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Arbuscular Mycorrhizal Fungus Diversispora spurcum
Improved the Growth and Freeze Tolerance of Mongolian

Crested Wheatgrass (Agropyron cristatum)

12)

Burenjargal Otgonsuren, Ming-Jen Lee >

[ Summary ]

Agropyron cristatum (L.) Gaertn. (crested wheatgrass) is an endemic grass species, which
dominates the Mongolian steppe. In this study, spores of arbuscular mycorrhizal fungi (AMF) in
the rhizosphere soil of crested wheatgrass were isolated with wet-sieving/decanting methods and
sucrose density gradient centrifugation, and the associated species was identified as Diversispora
spurcum C. Walker & Schuessler. An arbuscular-mycorrhizal resynthesis experiment showed that
D. spurcum formed arbuscular mycorrhizae with crested wheatgrass seedlings, and promoted their
growth and biomass. The dependency of the crested wheatgrass on arbuscular mycorrhizae (AMs)
with D. spurcum was 292%. Diversispora spurcum inoculation also significantly increased the
nitrogen and mineral (P, K, Ca, Mg, and Na) contents in roots, stems, and leaves of crested wheat-
grass. Inoculated and non-inoculated crested wheatgrass seedlings were cold-acclimated and sub-
sequently subjected to freeze tolerance tests at -8, -11, -14, -15, -16, and -17°C, respectively. The
leaf lethal temperatures for 50% mortality (LTs,) of non-inoculated and inoculated crested wheat-
grass were -8 and -14°C, respectively, while the whole plant LT, values of non-inoculated and
inoculated crested wheatgrass were -11 and -15.5°C, respectively. These results demonstrated that D.
spurcum could effectively form arbuscular mycorrhizae with crested wheatgrass and improve its
growth, presumably through enhanced nutrition acquisition, and freeze tolerance.

Key words: Agropyron cristatum, Arbuscular mycorrhiza, Diversispora spurcum, freeze tolerance,
growth.
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INTRODUCTION

Agropyron cristatum (L.) Gaertn. (crested
wheatgrass) is a dominant species of indig-
enous grass in the Mongolian steppe. The
major desirable forage species in this arca
consist of Stipa krylovii, crested wheatgrass,
and Allium polyrrhizum, accounting for 80%
of the available phytomass (Retzer 2007).
Crested wheatgrass is widely used to restore
the Mongolian grassland.

Arbuscular mycorrhizae (AMs) are im-
portant elements of virtually all terrestrial
ecosystems (Brundrett 1991, Smith and Read
2008). Arbuscular mycorrhizal fungi (AMF)
are some of the most important soil microbes
as they form symbiotic associations with >
80% of land plants (Ulrich et al. 2002). AMF
are widespread in semi-arid grasslands, and

their association with grasses is of vital im-
portance in biomes grazed by large ungulates
(Trappe 1981). The major benefits of plants
from these relationships include improved
uptake of water and inorganic nutrients, es-
pecially phosphorus (Baon et al. 1992, Sand-
ers and Koide 1994, Clark and Zeto 2000,
Singh 2004, Javot et al. 2007), and increased
tolerance to adverse environmental condi-
tions such as nutrient deficiencies (Raju et
al. 1990), diseases (Benhamou et al. 1994),
drought, and salinity (Gupta and Kumar 2000,
Smith and Read 2008).

Low temperatures are one of the most
important stress factors that reduce plant
growth by affecting physiological and meta-
bolic processes (Charest and Phan 1990, Guy
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1990). Low temperatures impair plant-water
relationships through reduced hydraulic con-
ductance and loss of stomatal control (Aroca
et al. 2003). Also, over a long period of time,
low temperatures decrease the capacity and
efficiency of photosynthesis through changes
in pigment compositions, and impaired chlo-
roplastic development and electron transport
efficiency (Farooq et al. 2009). Mycorrhizae
are known to confer improved protection
against low temperature stress, via access to
a better nutritional status and modification of
plant physiology, e.g., maintenance of photo-
synthetic pigments and photosynthesis (Wu
and Xia 2006, Wu and Zou 2010, Zhu et al.
2010). Charest et al. (1993) reported that my-
corrhizae counteract chilling injury of maize
(Zea mays L.). Volkmar and Woodbury (1989)
also demonstrated that AMF are beneficial to
the growth of barley (Hordeum vulgare L.)
under different soil temperatures. Frost injury
to leaves caused by late-spring and early-
autumn frosts significantly limits the growing
season length, and exerts a strong influence
over plant production and distribution (Wood-
ward 1987). Late-spring frosts are particu-
larly damaging, because they occur at a time
when most plants have broken dormancy,
and result in significant costs for leaf replace-
ment. Freezing injury is primarily caused by
the physical disruption of cellular structures
by ice crystals and desiccation, resulting from
the higher water potential of cellular contents
than extracellular ice (Pearce 2001). How-
ever, the protective effect of mycorrhizae on
plants subjected to cold temperatures has not
yet been extensively studied.

Mongolian grasslands are encountering
rapid desertification due to global warming
and extreme temperatures. Freezing events
are critical to the ecology of the Mongolian
steppe during springtime. The growing sea-
son of Mongolian crested wheatgrass begins
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in late April or early May. Late-spring frosts
generally occur in May. Freezing injury can
cause serious mortality of crested wheatgrass.
Therefore, cold tolerance and survival of
leaves and whole plants play an important
role in the growth and survival of crested
wheatgrass. A better understanding of the
interaction between mycorrhizae and the
cold tolerance of dominant grass species on
the Mongolian steppe should help Mongolia
maintain its grasslands. Thus, the aims of this
study were to isolate, identify, and propagate
AMF and to assess the effects of the native
AMEF on growth and freeze tolerance of Mon-
golian crested wheatgrass seedlings through
mycorrhizal resynthesis and freezing tests. It
is hoped that the findings from this study can
contribute to the application of mycorrhizal
techniques in restoring Mongolian grasslands.

MATERIALS AND METHODS

Sample collection

Root samples and rhizosphere soil were
collected from a crested wheatgrass grassland
at Bogd Mountain in the vicinity of Ulaan-
baatar City (107°08'31"E, 47°45'767"N, at an
elevation of 1597 m), Mongolia. Feeder roots,
and soil and root samples were collected from
0 to 20 cm depth of 8 individual plants, kept
in polyethylene bags, and stored at 5~10°C
until analyzed. Seeds of crested wheatgrass
were also collected from the same site.

Extraction, identification, and propaga-
tion of AMF spores

Spores of AMF in soil samples of crest-
ed wheatgrass were isolated by a wet-sieving
and decanting method (Gerdermann and
Nicolson 1963, Tommerup 1992) and sucrose
density gradient centrifugation (Daniels and
Skipper 1982), and then identified with refer-
ence to the key provided by the International
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Culture Collection of Vesicular Arbuscular
Myecorrhizal Fungi (INVAM, http://www.in-
vam.caf.wvu.edu). The identified spores were
subsequently propagated in corn seeds germi-
nated in sterilized sand pot culture for an AM
fungal inoculum preparation. Spores in the
sand were quantified for a further inoculation
test.

Seedling culture

Seeds of crested wheatgrass were sur-
face-cleaned with running tap water, sterilized
with a 10% sodium hypochlorite solution for
15 min, rinsed 3 times with sterile distilled
water, and then germinated in a sterilized
mixture of peat moss, vermiculite, and perlite
(1: 1: 1, v/v) in a growth chamber at 20+2°C
in the day, and 16+2°C at night, with 60%
relative humidity, and 10,000-Iux light inten-
sity with a 16-h photoperiod. After seedlings
had reached 4 cm in height, they were trans-
ferred to pots filled with sterilized sand for
AM resynthesis.

Mycorrhizal resynthesis

Grass seedlings (3 mo old) were in-
oculated with 10 g of spore-containing sand
(D. spurcum, 12+2 spores g sand). Non-
inoculated seedlings were treated with the
filtrate of sand-spores as a control. All seed-
lings were cultured in a greenhouse at 20+
3°C with 1000£200 p mole photons m™ s’
photosynthetic photon flux density (PPFD),
and watered with deionized water as needed
without supplemental fertilization.

Morphology of AM

Two months after treatments, the roots
of seedlings were sampled and cleaned with
water in a supersonic oscillator (Upson et al.
2007). Roots were cut into 1-cm segments,
cleared in 10% KOH, treated with 3% H,0,
and 1% HCI, and then stained with a 0.05%

trypan blue solution. The morphology of the
AM was observed with a stereomicroscope
(Abbott 1982, Brundrett et al. 1996). The per-
centage of root colonization was accordingly
calculated (Phillips and Hayman 1970).

For the ultrastructural study, root sam-
ples were fixed with 2.5% glutaraldehyde and
4% paraformaldehyde fixative in a phosphate-
buffered solution (PBS; 0.1 M, pH 7.0) for
4 h at room temperature, then rinsed with the
PBS 3 times each time for 15 min, followed
by serial dehydration in 30, 50, 70, 80, 95,
and 100% ethanol and 100% acetone, and
finally dried in a critical-point dryer using
liquid carbon dioxide. Dried materials were
mounted on an aluminum stub with adhe-
sives, coated with gold, and observed under
a scanning electron microscope (SEM, Brun-
drett et al. 1996).

Mycorrhizal colonization in roots was
assessed by the grid line intersection method
(Giovannetti and Mosse 1980).

Cold acclimation

Eight-month-old plants of crested wheat-
grass were used for the freeze-tolerance test,
and each treatment included 40 pots of plants
(6 plants pot™). For non-stressed treatments,
plants were inoculated with AMF (D. spur-
cum) or non-inoculated (control). Plants were
grown in a greenhouse at 20 £3°C until being
harvested. For cold acclimation treatments,
plants were inoculated with AMF (D. spur-
cum) or non-inoculated (control), hardened
for 2 wk at 12°C under a 10-h photoperiod,
and then cold-acclimated at 2°C under an 8-h
photoperiod for 2 wk, 0°C for 24 h, and 2°C
for 24 h (Pociecha et al. 2009). The cold-
acclimated plants were subsequently used for
the freezing test.

Assessment of freeze tolerance
After hardening and cold acclimation, all
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dry leaves were removed and 6 plants in each
treatment were subjected to freezing tests
at -8, -11, -14, -15, -16, and -17°C for 2 h
(Rapacz et al. 2004). Then, the plants were
transferred to a greenhouse at 12+2°C with
1000200 pumole photons m™” s PPFD, and
watered with deionized water. The extent of
leaf injury was assessed for all plants exposed
to freezing treatments. Total numbers of dry
and green leaves were counted in the follow-
ing 3~7 d, and used to calculate the leaf LT,
as the number of dead leaves over the total
number of leaves. The LT, (lethal tempera-
ture causing 50% mortality) was determined
by controlled freezing treatment followed by
visual rating of plant recovery after 10 d at 12
+2°C (Palonen and Buszard 1998).

Growth and yield measurements

After assessment of freeze tolerance, 4
plants per treatment of non-inoculated and
inoculated seedlings were harvested. Growth
parameters including plant height, root length,
number of leaves, areas of leaves, and fresh
and dry weights of leaves, stems, and roots
were determined. The dry weight was mea-
sured after drying the samples in an oven at
70£2°C for 48 h. Leaf area was measured us-
ing a Li-3100 leaf area meter (Li-COR, Lin-
coln, NE, USA). The specific leaf area (SLA)
was calculated according to the following
equation: SLA (cm’ g") = leaf area (cm’)/leaf
dry weight (g) (Ibrahim et al. 1998).

Mineral content analysis

For the mineral content analysis, root,
shoot, and leaf samples were oven-dried at
70+2°C for 48 h and digested with concen-
trated H,SO, and H,0,. Nitrogen contents
of roots, shoots, and leaves were estimated
by the micro-Kjeldahl method (MacDonald
1977). Phosphorus, potassium, calcium, sodi-
um, and magnesium contents were estimated
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by inductively coupled plasma atomic emis-
sion spectrometry (ICP-AES P4010 Hitachi,
Tokyo, Japan).

Quantification of mycorrhizal dependency

Mycorrhizal dependency was defined as
the percentage of the dry weight of seedlings
with and without inoculation with AMF (Gra-
ham and Syvertsen 1985).

Statistical analysis

Statistical analysis was performed using
the software Statistical Package for the Social
Science (SPSS 12.0, Chicago, IL, USA) for
Windows. All data are presented as the mean
of 4 separate experiments + standard error (n
= 4). Differences in growth rates among treat-
ments were analyzed by Tukey’s multiple-
range test at p = 0.05 significance level.

RESULTS AND DISCUSSION

Spore morphology and identification

After isolation and extraction, spores of
AMF were collected. The AMF species was
identified as D. spurcum using the synoptic
keys and species morphology of the INVAM
website (http://www.invam.caf.wvu.edu).
Spores of D. spurcum were usually found
singly in soil, or sometimes coupled in clus-
ters (Fig. 1A, C). Spores of D. spurcum were
yellow to yellowish, usually spherical, oc-
casionally subglobose to pyriform. The spore
cell wall consist of 2 layers (L1 and L2), with
2 layers of the germinal wall (gwl and gw2)
subtending hypha and septa (Fig. 1A-C). Oth-
er AME, such as Glomus macrocarpum and G.
macrocarpum var. macrocarpum, were also
found to form AM with Agropyron smithii in
Colorado, USA (Singh 2004).

Morphology of AM
Staining of root samples revealed that
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Fig. 1. Morphology of spores of Diversispora spurcum. (A) Spore structure of D. spurcum,
gw: germinal wall (bar, 100 pm); (B) squashed spore of D. spurcum, L1, L2: inner wall lay-
ers (bar, 100 pm); (C) a pair of D. spurcum spores (bar, 100 pm).

AM developed well in the roots of inocu-
lated seedlings. Arbuscules and vesicles were
abundantly present in root tissues of inocu-
lated seedlings (Fig. 2). In roots of inoculated
seedlings, hyphae extended intercellularly
and formed arbuscules, showing an Arum-
type morphology (Fig. 2C-E). There were

numerous vesicles in the roots; an average of
22~26 vesicles (cm of root)”! was observed
(Fig. 2A). In contrast, no hyphae, arbuscules,
or vesicles were present in roots of non-
inoculated seedlings (Fig. 3). In nature, >
90% of all higher plants are associated with
mycorrhizae, and > 80% of these plants form

Fig. 2. Arbuscular mycorrhiza of crested wheatgrass. (A) Structure of a root with vesicles
(arrowhead, bar, 100 pm); (B) ultrastructure of a root with a vesicle (arrowhead, bar, 5 pm);
(C, D) Arum-type arbuscules (arrowhead, bar, 100 pm) in root cortical cells; (E) ultrastruc-
ture of a root with arbuscules and vesicle (arrowhead, bar, 20 pm).
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Fig. 3. Morphology of a root of non-inoculated crested wheatgrass seedlings. (A) Structure
of the root (bar, 100 pm); (B, C) ultrastructure of the root (bars, 50 and 20 pm).

AM relationships (Smith and Read 2008).
O’Connor et al. (2001) also indicated that Ar-
um-type structures are associated with all of
the 21 herbaceous AM plants in an Australian
desert.

Plant growth

The height and root length of D. spur-
cum-inoculated plants were significantly high-
er than these of non-inoculated plants (Table
1). The enhancements in plant height and root
length were 96 and 69%, respectively (Table
1). Meanwhile, fresh and dry weights of
roots, stems, and leaves of inoculated plants
were also significantly higher than the con-
trols (Tables 2, 3). The enhancements in root,
stem and leaf fresh weights were 416, 138,
and 145%, respectively (Table 2), and the
corresponding values in dry weight were 547,
220, and 176%, respectively (Table 3).

AMF efficiency can be measured in
terms of host plant growth under different

environmental conditions (Ruiz-Lozano et
al. 1996). Our study revealed that D. spur-
cum inoculation largely promoted the growth
and biomass of crested wheatgrass seedlings
(Tables 1-3). The mycorrhizal influence was
more pronounced in the root biomass than
in aerial biomass (Table 2), which may have
been due to a proportionally greater allocation
of carbohydrates to the roots than to shoot
tissues after AMF colonization, which is con-
trary to the findings of Schwab et al. (1982).
This is reasonable because AM enhances root
growth and nutrient acquisition. In this study,
the beneficial effects of AM symbiosis on
plant growth in terms of fresh and dry weight
were in agreement with previous studies on
other plant species (Anderson et al. 1987,
Volkmar and Woodbury 1989, Charest et al.
1993, Gavito et al. 2003, Wu and Xia 2006,
Wu and Zou 2010, Zhu et al. 2010).

The leaf area, leaf blade number, and
specific leaf area of D. spurcum-inoculated

Table 1. Growth of inoculated and non-inoculated crested wheatgrass seedlings after 8§ mo

of cultivation

Inoculation treatment Net height growth (cm) Net root length growth (cm)
Diversispora spurcum 54.0+5.89° 24.5+2.38"
Control (non-inoculated) 27.5+£2.08" 14.5+2.65"

All values are the mean = standard error of 4 replicates.
Values in the same column with different superscript letters significantly differ at the 5% significance

level.
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Table 2. Fresh biomass of inoculated and non-inoculated crested wheatgrass seedlings after

8 mo of cultivation

Inoculation treatment Root (g) Stem (g) Leaf (g)
Diversispora spurcum 3.15+0.66 2.00+0.28" 3.53%+1.12°
Control (non-inoculated) 0.61+0.09° 0.84+0.11° 1.44+0.33

All values are the mean * standard error of 4 replicates.
Values in the same column with different superscript letters significantly differ at the 5% significance

level.

Table 3. Dry biomass of inoculated and non-inoculated crested wheatgrass seedlings after 8

mo of cultivation

Inoculation treatment Root (g) Stem (g) Leaf (g)
Diversispora spurcum 0.97+0.28° 1.09+0.26" 1.35+0.34°
Control (non-inoculated) 0.15+0.03 0.34+0.01° 0.49+0.11°

All values are the mean = standard error of 4 replicates.
Values in the same column with different superscript letters significantly differ at the 5% significance

level.

crested wheatgrass were significantly higher
than those of non-inoculated plants, with
respective enhancements of 169, 100, and
26% (Table 4). These results suggested that
D. spurcum could effectively stimulate leaf
growth of crested wheatgrass seedlings. Berta
et al. (1995) found that inoculated AM coloni-
zation with either of the AM fungi G. mosseae
or G. intraradices increased root, stem, and
leaf weights, leaf area, root length, and spe-
cific leaf area of Prunus cerasifera. Busquets
et al. (2010) also reported that plants of An-
thyllis cytisoides inoculated with G. intrara-
dices produced more leaves than the control.
Kothari et al. (1990) reported that inoculation
with the AMF, G. mosseae, increased the leaf

blade area and dry weight in maize by about
30%. A study on the combined effects of AM
(with G. mosseae) and low temperature (5°C)
on 2 wheat (Triticum aestivum) cultivars re-
vealed that the dry biomass was higher in the
spring cultivar (Glenlea) than the winter culti-
var (AC Ron) after 5 wk of culture (Paradis et
al. 1995).

Mycorrhizal dependency of crested
wheatgrass on AM with D. spurcum was
estimated to be 292% based on biomass ac-
cumulation. This indicates a high degree of
responsiveness of crested wheatgrass growth
to mycorrhizal colonization. Consistently, a
similar effectiveness of AM fungi in differ-
ent plant species was also reported by Dixon

Table 4. Total leaf area, number of leaf blades and specific leaf area of inoculated and non-
inoculated crested wheatgrass seedlings after 8 mo of cultivation

Inoculation treatment Total leaf area (cm’) ~ Leafblade (no.)  Specific leaf area (cm” g™)
Diversispora spurcum 105+18.7° 4484 122+10°
Control (non-inoculated) 39+2.8° 22+39° 97+10.2°

All values are the mean = standard error of 4 replicates.
Values in the same column with different superscript letters significantly differ at the 5% significance

level.
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et al. (1997). Furthermore, Bhoopander and
Mukerji (2004) reported that under a salt
stress condition, the mycorrhizal dependency
of Sesbania aegyptiaca and S. grandiflora in-
creased with the age of the plants.

Mineral contents

Mineral contents in the roots, stems, and
leaves of crested wheatgrass inoculated with
D. spurcum were significantly higher than
those of non-inoculated plants (Tables 5-7).
Enhancements in root Ca, K, Mg, Na, and P
contents were 217, 209, 216, 279, and 510%,
respectively (Table 5). The corresponding
values in stem mineral contents were 188,
332, 674, 334, and 682% (Table 6), while the
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values in leaf mineral content were 128, 326,
224, 222, and 350%, respectively (Table 7).
Clearly, the most significant increases were
in phosphate, especially in roots and stems.
Also, the nitrogen contents in roots, stems,
and leaves were higher in AM-inoculated than
control plants, with respective enhancements
of 168, 179, and 181% (Table 8).
Diversispora spurcum inoculation sig-
nificantly increased the acquisition of nitro-
gen and minerals (P, K, Ca, Mg, and Na) in
roots, stems, and leaves of crested wheatgrass
seedlings (Tables 5-8) that presumably stimu-
lated its growth (Tables 1-4). Consistent with
our results, previous studies also showed that
growth and mineral nutrition of plants are

Table 5. Mineral contents of roots of inoculated and non-inoculated crested wheatgrass

seedlings after 8 mo of cultivation

Inoculation treatment ~ Ca(mgg') K(@mgg') Mg(mgg') Na(@mgg') P(mgg)
Diversispora spurcum 1376 275"  1575+411*  291+£87° 709£58"  7882£2003"
Control (non-inoculated) 43450 509+93" 92 +34° 187+£19°  1293+306°

All values are the mean = standard error of 4 replicates.
Values in the same column with different superscript letters significantly differ at the 5% significance

level.

Table 6. Mineral contents of stems of inoculated and non-inoculated crested wheatgrass

seedlings after 8 mo of cultivation

Inoculation treatment ~ Ca(mgg') K(mgg') Mg(mgg') Na(mgg') P(mgg')
Diversispora spurcum 1730£491° 3138+809"  882+285° 8124+39"  5662+449°
Control (non-inoculated) ~ 601+37°  726+£52°  114+11° 187+5° 7244135

All values are the mean = standard error of 4 replicates.
Values in the same column with different superscript letters significantly differ at the 5% significance

level.

Table 7. Mineral contents of leaves of inoculated and non-inoculated crested wheatgrass

seedlings after 8 mo of cultivation

Inoculation treatment ~ Ca(mgg') K(mgg') Mg(mgg') Na(mgg') P(mgg')
Diversispora spurcum 1203+78"  4988+302"  334+63° 805+85"  5515+181°
Control (non-inoculated) 527492 1171117 103%+16"  250+112° 1225+88"

All values are the mean = standard error of 4 replicates.
Values in the same column with different superscript letters significantly differ at the 5% significance

level.
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Table 8. Nitrogen contents of inoculated and non-inoculated crested wheatgrass seedlings

after 8 mo of cultivation

. N (%)
Inoculation treatment
Root Stem Leaf
Diversispora spurcum 1.26%0.16" 2.124+0.83° 3.29+1.64°
Control (non-inoculated) 0.47+0.08 0.76£0.39 1.17£0.30°

All values are the mean = standard error of 4 replicates.
Values in the same column with different superscript letters significantly differ at the 5% significance

level.

commonly enhanced by AMF inoculation
(Clark and Zeto 2000, Javot H et al. 2007,
Wu and Zou 2009). Smith and Read (2008)
reported that AMF increased plant growth
mainly by increasing nutrient acquisition and
thus enhanced the plant’s resistance to biotic
and abiotic stresses. Thus, our results confirm
the significant effect of D. spurcum inocula-
tion on the nutrition of crested wheatgrass.

Freeze tolerance

Analysis of the freeze tolerance revealed
that the leaf mortality of non-inoculated
crested wheatgrass was significantly higher
than that of the inoculated ones; the leaf LT,
of the non-inoculated crested wheatgrass was
-8°C, whereas the leaf LT, of the inoculated
ones was down to -14°C (Fig. 4A, Table 9).

A

100
£ 80
N
>
2
= 60 -e—inoculated
‘g —+-non-inoculated
£ 40
G
S
— 20

0

8 9 -10 -11 -12 -13 -14 -I5
Temperature (°C)

-16 -17

Plant mortality (%)

For the whole plant, the mortality of non-in-
oculated crested wheatgrass was also signifi-
cantly higher than that of inoculated ones; the
plant LT, of non-inoculated crested wheat-
grass was -11°C, while that of the control was
-15.5°C (Fig. 4B, Table 10).

Judging from plant recovery after the
freezing treatment, crested wheatgrass inocu-
lated with D. spurcum also exhibited a higher
freeze tolerance than the control (Tables 9,
10). For example, at -11°C, which occurs fre-
quently in the winter in Mongolia, rates for
inoculated and non-inoculated plants were
0.0£0.0 and 50.0 +5.5%, respectively, rep-
resenting a 2-fold increase in cold tolerance.
Clearly, AM inoculation largely improved
survival rates of plants, with a 100% survival
rate at temperatures as low as -11°C. Taken

B
100
80
60
40 -e-inoculated
—+-non-inoculated
20
0 Yre

8 -9 -10 -11 -12 -13 -14 -15 -16 -17
Temperature (°C)

Fig. 4. Leaf and plant mortality as a function of freezing temperatures and the leaf (A) and
whole plant (B) lethal temperature for 50% mortality of inoculated and non-inoculated

crested wheatgrass.
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Table 9. Leaf mortality of crested wheatgrass after cold acclimation and freezing
treatments
Leaf mortali
Inoculation treatment caf mortality (%)
2°C -8°C -14°C -15°C -16°C -17°C

Diversispora spurcum

8+4.6° 1414145 275+56" 508445 79.1+4.8" 90.5+2.4° 100+0.0°

Control (non-inoculated) 20+3.7* 50.6+5.6" 88.9+12.9° 100+0.0° 100+0.0° 100£0.0 100£0.0"

All values are the mean + standard error of 4 replicates.

Values in the same column with different superscript letters significantly differ at the 5% significance level.

Table 10. Whole plant mortality of crested wheatgrass inoculated with Diversispora
spurcum and non-inoculated ones under different freezing temperatures

Inoculation treatment

Plant mortality (%)

-8°C -11°C

-14°C -15°C -16°C -17°C

Diversispora spurcum

0.0+0.0° 0.0+£0.0°

16.7+4.1° 333+52° 66.7+52" 100+0.0°

Control (non-inoculated) 33.3+5.0° 50.0+5.5" 66.7+5.1° 100£0.0° 100+0.0 100+0.0"

All values are the mean = standard error of 4 replicates.
Values in the same column with different superscript letters significantly differ at the 5% significance

level.

together, these results demonstrate that in-
oculation of AMF D. spurcum improved the
freeze tolerance of crested wheatgrass.

CONCLUSIONS

In this study, a native AMF species of
Mongolian crested wheatgrass was isolated
and identified as Diversispora spurcum. My-
corrhizal resynthesis experiment revealed that
D. spurcum could effectively form AM in
roots of crested wheatgrass seedlings. Diver-
sispora spurcum inoculation significantly pro-
moted the growth and biomass accumulation
of crested wheatgrass seedlings. The mycor-
rhizal influence was more pronounced in the
root biomass than in the aerial biomass. My-
corrhizal dependency of crested wheatgrass
on AM with D. spurcum was 292% based
on biomass accumulation. The enhance-
ment in growth was reflected in an increased
leaf blade number, leaf area, and specific
leaf area of D. spurcum-inoculated crested
wheatgrass. Diversispora spurcum inocula-

tion significantly increased the nitrogen and
mineral (P, K, Ca, Mg, and Na) contents in
all tissues of crested wheatgrass. The increase
in the phosphorus content was of particular
significance. Clearly, enhanced acquisition
of P through AM can stimulate root growth
and subsequently promote absorption of other
minerals and nitrogen for higher growth rates.
Furthermore, leaf and plant LT, values of
inoculated crested wheatgrass were much
higher than those of non-inoculated plants.
Inoculated crested wheatgrass plants exhib-
ited total survival at temperatures of as low
as -11°C, while only 50% of non-inoculated
plants could survive this freezing tempera-
ture. The increased freeze tolerance of inocu-
lated crested wheatgrasses may have been due
to higher metabolic activities for synthesis
of osmoregulation compounds. These results
clearly demonstrate that D. spurcum could
effectively form AM with crested wheatgrass
and improved its growth and freeze tolerance.
This information can be applied to efforts to
restore Mongolian grasslands.
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