoculum, no competition
Low moisture, field soil, sham inoculum, no competition
High moisture, autoclaved soil, commercial AMF inoculum, no competition
High moisture, field soil, commercial AMF inoculum, no competition
Low moisture, autoclaved soil, commercial AMF inoculum, no competition
Low moisture, field soil, commercial AMF inoculum, no competition
High moisture, autoclaved soil, sham inoculum, competition
High moisture, field soil, sham inoculum, competition
Low moisture, autoclaved soil, sham inoculum, competition
Low moisture, field soil, sham inoculum, competition
High moisture, autoclaved soil, commercial AMF inoculum, competition
High moisture, field soil, commercial AMF inoculum, competition
Low moisture, autoclaved soil, commercial AMF inoculum, competition
Low moisture, field soil, commercial AMF inoculum, competition

HFOZZER—=—~TIOHEHITN W >

Containers were plastic Poly-tainer™ cans of 2.41 L (0.65 gal), 15.2 cm (6 in) diameter
and 17 cm (7 in) depth. Containers were steam sterilized at 80 °C for 2 h to remove possible
contaminants. We added 2 kg of soil to each pot (autoclaved or field), then a layer of 100 g
of either mycorrhizal inoculum or sham inoculum, followed by another layer of 100 g of soil.
Seeds were sown and kept under constant moisture for two weeks to ensure germination.
Multiple seeds were sown in each pot for A. tridentata ssp. wyomingensis, A. arbuscula
and A. nova. After germination, only one seedling was left per pot. Moisture treatments
began after the 2-week period. Soil moisture treatments (40% and 80% field capacity) were
determined using the gravimetric method [33] based on the % of soil moisture of field
capacity. Percentage of soil water content was determined by manually weighting the pots.

Competition was simulated by growing each of the Artemisia species with 15 individuals
of T. caput medusae for a density of 600 plants m~2 [34]. Twenty seeds of T. caput medusae were
sown in each pot, and only fifteen were left. For each combination, we had 5 replicates, giving
a total of 240 pots in the study.

To account for the microbial communities from the field soil and possibly from the
inoculum substrate, we made a microbial wash that was added to sterilized soil to create
a sham inoculum with all microbial communities except for AMF from both soil and
inoculum [35]. Microbial wash was made by using 700 g of the substrate (field soil or
inoculum). We made a slurry by adding the soil to 4 L of water, stirred, and allowed
to settle for 30 min. The settled solution was poured through a 45 um sieve, then again
through a 25 um sieve three times, settled for other 30 min, and finally was poured through
a 20 um sieve [36]. The final solution was brought to a final volume of 13 L and 100 mL,
and 10 mL of microbial wash were added to all treatments composed of autoclaved soil.
Sham inoculum was made by autoclaving mycorrhizal inoculum and adding 10 mL of
the microbial wash to the sterilized inoculum to produce a media with all the inoculum
components except for mycorrhizal spores [35].

All plants were grown for 6 months (26 weeks). Moisture treatments began after
2 weeks of emergence of germinated seeds to allow establishment of at least one individual
in each pot. After the growing period, all plants were manually harvested. Shoots were
cut and stored in paper bags. Roots were carefully extracted from the soil, washed, and a
subsample was stored in 20 mL vials containing a mixture of 50% ethanol and 5% acetic
acid for root colonization measurements.

Roots for colonization were cleared and stained: roots were incubated at 90 °C in 5%
(w/v) KOH for 20 min, then rinsed with warm water, followed by an incubation period of
10 min in 1% HCL, incubated then in trypan blue stain (0.5% w/v trypan blue, 5% v/v lactic
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acid, 50% v/v glycerol) for 20 min, rinsed with warm water, and incubated in de-stain (5%
lactic acid, 50% glycerol) overnight at room temperature [37]. The stained roots were mounted
onto microscope slides to assess for mycorrhizal colonization [37,38]. Roots were considered
colonized if they contained hyphae, vesicles, or arbuscules within the root cortex.

We measured plant biomass production (shoot dry weight, root dry weight, total dry
biomass), root colonization, and plant nutrient content (N, P, K). Plant nutrient analysis was
conducted at the Soil Health Laboratory at Oregon State University. N was analyzed by
dry combustion with a direct measure of total nitrogen by Elemental Macro Cube analyzer
(vario macro cube, elementar, Germany). Soil nutrients P and K were extracted using
a Mehlich 3 solution and quantified on Agilent 5110 ICP-OES. Mycorrhizal effects were
subsampled from a fraction of the root system, the rest was used to estimate dry weight.
Because of the small root size for all Artemisia species under competition, colonization data
were evaluated using the entire root system and root weight was reported only as fresh
root weight.

Data was analyzed using R (2021) with a separate factorial ANOVA for each plant
species using soil type (autoclaved or field soil), moisture level (high or low), inoculum
(sham or commercial inoculum), and competition (presence/absence of T. caput medusae) as
main effects and block as a random effect. Before analysis, variables that did not meet the
normality and equal variance were log10 (x + 1) transformed in order to fulfill assumptions
of the model.

3. Results
3.1. AMF Root Colonization of Artemisia Species

AMEF colonization for all three Artemisia species varied by soil type (p < 0.001, F = 85.39),
AMF inoculation (p < 0.001, F = 26.56), and presence/absence of competition (p < 0.001,
F =94.75) but not by moisture level (p = 0.21, F = 1.53). In general, drought and competition
resulted in lower colonization, and inoculum addition resulted in a significant colonization
increase in autoclaved soils. Colonization was present in inoculated plants (Figure 1) and was
zero in all plants grown in autoclaved soils with sham inoculum.
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Taeniatherum caput

Figure 1. Cleared and stained roots of Artemisia tridentata ssp. wyomingensis and Taeniatherum
caput-medusae. Arbuscules (dark blue) and hyphae from AMF can be seen colonizing cortical cells.

The species A. tridentata ssp. wyomingensis was colonized in both field and inoculated field
soils under both moisture levels, and also from inoculated autoclaved soils with high moisture
only (Table 2). However, inoculation did not significantly increase average colonization in
field soils with high moisture levels regardless of competition (p > 0.05). Inoculated plants
grown in field soils with both competition and drought had a significant increase in colonization
compared to sham-inoculated plants from field soils with competition and drought stress
(p = 0.002). Still, this level of colonization was significantly less compared to sham-inoculated
plants grown in field soils, under drought, and without competition (p < 0.001). For A. arbuscula,
the combination of drought and competition in inoculated plants grown in field soils resulted in
a significant decrease in colonization (p = 0.04) (Table 2). Interestingly, drought and competition
resulted in a positive significant increase in colonization in inoculated plants grown in autoclaved
soil (p = 0.007). The species A. nova did not respond with colonization increases with the addition
of the inoculum (p > 0.05). The presence of colonization was higher in field soils (Table 2).
However, we found a significant colonization increase when autoclaved soils were inoculated
and subjected to drought with no competition compared to uninoculated autoclaved treatments
(p <0.001). The addition of competition to autoclaved inoculated soils with drought resulted in
zero % of colonization for A. tridentata ssp. wyomingensis and A. nova.
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Table 2. Mean percentages and SE of AMF colonization in roots of Artemisia tridentata ssp. wyomin-
gensis, A. arbuscula, and A. nova grown for 6 months in different soil, moisture, inoculum, and
competition treatments.

Treatments Colonization & SE
Moisture Inoculum Competition A. tridentata A. arbuscula A. nova
High Autoclaved Sham No 0.00 + 0.00 0.00 &+ 0.00 0.00 + 0.00
High Sham No 37.85+£4.71 8.19 £2.72 33.8 £491
Low Autoclaved Sham No 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
Low Sham No 28.59 + 4.06 17.61 £ 2.14 247 £ 1.53
High Autoclaved AMF No 3442 +£7.02 4.19 4+ 3.03 514 +£5.14
High AMF No 33.50 + 2.52 221.61 £1.3 33 +242
Low Autoclaved AMF No 732 +£271 2.03 +2.03 13.2 £0.63
Low AMF No 29.10 £2.27 18.73 £ 6.00 35.5+2.64
High Autoclaved Sham Yes 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
High Sham Yes 2.04 +0.97 9.59 4+ 2.60 2.75 + 1.66
Low Autoclaved Sham Yes 0.00 £ 0.00 0.00 % 0.00 0.00 £ 0.00
Low Sham Yes 1.59 +£0.77 1.01 £0.71 211+ 146
High Autoclaved AMF Yes 0.54 + 0.37 2.10 +£2.10 0.00 £ 0.00
High AMF Yes 3.30£1.19 8.89 £ 1.87 2.65 £ 1.33
Low Autoclaved AMF Yes 0.00 £ 0.00 6.63 £1.20 0.00 £ 0.00
Low AMF Yes 752 £231 3.10 £ 0.51 423+ 131
3.2. AMF Root Colonization of the Invasive T. caput medusae
Colonization of T. caput medusae did not statistically differ when grown as competition
with different Artemisia species (p = 0.55, F = 0.58). Colonization of this species was driven
by differences in soil (p < 0.001, F = 193.05), moisture (p = 0.01, F = 3.75), and inoculum
application (p < 0.001, F = 55.75). Colonization was greater in high moisture treatments
compared to low moisture (Table 3). Inoculation of autoclaved soils in both moisture levels
resulted in an increase of colonization compared to sham-inoculated treatments (p < 0.05).
When T. caput medusae was grown with A. tridentata ssp. wyomingensis and A. arbuscula,
inoculation of field soils did not result in significant changes of colonization. However,
colonization was greater in low moisture treatments when grown in inoculated field soils
with A. nova.
Table 3. Mean percentages and SE of AMF colonization in roots of Taeniatherum caput-medusae grown
for 6 months in different soil, moisture, inoculum treatments, and associated Artemisia species.
T. caput medusae grown with A. tridentata ssp. wyomingensis
Treatment Colonization % SE
High moisture, autoclaved soil, sham inoculum, competition 0.00 0.00
High moisture, field soil, sham inoculum, competition 28.66 2.11
Low moisture, autoclaved soil, sham inoculum, competition 0.00 0.00
Low moisture, field soil, sham inoculum, competition 27.18 0.57
High moisture, autoclaved soil, AMF inoculum, competition 14.60 2.39
High moisture, field soil, AMF inoculum, competition 34.88 1.89
Low muoisture, autoclaved soil, AMF inoculum, competition 7.74 2.10

Low moisture, field soil, AMF inoculum, competition 15.04 2.28
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Table 3. Cont.

T. caput medusae grown with A. arbuscula

Treatment Colonization % SE
High moisture, autoclaved soil, sham inoculum, competition 0.00 0.00
High moisture, field soil, sham inoculum, competition 61.40 4.65
Low moisture, autoclaved soil, sham inoculum, competition 0.00 0.00
Low moisture, field soil, sham inoculum, competition 25.59 1.74
High moisture, autoclaved soil, AMF inoculum, competition 18.58 2.16
High moisture, field soil, AMF inoculum, competition 43.35 2.40
Low moisture, autoclaved soil, AMF inoculum, competition 10.24 3.55
Low moisture, field soil, AMF inoculum, competition 18.92 2.10

T. caput medusae grown with A. nova

Treatment Colonization % SE
High moisture, autoclaved soil, sham inoculum, competition 0.00 0.00
High moisture, field soil, sham inoculum, competition 43.82 1.53
Low moisture, autoclaved soil, sham inoculum, competition 0.00 0.00
Low moisture, field soil, sham inoculum, competition 23.13 2.07
High moisture, autoclaved soil, AMF inoculum, competition 24.68 1.38
High moisture, field soil, AMF inoculum, competition 14.06 2.55
Low moisture, autoclaved soil, AMF inoculum, competition 8.38 2.24
Low moisture, field soil, AMF inoculum, competition 38.14 1.50

3.3. Biomass Production of the 3 Artemisia Species

Competition was the main driver of shoot, root, and total biomass production for A.
tridentata ssp. wyomingensis (p < 0.001, F = 90.11, 71.01 and 826.65), A. arbuscula (p < 0.001,
F =63.54,40.24 and 42.81), and A. nova (p < 0.001, F = 133.68, 89 and 6.49). All 3 Artemisia species
produced more biomass when grown alone, compared to plants grown with competition
(Figures 2 and 3). Moisture was also associated with the production of total biomass for A.
tridentata ssp. wyomingensis (p < 0.001, F = 26.94), A. arbuscula (p = 0.01, F = 6.18), and A. nova
(p=0.01, F = 6.49) and with shoot/root production for A. tridentata ssp. wyomingensis (p < 0.001,
F=24.72 and 21.21) and A. arbuscula (p = 0.003 and 0.03, F = 9.41 and 4.60). Drought treatments
resulted in a decrease of biomass production in all three species (Figure 2). Furthermore, the
combination of drought and competition resulted in the lowest production of biomass for all
three shrub species (Figure 3). At the same time, inoculation was not found to be significant in
increasing shoot, root, or total biomass production of any species (p > 0.05), when compared
to non-inoculated treatments. Inoculation decreased shoot growth of A. arbuscula and root
growth of A. nova when grown without competition in high moisture levels (Figure 2). Soil
type was only significant for total and root biomass of A. nova (p = 0.007 and 0.05, F = 7.50 and
3.93) as field soils produced more biomass without competition. From the three species, A.
arbuscula produced the greatest shoot and root biomass when grown in competition at high
moisture levels regardless of inoculation (Figure 3).
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Figure 2. Shoot and root biomass (bars) and root colonization (lines) +SE (error bars) of 3 species of
Artemisia grown under different combinations of treatments (soil, moisture, and AMF inoculation)
without competition for 21 weeks. Different letters above and below bars indicate significant dif-
ferences among treatments (Tukey’s HSD). All treatments have commercial AMF inoculum, sham
treatments not shown. Treatments: (E) high moisture, autoclaved soil; (F) high moisture, field soil;
(G) low moisture, autoclaved soil; (H) low moisture, field soil.
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Figure 3. Shoot and root biomass (bars) and root colonization (lines) +SE (error bars) of 3 species of
Artemisia grown under different combinations of treatments (soil, moisture, and AMF inoculation)
growing in competition with Taeniatherum caput-medusae for 21 weeks. Different letters above and
below bars indicate significant differences among treatments (Tukey’s HSD). All treatments have
commercial AMF inoculum, sham treatments not shown. Treatments: (M) high moisture, autoclaved
soil; (N) high moisture, field soil; (O) low moisture, autoclaved soil; (P) low moisture, field soil.
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ANOVA revealed that colonization was related to total and shoot biomass production
for A. tridentata ssp. wyomingensis (p < 0.001, F = 37.83 and 36.66) and A. nova (p < 0.001,
F = 28.25 and 38.93) and to root biomass for A. tridentata ssp. wyomingensis (p < 0.001,
F = 29.84). With the exception of sham-inoculated autoclaved soil, treatments with higher
shoot and total biomass production were also the treatments with highest colonization for
both A. tridentata ssp. wyomingensis and A. nova.

3.4. Biomass Production of T. caput medusae

T. caput medusae total biomass responded to the different Artemisia species (p < 0.001,
F =9.35), soil type (p < 0.001, F = 330.72), moisture level (p < 0.001, F = 24.14), and inoculum
(p =0.01, F = 5.96). Shoot biomass responded to soil type (p < 0.001, F = 44.59), moisture level
(p < 0.001, F = 745.91), and inoculum type (p = 0.03, F = 4.59). Root production varied by
associated Artemisia species (p < 0.001, F = 26.13), soil type (p < 0.001, F = 84.28), moisture
(p = 0.004, F = 8.37), and inoculum type (p = 0.03, F = 4.53). Total, shoot, and root biomass
production were greater in T. caput medusae grown in autoclaved soils, while field soils
always had lower biomass production (Figure 4). Drought treatments reduced shoot biomass
production in T. caput medusae when associated with A. tridentata ssp. wyomingensis and A.
arbuscula. Finally, inoculation resulted in lower shoot biomass production in T. caput medusae
when grown in association with A. nova in field soils and under drought.

Taeniatherum caput-medusae grown as competition for:

A. tridentata ssp. wyomingensis A. arbuscula A. nova
20,000 50

a 40
15,000 b a
b

= 30

£

2 10,000 5 . T

= , .C. \ b 20

. i

fg 5000 , 8 9

5 ' ' h
T

0 0 &

o
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-~ o

g 5000 . b T ! . 1 b &

£ b

S I T B ! b
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o
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M N O P M N O P M N O P

Treatments

Figure 4. Shoot and root biomass (bars) and root colonization (lines) £SE (error bars) of Taeniatherum
caput-medusae grown in competition with 3 species of Artemisia under different combinations of
treatments (soil, moisture, and AMF inoculation) for 21 weeks. Different letters above and below bars
indicate significant differences among treatments (Tukey’s HSD). All treatments have commercial
AMF inoculum, sham treatments not shown. Treatments: (M) high moisture, autoclaved soil; (N)
high moisture, field soil; (O) low moisture, autoclaved soil; (P) low moisture, field soil.
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3.5. Nutrient Acquisition of the 3 Artemisia Species

Nutrient acquisition for the Artemisia species was measured without competition
only since plants grown under competition did not produce enough biomass for nutrient
analysis. N content of A. tridentata ssp. wyomingensis significantly varied between treatment
combinations (p < 0.001, F = 7.258), with moisture level being more significant (p < 0.001,
F = 39.48) than soil type (p = 0.10, F = 2.89) and inoculum (p = 0.66, F = 0.196). N content
was greater in low moisture treatments, regardless of soil or inoculum type (Figure 5). A.
arbuscula N content responded significantly to the interaction of moisture level and soil
type (p < 0.001, F = 39.65). N content of A. nova did not significantly change among any soil,
moisture, or inoculation treatments (p > 0.05). P content in A. tridentata ssp. wyomingensis
significantly varied by moisture level (p = 0.03, F = 5.41) and soil type (p = 0.01, F = 6.86). P
content was greater when grown at low moisture in field soils with both sham and AMF
inoculums (0.49% and 0.49%) compared to all other treatments (Figure 6). A. arbuscula had
no significant differences in P content for any treatments or interactions (p > 0.05). A. nova
had a greater P content when grown with low moisture and field soils with sham inoculum
(p <0.05, F = 5.41). K content in A. tridentata ssp. wyomingensis statistically responded to
moisture level only (p < 0.001, F = 39.31), as it was greater when grown in low moisture,
field soils with sham and AMF inoculums (2.77% and 2.52%) (Figure 7). K content in A.
arbuscula and A. nova had no significant differences among treatments (p > 0.05).
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Figure 5. Nitrogen (N) concentration £SE (error bars) in Artemisia tridentata ssp. wyomingensis,
Artemisia arbuscula, and Artemisia nova. Different letters above bars indicate significant differences
among treatments (Tukey’s HSD). N content of Artemisia species grown under competition not
measured.
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Figure 6. Phosphorus (P) concentration £SE (error bars) in Arfemisia tridentata ssp. wyomingensis,
Artemisia arbuscula, and Artemisia nova and their associated Taeniatherum caput-medusae grown as
competition. Different letters above bars indicate significant differences among treatments (Tukey’s
HSD). P content of Artemisia species grown under competition not measured.
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Figure 7. Potassium (K) concentration £SE (error bars) in Artemisia tridentata ssp. wyomingensis,
Artemisia arbuscula, and Artemisia nova. Different letters above bars indicate significant differences
among treatments (Tukey’s HSD). K content of Artemisia species grown under competition not
measured.
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3.6. Nutrient Acquisition of T. caput medusae

Nutrient content measured in T. caput medusae grown as competition for the three
Artemisia species is shown in Table 4. N content of T. caput medusae when grown with A.
tridentata ssp. wyomingensis responded to the interaction of moisture level and inoculum
(p <0.001, F = 27.57), as it was greater when grown at low moisture, in autoclaved soil,
and with commercial inoculum (0.70%). N content of T. caput medusae associated with A.
arbuscula responded to a greater extent to the interaction of moisture and soil (p < 0.001,
F = 39.55) as it was greater in field soils with high moisture. When grown with A. nova, N
concentration responded to inoculum (p < 0.001, F = 10.35) and the interaction of soil and
moisture (p < 0.001, F = 25.04) as it was greater when inoculated with commercial AMF, at
high moisture, and in both soil types (0.82% and 0.70).

Table 4. Mean N, P, and K concentration +SE in Taeniatherum caput-medusae grown for 6 months in
different soil, moisture, inoculum treatments, and Artemisia species. Different letters in each column
indicate significant differences among treatments (Tukey’s HSD).

A. tridentata Treatment N (%) SE P (%) SE K (%) SE
I 0.54 b 0.01 0.74 ab 0.01 039b 0.06
] 0.68b 0.02 0.122 0.006 0.39b 0.03
K 0.68" 0.04 0.09 ab 0.01 0.43b 0.05
L 0.55P 0.01 0.07 ab 0.005 0.41P 0.05
M 0.56P 0.04 0.07 ab 0.006 0592 0.06
N 0.63b 0.03 0.102 0.003 0.32b 0.02
o) 0.702 0.05 0.09 ab 0.01 0.792 0.07
P 0.56 P 0.02 0.05¢ 0.006 0.41b 0.03
A. arbuscula Treatment N (%) SE P (%) SE K (%) SE
I 0.60P 0.02 0.06" 0.003 0.55P 0.03
] 0.77 2 0.02 0.06b 0.006 0.43b 0.03
K 0.65P 0.00 0.06" 0.003 0.33P 0.01
L 0.62° 0.02 0.06" 0.004 041P 0.03
M 0.55b 0.03 0.06" 0.003 0.34b 0.01
N 0.77 2 0.01 0.102 0.003 0.32b 0.01
o) 0.71b 0.07 0.082 0.01 0.692 0.12
P 0.54 b 0.01 0.05P 0.004 0.41P 0.06
A. nova Treatment N (%) SE P (%) SE K (%) SE
I 0.59P 0.04 0.072 0.01 0.40P 0.06
] 0.59P 0.03 0.09 2 0.008 0.35b 0.02
K 0.57 P 0.04 0.092 0.007 0.43b 0.08
L 0.58b 0.05 0.062 0.01 0.40b 0.01
M 0.822 0.01 0.072 0.003 0.732 0.07
N 0.702 0.04 0.082 0.003 0.26° 0.02
o) 0.69b 0.04 0.082 0.01 0.51ab 0.07
P 05b 0.04 0.062 0.01 0.43b 0.04

P concentration of T. caput medusae grown with A. tridentata ssp. wyomingensis
significantly varied by moisture level (p = 0.004, F = 10.95) and the interaction of moisture
and soil (p < 0.001, F = 40.63). P content was greater at high moisture levels in field soil with
sham and AMF inoculums (0.12% and 0.10%) and in low moisture, autoclaved soils with
AMF inoculum (Table 4). P concentration when grown with A. arbuscula varied by moisture
level (p = 0.01, F = 8.15), soil type (p = 0.03, F = 5.46), and the interaction of moisture
and soil (p < 0.001, F = 34.75), as P concentration increased when grown in both high and
low moisture, field and autoclaved soils, and inoculated with commercial AMEF. Finally,
when grown associated with A. nova, P content of T. caput medusae reported no significant
differences in any treatments (p > 0.05).



Microorganisms 2023, 11, 50

13 of 17

K content in T. caput medusae grown with A. tridentata and A. nova varied by moisture
(p =0.01 and 0.002, F = 6.86 and 12.15) and soil type (p < 0.01 and 0.002, F = 75.35 and 12.27).
K was greater in high moisture, autoclaved soils, and inoculum (0.59% and 0.73%) (Table 4).
K content when associated to A. arbuscula responded to moisture (p < 0.001, F = 16.51), soil
type (p < 0.001, F = 24.61), inoculum (p = 0.02, F = 5.79), and the interaction of moisture and
soil (p < 0.001, F = 8.74).

4. Discussion
4.1. Can Environmental Stress Be Ameliorated with a Commercial AMF Inoculum?

We tested the hypothesis that by using a commercial AMF inoculum we would
ameliorate biotic and abiotic stress in three Artemisia species, and that such inoculum
would not make T. caput medusae more competitive. Based on our results, we cannot
support either hypothesis as we did not find evidence that by using a commercial AMF
inoculum we can effectively ameliorate biotic (intraspecific competition) or abiotic (drought)
stress in the tested Artemisia species. We also found evidence of nutrient increases for T.
caput medusae with the addition of the commercial inoculum.

Biomass production of the Artemisia species was affected by competition and drought
rather than AMF inoculation. Drought is a widely recognized factor that affects plant
growth [10,39]. Plants subjected to drought typically reflect a lower production of biomass
as the water reduction from soil to the plant decreases cell division and eventually is
reflected in less biomass production, including the roots [8]. Some plant species allocate
more biomass to the roots trying to acquire resources as a survival strategy, but when
the plant species are subject to both drought and competition, this strategy might not be
sufficient [40]. Competition (interspecific or intraspecific) negatively affects the plants
species growth by reducing the shoot’s ability to photosynthesize or lessening the nutrient
availability in the soil by neighboring plants [11]. A high-root-density environment can
create nutrient depletion zones in the soil, reducing the benefits from the AMF symbiosis
and favoring the plant species with faster nutrient acquisition strategies [11,40]. Therefore,
the AMF benefits are diminished in a high competition scenario and the nutrient acquisition
strategies became more important for growth. In this context, all three Artemisia species
were outcompeted by the faster shoot and root growth from T. caput medusae, which reduced
moisture access to the roots and likely created a nutrient depleted environment for the
Artemisia seedlings to grow even though they were colonized by AMF.

Furthermore, the mycorrhizal symbiosis represents a considerable carbon cost for
the host, which might be too much for a newly emerged seedling under a competitive
environment [12,41]. When the AMF colonizes the plant and it is unable to provide
additional nutrients, the relationship between host and fungi becomes parasitic [42]. This
response is also dependent on the AMF species or strains composition off the inoculum
or even pathogens in the soil [23,43]. Additional evidence that competition was a major
driver for the observed plant responses is that Artemisia tridentata ssp. wyomingensis, and
A. nova received N, P, and K gains from AMF colonization from live field soils subjected
to drought without competition. This corresponds with the stress-gradient hypothesis,
suggesting that mutualism is promoted under certain levels of stress [44]. In this scenario,
AMF provides nutrient benefits when environmental stress such as drought reduces the
plants ability to access nutrients [12,15,16,45]. However, when the Artemisia plants were
subjected to both types of stress, the AMF symbiosis did not provide any measurable effect.
However, further research is required to validate this hypothesis.

These results are in contrast to some studies suggesting that mycorrhizal inoculation
provided growth benefits [46] as well as nutrient increases [45,47]. Multiple studies reporting
positive mycorrhizal benefits evaluated fast-growing plants, members of the Fabaceae
family [19,39], or crop species [18], while other studies have used AMF inoculum composed
of multiple species or cultivated from undisturbed ecosystems [28,31]. This differs from our
study in which our commercial inoculum was reportedly composed of only Rhizophagus
intraradices, and the field soil was obtained from a disturbed site. Furthermore, other studies
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suggest that each AMF inoculum type has a different response even in the same plant
species [29]. For slow-growing, late seral species such as A. tridentata ssp. wyomingensis,
A. arbuscula, and A. nova direct mycorrhizal benefits might depend on differential AMF
communities that were not present in the inoculum or in the soil.

4.2. Mycorrhizal Responsiveness of T. caput medusae

Our findings suggest that T. caput medusae responds as a facultative mycorrhizal plant.
T. caput medusae biomass was greater in soils without AMF, and the re-addition of the
soil microbial community provided no measurable effect. Other studies also ruled out
the effect of the soil microbial and bacterial communities as possible drivers of T. caput
medusae invasiveness [48]. Previous studies with T. caput medusae found similar results when
colonized from field soils, having a lower biomass production compared to autoclaved
soils [21]. We expected our species to be colonized in a greater extent when inoculated with
a commercial AMF inoculum; instead, all species presented higher colonization in live field
soils including T. caput medusae. However, why might a facultative mycorrhizal plant exhibit
greater AMF colonization than an obligate AMF species? Facultative mycorrhizal species
are able to associate with several AMF species and maintain low levels of colonization
which might increase during stress periods to obtain benefits and become established
even in degraded soils [49]. Some invasive species such as cheatgrass (Bromus tectorum)
are known for their response to stressors such as drought and competition by allocating
less resources to biomass and more to reproduction [29]. So, even in high competition
environments, T. caput medusae can effectively compete and become established. Further
studies are required to understand this response such as a continuous evaluation of T. caput
medusae on the field AMF densities over time. Finally, we cannot discard the possibility
of a particular species or strain of AMF present in our field site that could be driving
such growth depression in T. caput medusae and further studies on fungal communities are
required to test such hypotheses

5. Conclusions

We were unable to accept our original hypotheses that a commercial AMF inoculum
would reduce stress on the Artemisia species, but we found evidence of mycorrhizal benefits
from live field soils in three Artemisia species without competition and from commercial
AMF inoculum on T. caput medusae. Furthermore, stressful conditions such as competition
and drought mediated AMF colonization and growth responses on the Artemisia plant
species. The effect of AMF promoting plant growth with and without stress has been
previously studied mostly on crops species but not so much on rangeland plant species.
Even though plant biomass did not reflect direct benefits (biomass increases) associated
with nutrient acquisition in stressful conditions, a constant increase in non-mobile nutrients
may be associated to long term plant establishment or fertility, which eventually might
result in a more competitive plant. Proper maintenance of P supply has an important role
in plant hydraulic connectivity and water uptake and hence resistance to stress.

Inoculation using external AMF sources has been a debated topic as their effects on
invasive species are not completely clear. Our research provides valuable information for
restoration in rangelands that face invasion with invasive species such as T. caput medusae.
We found evidence that T. caput medusae received N, P, and K increases when inoculated
with the commercial AME. This finding implies that AMF inoculation (at least an inoculum
composed of Rhizophagus intraradices) might not be recommended in rangelands in which T.
caput medusae is present. However, this response needs to be further evaluated, particularly
under field conditions.

Author Contributions: Conceptualization, D.E.P-T., RM.-G. and M.H.; methodology, D.E.P.-T,;
software, D.E.P.-T.; validation, M.H.; formal analysis, D.E.P.--T.; investigation, D.E.P.-T.; resources,
R.M.-G.; writing—original draft preparation, D.E.P.-T.; writing—review and editing, R M.-G. and
M.H.; supervision, RM.-G.; project administration, R.M.-G.; funding acquisition, R M.-G. All authors
have read and agreed to the published version of the manuscript.



Microorganisms 2023, 11, 50 15 0f 17

Funding: This research was partially funded by Bella Vista Foundation through the Oregon Agricultural
Research Foundation and the grant No. L20AC00115 from USDI Bureau of Land Management.

Data Availability Statement: Not applicable.

Acknowledgments: We would like to thank the Mexican National Council on Science and Technology
(CONACYT) for the student support and the USDA Forest Service for permission to collect soils from
the Crooked River National Grasslands.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Carbajal-Morén, N.A.; Manzano, M.G.; Mata-Gonzalez, R. Soil hydrology and vegetation as impacted by goat grazing in Vertisols
and Regosols in semi-arid shrublands of northern Mexico. Rangel. J. 2017, 39, 363-373. [CrossRef]

2. Pyke, D.A.; Chambers, ].C.; Pellant, M.; Knick, S.T.; Miller, R.E; Beck, J.L.; Mclver, ].D. Restoration Handbook for Sagebrush Steppe
Ecosystems with Emphasis on Greater Sage-Grouse Habitat-Part 1. Circular 1416; US Department of the Interior: Washington, DC,
USA; US Geological Survey: Reston, VA, USA, 2015; p. 43.

3. Emam, T. Local soil, but not commercial AMF inoculum, increases native and non-native grass growth at a mine restoration site.
Restor. Ecol. 2016, 24, 35-44. [CrossRef]

4. Davies, KW.; Boyd, C.S.; Beck, ].L.; Bates, ].D.; Svejcar, T.].; Gregg, M.A. Saving the sagebrush sea: An ecosystem conservation
plan for big sagebrush plant communities. Biol. Conserv. 2011, 144, 2573-2584. [CrossRef]

5. Reed-Dustin, C.M.; Mata-Gonzalez, R.; Rodhouse, T.J. Long-term fire effects on native and invasive grasses in protected area
sagebrush steppe. Rangel. Ecol. Manag. 2016, 69, 257-264. [CrossRef]

6. Brooks, M.L.; D’Antonio, C.M.; Richardson, D.M.; Grace, ].B.; Keeley, J.E.; DiTomaso, ].M.; Hobbs, R.J.; Pellant, M.; Pyke, D.
Effects of alien invasive plants on fire regimes. Bioscience 2004, 54, 677-688. [CrossRef]

7. Mata-Gonziélez, R.; Reed-Dustin, C.M.; Rodhouse, T.J. Contrasting effects of long-term fire on sagebrush steppe shrubs mediated
by topography and plant community. Rangel. Ecol. Manag. 2018, 71, 336-344. [CrossRef]

8.  Abdelaal, K.; Attia, K.A.; Niedbata, G.; Wojciechowski, T.; Hafez, Y.; Alamery, S.; Alateeq, T.K.; Arafa, S.A. Mitigation of drought
damages by exogenous chitosan and yeast extract with modulating the photosynthetic pigments, antioxidant defense system and
improving the productivity of garlic plants. Horticulturae 2021, 7, 510. [CrossRef]

9. Khaffagy, A.E.; Mazrou, Y.S.A; Morsy, A.R.; El-Mansoury, M.A.M.; El-Tokhy, A.L; Hafez, Y.; Abdelaal, K.; Khedr, R.A. Impact of
Irrigation Levels and Weed Control Treatments on Annual Weeds, Physiological Traits and Productivity of Soybean under Clay
Soil Conditions. Agronomy 2022, 12, 1037. [CrossRef]

10. Abdelaal, K.; AlKahtani, M.; Attia, K.; Hafez, Y.; Kiraly, L.; Kiinstler, A. The Role of Plant Growth-Promoting Bacteria in
Alleviating the Adverse Effects of Drought on Plants. Biology 2021, 10, 520. [CrossRef]

11. Birhane, E.; Sterck, FJ.; Bongers, F.; Kuyper, T.W. Arbuscular mycorrhizal impacts on competitive interactions between Acacia
etbaica and Boswellia papyrifera seedlings under drought stress. J. Plant Ecol. 2014, 7, 298-308. [CrossRef]

12.  Smith, S.E.; Read, D.J. Mycorrhizal Symbiosis, 3rd ed.; Academic Press: London, UK, 2008.

13. Spatafora, ].W.; Chang, Y.; Benny, G.L.; Lazarus, K.; Smith, M.E.; Berbee, M.L.; James, T.Y.A. phylum-level phylogenetic
classification of zygomycete fungi based on genome-scale data. Mycologia 2016, 108, 1028-1046. [CrossRef] [PubMed]

14. Augé, R M. Water relations, drought, and vesicular-arbuscular mycorrhizal symbiosis. Mycorrhiza 2001, 11, 3-42. [CrossRef]

15.  Smith, S.E.; Smith, F.A. Roles of arbuscular mycorrhizas in plant nutrition and growth: New paradigms from cellular to ecosystem
scales. Annu. Rev. Plant Biol. 2011, 62, 227-250. [CrossRef]

16. Merrild, M.P; Ambus, P.; Rosendahl, S.; Jakobsen, I. Common arbuscular mycorrhizal networks amplify competition for
phosphorus between seedlings and established plants. New Phytol. 2013, 200, 229-240. [CrossRef] [PubMed]

17.  Lin, G.; McCormack, M.L.; Guo, D. Arbuscular mycorrhizal fungal effects on plant competition and community structure. . Ecol.
2015, 103, 1224-1232. [CrossRef]

18. Liu, ].; Guo, C.; Chen, Z.L. Mycorrhizal inoculation modulates root morphology and root phytohormone responses in trifoliate
orange under drought stress. Emir. ]. Food Agric. 2016, 28, 251-256. [CrossRef]

19. Xavier, L.J.; Germida, ].J. Selective interactions between arbuscular mycorrhizal fungi and Rhizobium leguminosarum bv. viceae
enhance pea yield and nutrition. Biol. Fertil. Soils 2003, 37, 261-267. [CrossRef]

20. Chen, W.; Meng, P; Feng, H.; Wang, C. Effects of arbuscular mycorrhizal fungi on growth and physiological performance of
Catalpa bungei CA Mey. under drought Stress. Forests 2020, 11, 1117.

21. Prado-Tarango, D.E.; Mata-Gonzalez, R.; Hovland, M.; Schreiner, R.P. Assessing commercial and early-seral arbuscular mycorrhizal
fungi inoculation to aid in restoring sagebrush steppe shrubs. Rangel. Ecol. Manag. 2021, 79, 87-90. [CrossRef]

22. Hovland, M.; Mata-Gonzalez, R.; Schreiner, R.P.; Rodhouse, T.J. Fungal facilitation in rangelands: Do arbuscular mycorrhizal

fungi mediate resilience and resistance in sagebrush steppe? Rangel. Ecol. Manag. 2019, 72, 678-691. [CrossRef]


http://doi.org/10.1071/RJ17061
http://doi.org/10.1111/rec.12287
http://doi.org/10.1016/j.biocon.2011.07.016
http://doi.org/10.1016/j.rama.2016.03.001
http://doi.org/10.1641/0006-3568(2004)054[0677:EOIAPO]2.0.CO;2
http://doi.org/10.1016/j.rama.2017.12.007
http://doi.org/10.3390/horticulturae7110510
http://doi.org/10.3390/agronomy12051037
http://doi.org/10.3390/biology10060520
http://doi.org/10.1093/jpe/rtt031
http://doi.org/10.3852/16-042
http://www.ncbi.nlm.nih.gov/pubmed/27738200
http://doi.org/10.1007/s005720100097
http://doi.org/10.1146/annurev-arplant-042110-103846
http://doi.org/10.1111/nph.12351
http://www.ncbi.nlm.nih.gov/pubmed/23738787
http://doi.org/10.1111/1365-2745.12429
http://doi.org/10.9755/ejfa.2015-11-1044
http://doi.org/10.1007/s00374-003-0605-6
http://doi.org/10.1016/j.rama.2021.08.001
http://doi.org/10.1016/j.rama.2019.02.004

Microorganisms 2023, 11, 50 16 of 17

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Asmelash, F,; Bekele, T.; Birhane, E. The potential role of arbuscular mycorrhizal fungi in the restoration of degraded lands. Front.
Microbiol. 2016, 7, 1095. [CrossRef] [PubMed]

Scherpenisse, D.S. Mycorrhizae in Sagebrush-Steppe Community Restoration: Mycorrhizal Dependency of Invasive and Native
Grasses with Intraspecific and Interspecific Competition. Master’s Thesis, Utah State University, Logan, UT, USA, 2009.
Hovland, M. Mycological Maintenance of Rangelands and the Impacts of a Thatch Forming Invasive Annual Grass (Taeniatherum
caput-medusae). Master’s Thesis, Oregon State University, Corvalllis, OR, USA, 2017.

Gornish, E.S.; Fierer, N.; Barberdn, A. Associations between an invasive plant (Taeniatherum caput-medusae, Medusahead) and soil
microbial communities. PLoS ONE 2016, 11, €0163930. [CrossRef] [PubMed]

Perkins, L.B.; Nowak, R.S. Native, and non-native grasses generate common types of plant-soil feedbacks by altering soil
nutrients and microbial communities. Oikos 2013, 122, 199-208. [CrossRef]

Stahl, P.D.; Schuman, G.E.; Frost, S.M.; Williams, S.E. Arbuscular mycorrhizae and water stress tolerance of Wyoming big
sagebrush seedlings. Soil Sci. Soc. Am. ]. 1998, 62, 1309-1313. [CrossRef]

Rowe, H.L; Brown, C.S.; Claassen, V.P. Comparisons of mycorrhizal responsiveness with field soil and commercial inoculum for
six native montane species and Bromus Tectorum. Restor. Ecol. 2007, 15, 44-52. [CrossRef]

Dettweiler-Robinson, E.; Bakker, ].D.; Evans, ].R.; Newsome, H.; Davies, G.M.; Wirth, T.A.; Pyke, D.A.; Easterly, R.T.; Salstrom, D.;
Dunwiddie, PW. Outplanting Wyoming big sagebrush following wildfire: Stock performance and economics. Rangel. Ecol. Manag.
2013, 66, 657-666. [CrossRef]

Davidson, B.E.; Novak, S.J.; Serpe, M.D. Consequences of inoculation with native arbuscular mycorrhizal fungi for root
colonization and survival of Artemisia tridentata ssp. wyomingensis seedlings after transplanting. Mycorrhiza 2016, 26, 595-608.
[CrossRef]

Reinhart, K.O.; Lekberg, Y.; Klironomos, J.; Maherali, H. Does responsiveness to arbuscular mycorrhizal fungi depend on plant
invasive status? Ecol. Evol. 2017, 7, 6482-6492. [CrossRef]

Mata-Gonzalez, R.; Sosebee, R.E.; Wan, C. Physiological impacts of biosolids application in desert grasses. Environ. Exp. Bot. 2002,
48,139-148. [CrossRef]

Sheley, R.L.; Svejcar, T.J. Response of bluebunch wheatgrass and medusahead to defoliation. Rangel. Ecol. Manag. 2009,
62,278-283. [CrossRef]

Hahl, T.; van Moorsel, S.J.; Schmid, M.W.; Zuppinger-Dingley, D.; Schmid, B.; Wagg, C. Plant responses to diversity-driven
selection and associated rhizosphere microbial communities. Funct. Ecol. 2020, 34, 707-722. [CrossRef]

Schreiner, R.P. Effects of native and nonnative arbuscular mycorrhizal fungi on growth and nutrient uptake of ‘Pinot noir’(Vitis
vinifera L.) in two soils with contrasting levels of phosphorus. Appl. Soil Ecol. 2007, 36, 205-215. [CrossRef]

Schreiner, R.P. Mycorrhizal colonization of grapevine rootstocks under field conditions. Am. J. Enol. Vitic. 2003, 54, 143-149.
[CrossRef]

McGonigle, T.P; Miller, M.H.; Evans, D.G.; Fairchild, G.L.; Swan, J.A. A new method which gives an objective measure of
colonization of roots by vesicular—Arbuscular mycorrhizal fungi. New Phytol. 1990, 115, 495-501. [CrossRef] [PubMed]

Zhang, Z.; Zhang, J.; Xu, G.; Zhou, L.; Li, Y. Arbuscular mycorrhizal fungi improve the growth and drought tolerance of Zenia
insignis seedlings under drought stress. New For. 2009, 50, 593-604. [CrossRef]

Prado-Tarango, D.; Mata-Gonzadlez, R.; Melgoza-Castillo, A.; Elias, S.G.; Santellano-Estrada, E. Simulated rainfall sequences affect
germination and biomass allocation of Chihuahuan desert native plants. Arid. Land Res. Manag. 2019, 33, 22-36. [CrossRef]
Smith, FA.; Smith, S.E. Mutualism, and parasitism: Diversity in function and structure in the arbuscular (VA) mycorrhizal
symbiosis. Adv. Bot. Res. 1996, 22, 1-43.

Jones, M.D.; Smith, S.E. Exploring functional definitions of mycorrhizas: Are mycorrhizas always mutualisms? Canad. J. Bot.
2004, 82, 1089-1109. [CrossRef]

Allen, E.B.; Allen, M.E,; Egerton-Warburton, L.; Corkidi, L.; Gémez-Pompa, A. Impacts of early-and late-seral mycorrhizae during
restoration in seasonal tropical forest, Mexico. Ecol. Appl. 2003, 13, 1701-1717. [CrossRef]

Maestre, ET.; Callaway, R.M.; Valladares, E; Lortie, C.J. Refining the stress-gradient hypothesis for competition and facilitation in
plant communities. J. Ecol. 2009, 97, 199-205. [CrossRef]

Smith, S.E.; Facelli, E.; Pope, S.; Smith, EA. Plant performance in stressful environments: Interpreting new and established
knowledge of the roles of arbuscular mycorrhizas. Plant Soil 2010, 326, 3-20. [CrossRef]

Simard, S.W.; Beiler, K.J.; Bingham, M.A.; Deslippe, ].R.; Philip, L.J.; Teste, EP. Mycorrhizal networks: Mechanisms, ecology and
modelling. Fungal Biol. Rev. 2012, 26, 39-60. [CrossRef]

Smith, FA.; Grace, E.J.; Smith, S.E. More than a carbon economy: Nutrient trade and ecological sustainability in facultative
arbuscular mycorrhizal symbioses. New Phytol. 2009, 182, 347-358. [CrossRef] [PubMed]


http://doi.org/10.3389/fmicb.2016.01095
http://www.ncbi.nlm.nih.gov/pubmed/27507960
http://doi.org/10.1371/journal.pone.0163930
http://www.ncbi.nlm.nih.gov/pubmed/27685330
http://doi.org/10.1111/j.1600-0706.2012.20592.x
http://doi.org/10.2136/sssaj1998.03615995006200050023x
http://doi.org/10.1111/j.1526-100X.2006.00188.x
http://doi.org/10.2111/REM-D-12-00114.1
http://doi.org/10.1007/s00572-016-0696-1
http://doi.org/10.1002/ece3.3226
http://doi.org/10.1016/S0098-8472(02)00019-9
http://doi.org/10.2111/08-160R2.1
http://doi.org/10.1111/1365-2435.13511
http://doi.org/10.1016/j.apsoil.2007.03.002
http://doi.org/10.5344/ajev.2003.54.3.143
http://doi.org/10.1111/j.1469-8137.1990.tb00476.x
http://www.ncbi.nlm.nih.gov/pubmed/33874272
http://doi.org/10.1007/s11056-018-9681-1
http://doi.org/10.1080/15324982.2018.1485779
http://doi.org/10.1139/b04-110
http://doi.org/10.1890/02-5309
http://doi.org/10.1111/j.1365-2745.2008.01476.x
http://doi.org/10.1007/s11104-009-9981-5
http://doi.org/10.1016/j.fbr.2012.01.001
http://doi.org/10.1111/j.1469-8137.2008.02753.x
http://www.ncbi.nlm.nih.gov/pubmed/19207688

Microorganisms 2023, 11, 50 17 of 17

48. Blank, R.R.; Sforza, R.; Morgan, T. Medusahead: Available soil N and microbial communities in native and invasive soils. In
Proceedings of the Shrublands under Fire: Disturbance and Recovery in a Changing World (RMRS-P-52), Cedar City, UT, USA,
6-8 June 2006; Kitchen, S.G., Pendleton, R.L., Monaco, T.A., Vernon, J., Eds.; US Department of Agriculture, Forest Service, Rocky
Mountain Research Station: Fort Collins, CO, USA, 2008; pp. 73-76.

49. Wilson, G.W.T.; Hartnett, D.C. Interspecific variation in plant responses to mycorrhizal colonization in tallgrass prairie. Am. . Bot.
1998, 85, 1732-1738. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.2307/2446507

	Introduction 
	Materials and Methods 
	Results 
	AMF Root Colonization of Artemisia Species 
	AMF Root Colonization of the Invasive T. caput medusae 
	Biomass Production of the 3 Artemisia Species 
	Biomass Production of T. caput medusae 
	Nutrient Acquisition of the 3 Artemisia Species 
	Nutrient Acquisition of T. caput medusae 

	Discussion 
	Can Environmental Stress Be Ameliorated with a Commercial AMF Inoculum? 
	Mycorrhizal Responsiveness of T. caput medusae 

	Conclusions 
	References

