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Abstract Spatial expansion of root hemiparasitic Pedicularis
kansuensis in Bayanbulak Grassland of Xinjiang Uygur
Autonomous Region (China) has caused great loss of herbage
yield and has threatened the local livestock industry. Current
management practices using manual eradication and chemical
control have been proved problematic. Arbuscular mycorrhi-
zal (AM) fungi have been suggested to be potential biocontrol
agents against a number of plant pests, but experimental
evidence is lacking against weedy P. kansuensis . In this study,
we tested the hypothesis that inoculation with AM fungi will
cause growth depression in P. kansuensis and reduce its
damage to host plants. Based on the confirmation of AM
status and host community of the hemiparasite in the field, a
pot cultivation experiment was conducted to test the influence
of an AM fungus (Glomus mosseae) on growth of P.
kansuensis and the parasitized host (Elymus nutans). AM
colonization was observed in roots of P. kansuensis, but the
levels were much lower than those of its adjacent host species.
A negative correlation between AM levels and the numbers of
haustoria was detected for the field samples of the
hemiparasite. Strong suppression of haustorium formation, a
significant reduction in plant dry weight (DW), as well as
marked reduction in the survival rate of P. kansuensis after
inoculation with AM fungi was observed. In contrast,
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inoculation with G. mosseae increased root DW and whole
plant DW of parasitized host plants. Our findings demonstrat-
ed significantly repressive effects of AM fungi on growth
performance of P. kansuensis with and without the presence
of a host. The potential of AM fungi as biocontrol agents
against the damaging hemiparasite was confirmed.

Keywords Hemiparasitic plant - Pedicularis kansuensis -
P.verticillata - Arbuscular mycorrhizal fungi - Glomus -
Host—parasite interaction

Introduction

Root hemiparasitic plants are green and have photosynthetic
capability, but depend at least partially on their host plants for
acquisition of nutrients and water, via parasitic organs (known
as haustoria) that connect the root xylem of the hemiparasite
and that of its host plant (Irving and Cameron 2009).
Infestation by root hemiparasitic plants often causes marked
growth depression in their host plants by direct deprivation of
nutrients and water (Jiang et al. 2003; Yoder et al. 2009;
Hautier et al. 2010; Ren et al. 2010). Furthermore, they have
strong influence on plant community structure and plant bio-
diversity in the ecosystems where they occur (Hedberg et al.
2005; Phoenix and Press 2005; Grewell 2008; Hellstrom et al.
2011; Borowicz and Armstrong 2012).

Pedicularis L. (Orobanchaceae) is a large genus of root
hemiparasitic species widely distributed in the temperate zone
of the Northern Hemisphere. There are at least 800
Pedicularis species worldwide (Mill 2001), with more than
352 species reported in China (Yang et al. 1998; Mill 2001).
Pedicularis species are common flowering plants in alpine
and subalpine grassland ecosystems. In most cases, they show
patchy distribution patterns and do not exert significant influ-
ence on plant communities at a large scale. However, dramatic
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spatial expansion and damage to herbage yield have been
reported for a few Chinese Pedicularis species (Song 2006;
Bao and Wang 2011). Most notably, spatial expansion of
Pedicularis kansuensis Maxim. in Bayanbulak Grassland of
Xinjiang Uygur Autonomous Region of China has caused
great loss of herbage yield and threatened the local livestock
industry. This annual hemiparasite was previously
misidentified as P. verticillata (Liu et al. 2008; Wang et al.
2010), but has been verified to be P. kansuensis from our
personal observations and molecular evidence (Sui et al.,
unpublished). By 2008, the area severely affected by P.
kansuensis reached 2.33x10* ha in Bayanbulak Grassland,
with an annual spread rate of 3.3x10° ha (Liu et al. 2008;
Wang et al. 2009). Chemical control and manual eradication
have been used for the management of this damaging species
(Wang et al. 2009, 2010). However, because root
hemiparasitic plants fit into the life cycle of, and form direct
connection with, their host plants, chemical control in parasit-
ic plants has been problematic (Aly 2012). Damage to host
plants and potential risk of environmental pollution has been
suggested as a result of chemical control of P. kansuensis
(Zhang et al. 2009; Wang et al. 2010). Due to the large scale
(and high density) of infested areas and the low fodder quality
of P. kansuensis (animals tend to avoid the root hemiparasite
when grazing), cutting at peak juvenile stage, an option sug-
gested for the management of an annual hemiparasitic weed
Rhinanthus minor in Europe (Magda et al. 2004) is not
feasible for P. kansuensis in Bayanbulak Grassland. More
effective, sustainable, and environmental friendly control
strategies against this fast spreading plant are in dire need.
Arbuscular mycorrhizal (AM) fungi are ubiquitous com-
ponents of soil microflora in most terrestrial ecosystems and
form mutualistic associations with the majority of land plants
(Smith and Read 2008). These fungi have been suggested to
be efficient biocontrol agents against soil-borne pathogens
and nematodes (Veresoglou and Rillig 2012; Vos et al. 2012;
Akhtar and Panwar 2013; Vos et al. 2013). AM fungi have
also been observed to significantly reduce seed germination of
a few obligate root parasitic plant species such as Striga
hermonthica (Lendzemo et al. 2005, 2006; Hearne 2009;
Gworgwor and Weber 2003) and Orobanche cumana
(Louarn et al. 2012) and thus have been suggested to have a
potential in biocontrol against obligate root parasitic weeds.
Recently, Li et al. (2012b) observed that inoculation with AM
fungi suppressed haustorium formation in facultative root
hemiparasitic Pedicularis tricolor. In addition, they found that
phosphorus transfer from the host plant into P. tricolor and
Pedicularis rex was significantly reduced and growth of the
hemiparasites was suppressed after AM inoculation,
suggesting that AM fungi have a potential in the management
of Pedicularis species (Li et al. 2013). However, effects of
AM fungi on interactions between root hemiparasitic plants
and their host plants vary greatly, depending at least partially
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on plant identities. For example, in contrast to the repressive
effects of AM fungi observed for Hordeum vulgare—P. tricol-
or/rex interactions (Li et al. 2013), haustorium formation and
growth performance of the root hemiparasite in the H.
vulgare—R . minor association significantly increased after
AM inoculation (Davies and Graves 1998). Thus, it is essen-
tial to gain a thorough knowledge of the influence of AM
fungi on the specific interactions between the target root
hemiparasite and its host species before we rush to the appli-
cation of AM fungi as biocontrol agents. However, as far as
we know, no effort has been taken from a biological perspec-
tive to control weedy Pedicularis despite the long efforts for
its management. Little information is available regarding the
parasitic habit and AM status of P. kansuensis, and no inves-
tigation has been done concerning the interactions between
AM fungi and this plant.

In this study, the hypothesis was tested that AM fungi will
suppress haustorium formation in P. kansuensis and alleviate
its damage to host plants and thus have a potential as biocon-
trol agents. Firstly, AM colonization levels and haustorium
formation in P. kansuensis and AM levels of its adjacent hosts
were examined from two field sites that differ significantly in
infestation levels by the hemiparasite, with the aim of gaining
basic information about the AM status and parasitic habit of P.
kansuensis. Secondly, a pot cultivation experiment was
conducted investigating effects of AM fungi on growth of P.
kansuensis and the parasitized host. Specifically, the follow-
ing questions were addressed: (1) Do P. kansuensis and its
dominant hosts associate with AM fungi in the field and do the
AM levels differ between severely infested and poorly
infested areas? (2) Does incidence of haustorium formation
differ between severely infested and poorly infested areas?
(3) Does inoculation with AM fungi have any influence
on the growth of P. kansuensis and the parasitized host?
Knowledge obtained will shed some light on the interac-
tions among P. kansuensis, its host plants, and AM fungi.
A better knowledge about the influence of AM fungi on
the infestation of host plants by P. kansuensis will pro-
vide new clues for the potential use of AM fungi as
biocontrol agents for a more effective and sustainable
management of this weedy hemiparasite.

Material and methods

This study used two approaches. Firstly, field surveys were
performed in two typical distribution areas (representing one
severely infested and one poorly infested by P. kansuensis)
to examine AM fungal colonization levels in roots of P.
kansuensis and of the adjacent plant species. After that,
the influence of AM fungi on growth of P. kansuensis
and the parasitized host plant was tested in a pot culti-
vation experiment.
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Field survey
Site description and sampling

P. kansuensis shows an aggregated distribution pattern and
spreading tendency in severely infested areas of Bayanbulak
Grassland. In contrast, it shows sporadical distribution in
poorly infested areas. Two representative sites (Table 1), one
for a severely infested area (with above 80 % coverage of P.
kansuensis, site A) and the other for a poorly infested area
(sporadically distributed with less than 1 % coverage of P.
kansuensis, site B), were selected for field surveys. The
concentrations of organic matter (OM), available nitrogen
(AN), and available phosphorus (AP) were all much higher
in soil samples from site B than those from site A, except that
the concentrations of available potassium (AK) were very
close between these two sites. In site A, we randomly collect-
ed 50 individual root systems of P. kansuensis, ten from each
of five 10x 10 m? plots (four from the corners and one from
the center of a 50x 50 m? area). In site B, 50 individual root
systems were collected at much larger distance intervals due to
the patchy distribution of the hemiparasite.

During root excavation, large clods of earth were dug out to
reduce the damage to fine rootlets. Root samples of P.
kansuensis and its adjacent host species were collected sepa-
rately, carefully washed free of soil debris and kept in forma-
lin—acetic acid—alcohol (FAA) fixative until further examina-
tion. Two dominant grass host species and one dominant forb
host species from each of the sampling sites were chosen for
AM examination to serve as a reference for general AM levels
of the host species. Elymus nutans was the dominant host
species for P. kansuensis in the severely infested site (site A),
but was very patchy in the poorly infested site and seldom
found in the sampled earth clods (site B). As a consequence,
this host was not selected as a reference host in site B.

For assessment of AM colonization in P. kansuensis and
its potential host species, as well as haustorium formation by
the root hemiparasite, a weighed subsample of root material
less than 1 mm in diameter was taken. The remainder was
oven-dried at 75 °C for 48 h. Dry weight (DW) of the root
subsample used for checking AM colonization and

haustorium formation was obtained from the ratio between
fresh weight (FW) and DW of the remainder and FW of the
subsample. AM colonization in roots of P. kansuensis and its
adjacent hosts was recorded according to the magnified inter-
sections method (McGonigle et al. 1990), after clearing in
10 % KOH and staining in a 5 % ink—vinegar solution (Li
et al. 2012b). The incidence of AM fungal structures was
scored for hyphae, vesicles and arbuscules/coils. The percent
incidence of each structure over total intersections (at least
150 intersections were observed for each sample) was calcu-
lated and the total percentage colonization was determined.
The number of haustoria (Ha) formed by each P. kansuensis
plant was counted after carefully separating rootlets of the
hemiparasite from its host under a stereomicroscope. Ha tight-
ly attached to a host root were cut off with as little host tissue
as possible and pooled with P. kansuensis rootlets for calcula-
tion of Ha numbers. Numbers of Ha per gram dry root were used
for further analysis.

Pot cultivation experiment
Experimental design

A factorial pot cultivation experiment was conducted using
E. nutans Griseb. as host plant and Glomus mosseae (Nicol.
and Gerd.) Gerdemann and Trappe (BGC YNOS) to test the
interactions among P. kansuensis, its host plant and the AM
fungus. E. nutans was chosen as host because it was the most
dominant species in the habitats of P. kansuensis, particularly
in severely infested sites (Zhang et al. 2009). G. mosseae was
used because it is one of the common fungal species observed
in habitat soils of P. kansuensis in Bayanbulak Grassland (Li,
unpublished data). The experimental design was as follows:
(1) one P. kansuensis plant with one host and no AM fungus
(+H-AM); (2) one P. kansuensis plant with one host and
inoculated with AM fungus (+H + AM); (3) two P.
kansuensis plants without host or AM fungus (—H-AM); and
(4) two P. kansuensis plants without host but inoculated with
AM fungus (—H + AM). Each treatment had ten replicated
pots.

Table 1 Location, altitude, dominant host plant community (excluding Pedicularis kansuensis) and soil fertility levels of the sampling sites

Site Location Altitude (m) Dominant host

plant species

Nutrient status

pH OM AN AP AK
(gkg") (mgkg!) (mgkg') (mgkg")
A (severely infested by 42°52'48"N 2,472 Elymus nutans, Halenia elliptica, 799 72.56 164.8 7.3 295.1
P. kansuensis) 83°42'12"E Stipa purpurea
B (poorly infested by ~ 43°0024"N 2,820 Kobresia sp., Poa sp., Leontopodium 5.78 127.72 4332 16.4 2447
P. kansuensis) 83°42"29"E leontopodioides

OM organic matter, AN available nitrogen, AP available phosphorus, AK available potassium
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Growth medium, plant materials, and AM fungal inoculum

Growth medium A mix of 10 % soil collected from Kunming
Botanical Garden (Kunming, China), and 90 % fine sand was
used as growth medium. Plant AN (by the Kjeldahl method),
AP (by the phosphovanado-molybdate method), and AK (by
the flame photometry method) concentrations of the soil mix
were around 14.3, 2.7, and 62.4 mg kg™ dry soil, respectively.
The pH (in 0.01 M CaCl, solution) of the growth medium was
approximately 6.2. The soil and fine sand were sieved through
a 0.83-mm sieve, then autoclaved at 121 °C for 2 h before use.

Plant materials Seeds of E. nutans and P. kansuensis were
collected from the severely infested area (site A) in late
August 2010 and late September 2011, respectively. Seeds
were surface-sterilized for 5-8 min in 4.5 % sodium hypo-
chlorite and germinated on filter papers moistened with dis-
tilled water in Petri dishes at 1825 °C. The photoperiod was
12 h light with 22.2 umol m™ s™ irradiance and 12 h darkness.

AM fungal inoculum The AM fungal inoculum consisted of
colonized root fragments, soil, and spores, derived from pot
cultures prepared with Sorgum bicolor in sandy soil, which
was provided by Beijing Institute of Plant Nutrition and
Resources, Academy of Agriculture and Forestry Sciences.
Fungal inoculum (1 %, 21 g w/w) was added (through a tube
to reduce seedling disturbance) into mycorrhizal pots at ap-
proximately 5-cm depth 2 weeks after seedlings of P.
kansuensis were planted. The nonmycorrhizal treatments re-
ceived equal amounts of the fungal inoculum that was steril-
ized at 121 °C for 30 min.

Planting and growth conditions For both P. kansuensis and
E. nutans , uniform newly germinated seeds with 2- to 5-mm-
long radicles were used. One host seedling was planted into the
center of each pot. After 2 weeks, five seedlings of P.
kansuensis were planted around the host (or in the pot center
in treatments without a host) at a fixed distance (1.5-2 cm).
Seedlings of P. kansuensis were thinned to one (in the presence
of a host) or two (in the absence of a host) per pot 8 weeks after
planting, when establishment of functional connections between
P. kansuensis and its host was confirmed based on faster growth
rates of the attached root hemiparasite than the unattached ones.

All plants were grown under outdoor conditions in Kunming
Botanical Garden (25°08'23"N, 102°44'24"E; altitude 1,
990 m), but protected with a glass roof and a fly net to reduce
the influence of rain water and insects. The experiment was
conducted from mid-March to late August 2012 (24 weeks),
with a temperature range from 10 to 30 °C. After 1 week of P.
kansuensis planting, 20 ml modified Hoagland nutrient solu-
tion [0.08 mM Ca(NOj3),-4H,0; 0.81 mM KNO;; 0.16 mM
NH,NOs; 0.02 mM KNOs; 0.08 mM MgSOy; 2.00x 10> mM
FeSO,-7H,0; 2.02 %10 mM EDTA-2Na; 1.00x 10 mM KI;
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2.01x10° mM H;3BO;; 2.64x 10° mM MnSO4;1.07x 10> mM
ZnS0y; 2.07% 107 mM Na,MoOy; 2.00% 10™® mM CuSOy; and
3.85%x10™® mM CoCl; pH 6.5] was supplied weekly. The pots
were watered with tap water whenever necessary. Autoclaved
polyethylene beads were put on the soil surface to retain
moisture in the pots. All pots were fully randomized and
re-randomized once a week to reduce position effects.

Harvest and sampling Survival rates of P. kansuensis in the
different treatments were recorded every week after plant-
ing. Root and shoot DW, total DW, and root:shoot ratio
(R:S) of both P. kansuensis and host plants were deter-
mined as described by Li et al. (2012a). AM colonization
levels of P. kansuensis and the host were examined using
the method mentioned above for field samples. The number
of Ha was also counted as described for the field samples.
Functional haustoria (FHa) were determined under a stereo-
microscope after staining with trypan blue (Li et al. 2012b).
Numbers of Ha and FHa per gram dry root were used for
further analysis.

Data analysis

For the field data, the two independent samples' ¢ test was
used to compare the differences between site A and B in terms
of AM colonization levels (AMF%) and numbers of Ha per
gram dry root of P. kansuensis . Correlation analysis was used
to detect any correlation between AMF% and numbers of Ha.
In the pot cultivation experiment, data for numbers of Ha and
FHa, root DW and total DW per P. kansuensis plant, and
shoot DW of the host plant were log-transformed before
statistical analysis to meet the assumption of normality re-
quired by the analysis of variance (ANOVA) method. Two-
way ANOVA was performed to examine the effects of AM
fungi and host on plant DW, R:S ratios, and haustorium
formation in P. kansuensis. The two independent samples' ¢
test was used to examine the effects of AM fungi on shoot
DW, root DW, total DW, and R: S ratio per plant of £. nutans.
All the analyses were performed using the Statistical Product
and Service Solution (SPSS) software (version 16.0; SPSS
China, Shanghai, China).

Results

Field survey

AM fungal colonization in P. kansuensis and its adjacent
hosts

P. kansuensis and the potential host plant species in its vicin-
ity from both sampling sites were colonized by AM fungi
(Table 2). AM colonization levels were generally higher for
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samples from site B than those from site A. Hyphae were
the most common fungal structures observed in roots of
P. kansuensis and its potential hosts. AM colonization level
of P. kansuensis was significantly higher in site B than
that in site A (z=-3.549, P<0.01).

All the potential hosts examined had higher AM colonization
levels than P. kansuensis in both sites. E . nutans (ca. 76 % root
length colonized by AM fungi), the most dominant host species
in the severely infested area, had nearly triple the AM levels of
its adjacent P. kansuensis (ca. 28 % root length; Table 2).

Incidence of Ha produced by P. kansuensis and its correlation
with AM colonization levels

P. kansuensis from both sampling sites produced Ha. Root
samples from the severely infested site (site A) had signifi-
cantly higher number of Ha (298.0+37.5 g™ dry root) than
those from the poorly infested site (139.7+14.9 g' dry root;
t=3.921, P<0.001). AMF% in roots of P. kansuensis was
found to be negatively correlated with numbers of Ha
(r=—0.231, P<0.05).

Pot cultivation experiment
Survival rate of P. kansuensis

The growth performance of both host and hemiparasite in the +
H + AM treatment was facilitated by G. mosseae to some
extent in the first month after inoculation. However, significant-
ly negative effects of G. mosseae on the survival and growth of
P. kansuensis were observed 3 weeks after thinning (Fig. 1). In
the absence of a host, seedling mortality of P. kansuensis was
high, particularly when inoculated with G. mosseae. In the
presence of a host, P. kansuensis grew much better when
compared with those not attached to a host plant. However,
severe defoliation was observed in mycorrhizal P. kansuensis
but not in nonmycorrhizal plants in the presence of £. nutans

7 weeks after thinning. At harvest only three P. kansuensis
seedlings (one for each pot) survived in -H + AM. The survival
rates of the hemiparasite in other treatments were 40 % (+H +
AM), 70 % (+H-AM), and 50 % (—H-AM), respectively.

AM fungal colonization levels and haustorium formation

P. kansuensis and E. nutans were all colonized by
G. mosseae in mycorrhizal treatments. Negligible amounts
of AM fungal structures were detected in nonmycorrhizal
pots. The AM colonization level of E. nutans was 82.6+
1.4 % root length. Hyphae were the most common fungal
structures observed, along with arbuscules and vesicles. In the
presence of E. nutans, AMF% in roots of P. kansuensis was
49.5+3.2 % root length. However, in the absence of a host
plant, AMF% of P. kansuensis was 23.9+3.3 % root length.

Ha were observed in all P. kansuensis plants except those
from -H + AM treatment, where few living plants were
obtained at harvest. AM fungal inoculation and host attachment
showed significant interaction effects on the number of Ha, but
not on the number of FHa (Table 3). The presence of E. nutans
considerably facilitated the formation of both Ha and FHa
(Table 3 and Fig. 2). In contrast, inoculation with G. mosseae
strongly repressed haustorium formation in P. kansuensis , with
or without the presence of E. nutans (Table 3 and Fig. 2).

Growth performance of P. kansuensis and its host

P. kansuensis benefited greatly from attachment to £. nutans.
Shoot DW and root DW of P. kansuensis were both substan-
tially increased when attached to E. nutans, regardless of the
AM status (Fig. 3a and Table 3). In contrast, inoculation with
G. mosseae showed a negative influence on the growth of P.
kansuensis. In the absence of a host, the growth of the
hemiparasite was severely inhibited by G. mosseae, as shown
by the very low plant DWs (Fig. 3a). When grown with a host,
shoot DW and total DW of P. kansuensis were also

Table 2 Arbuscular mycorrhizal fungal colonization levels (% root length) in roots of Pedicularis kansuensis and dominant host species in its vicinity in

Bayanbulak Grassland
Site Plant species Hyphae Vesicles Arbuscules/coils  Total colonization
A (severely infested by P. kansuensis) ~ Pedicularis kansuensis 26924238  1.76+0.34*  0.63+0.17° 28.29+2.31°
Elymus nutans 72.00+6.06 8.56+2.03 0 76.15+6.92
Stipa purpurea 89.40+3.11 4.05+£4.05 0 89.40+3.11
Halenia elliptica 70.45+9.26 2.80+1.53 0 70.45+9.26
B (poorly infested by P. kansuensis) P. kansuensis 41.26+3.08°  1.42+0.44*  0.92+0.33* 41.73+£3.06"
Poa sp. 98.30+1.19 23.24+7.86  3.33+3.33 100
Kobresia sp. 79.59+8.06 13.6248.58 0 87.28+6.66
Leontopodium leontopodioides ~ 96.45+1.19 11.34+£6.39  30.02+8.85 100

Data are presented as mean + S.E. Different letters following percentage colonization of P. kansuensis within the same column indicate significant
difference at P<0.05 between AM levels in the hemiparasite from the two sites based on two independent samples' ¢ test
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Fig. 1 Survival dynamics of Pedicularis kansuensis in different treat-
ments after thinning Treatments: +H-4M, one P. kansuensis with one
host (Elymus nutans) and no AM fungus; +H + AM, one P. kansuensis
with one host and inoculated with AM fungus (Glomus mosseae); -H-
AM, two P. kansuensis with neither host nor AM fungus; and -H + AM,
two P. kansuensis without host but inoculated with AM fungus

significantly suppressed by inoculation with G. mosseae
(Fig. 3a and Table 3). However, the significant reduction in
root biomass of P. kansuensis following inoculation of G.
mosseae inthe absence of a host was not observed in the
hemiparasites grown with a host (Fig. 3a). Neither the
host nor G. mosseae showed any effects on R:S ratios
of P. kansuensis (Table 3).

Inoculation with G. mosseae showed a positive effect on
biomass of E. nutans parasitized by P. kansuensis (Fig. 3b).
The root DW (1=-2.843, P<0.05) and total DW (r=-2.847,
P <0.05) of parasitized E. nutans were all significantly higher
after inoculation with G. mosseae, when compared with the
nonmycorrhizal hosts. However, influence of G. mosseae on
shoot DW (¢r=—1.641, P=0.135) and R:S ratio (rt=—1.034,
P=0.333) of parasitized E. nutans was not significant.

Discussion
AM colonization levels in P. kansuensis roots from both field

sites were much lower than those of its adjacent host species.
This might be explained by its root hemiparasitic habit. As
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— o

1000 ~
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Fig. 2 Numbers of Haustoria (Ha) and functional haustoria (FHa) per
gram dry root formed by Pedicularis kansuensis in different treatments.
Data are presented as mean = S.E. of seven (+H-AM), four (+H + AM),
five (-H-AM), or three (—H + AM) replicated pots. Bars for Ha and FHa
with different letters indicate statistically significant difference at P <0.05
level. Treatments: +H-AM, one P. kansuensis with one host (Elymus
nutans) and no AM fungus; +H + AM, one P. kansuensis with one host
and inoculated with AM fungus (Glomus mosseae); -H-AM, two P.
kansuensis with neither host nor AM fungus; and -H + AM, two P.
kansuensis without host but inoculated with G. mosseae

root hemiparasitic plants have the capability to extract nutri-
ents from other plant species, which is doubtless a more
effective way of nutrient acquisition, most root hemiparasites
do not form AM associations (Atsatt 1973; Brundrett 2002).
Although some Pedicularis species retain the capability for
forming AM symbiosis, they tend to invest less in root bio-
mass when successfully attached to appropriate host plants (Li
et al. 2012a). As a consequence, the availability of carbon for
AM fungal partners and hence AM colonization in roots of the
root hemiparasites is likely to be much lower than in

Table 3 Results of two-way ANOVA (F values and significance levels) in the pot cultivation experiment

Ha® FHa® Root DW* Shoot DW Total DW? R:S
AM 724117 66.039""" 0.661 27.853"" 51.292°" 0.107
Host 98.133"" 105.116™" 28.529"" 4197117 1,117.086™ 4307
AM x host 15.876" 1.241 0.121 3.094 0.069 1.938
Error/total 15/19 15/19 15/19 15/19 15/19 15/19

Ha number of haustoria per gram dry root, FHa functional haustoria number per gram dry root, Root DW root dry weight, Shoot DW shoot dry weight,
Total DW total dry weight, R:S root:shoot ratio per plant of Pedicularis kansuensis

Significance levels: ™" P<0.001; " P<0.01

 Data were log-transformed before statistical analysis
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Fig. 3 Shoot dry weight [DW (g); above zero line], root DW (g; below
zero line), and total DW (g) per plant of Pedicularis kansuensis (a) and its
host Elymus nutans (b) in the pot cultivation experiment Data are
presented as mean + S.E. of seven (+H-AM), four (+H + AM), five
(—H-AM) or three (—H + AM) replicated pots. Different letters indicate
statistically significant difference at P<0.05 level. Different letters in
round brackets and square brackets indicate significant difference in
total DW per plant and R:S ratio, respectively. Treatments: +H-AM,
one P. kansuensis with one host (£. nutans) and no AM fungus; +H +
AM, one P. kansuensis with one host and inoculated with AM fungus
(Glomus mosseae); -H-AM, two P. kansuensis with neither host nor AM
fungus; -H + AM, two P. kansuensis without host but inoculated with
AM fungus; +P + AM, parasitized by P. kansuensis and inoculated with
G. mosseae; +P-AM, parasitized by P. kansuensis and no AM fungal
inoculation

autotrophic plant species. Similarly, apart from different plant
identity, significant reduction in plant community productivity
(and hence reduced availability of plant carbohydrate for AM
fungi) caused by heavy infestation of P. kansuensis (Liu et al.
2008; Wang et al. 2009; Zhang et al. 2009) may be one

explanation for the overall lower AM colonization levels in
the severely infested site than the poorly infested site.

Although a single site contrast for the field survey is far
from sufficient to conclusively determine the effects of AM
fungi on growth of P. kansuensis in the field, the significantly
negative correlation between AM levels and haustorium for-
mation incidence per gram dry root of P. kansuensis sug-
gested functional interactions between the hemiparasite and
AM fungi. Indeed in the pot cultivation experiment, inocula-
tion with G. mosseae significantly reduced haustorium for-
mation and plant DWs of the hemiparasite both in the pres-
ence and absence of the host. The results confirmed that G.
mosseae had indirect (via host plant) as well as direct influ-
ence on P. kansuensis. Although a majority of AM fungi are
mutualistic symbionts of most land plants (Smith and Read
2008), G. mosseae seemed to act towards the parasitism end
in the parasitism—mutualism continuum when associated with
P. kansuensis, as shown by the higher mortality level and
lower DWs in the mycorrhizal plants when compared with the
nonmycorrhizal ones. In view of its suppressive effects on the
root hemiparasite and alleviation of host damage, this fungus
may have a potential as a biocontrol agent against the weedy
hemiparasite.

Plant DWs of P. kansuensis were significantly increased
when attached to E. nutans, indicating strong host dependen-
cy of the hemiparasite. Because a control (nonmycorrhizal and
nonparasitized) for host plant was not included in the pot
cultivation experiment, the reduction in biomass of £. nutans
caused by the infestation of P. kansuensis was not determined.
However, a negative correlation between biomass of root
hemiparasitic plants and that of their grass hosts has been
reported for many parasite—host pairs (Matthies 1997;
Hedberg et al. 2005; Hellstrdm et al. 2011). The biomass of
P. kansuensis decreased while that of E. nutans increased
after AM inoculation. This suggested that AM fungi may have
interfered with the interactions between the hemiparasite and
its host and consequently alleviated the damage of the
hemiparasite to its host.

Alleviation of host biomass reduction caused by root
hemiparasitic plants upon AM inoculation has been observed
previously in a few cases (Lendzemo and Kuyper 2001;
Gworgwor and Weber 2003). However, the mechanisms in-
volved may be very different between Pedicularis—host pairs
and other parasite—host pairs due to their direct interactions
with AM fungi (Li et al. 2013). The suppression of haustorium
formation in P. kansuensis by AM fungal inoculation may at
least partially account for the alleviation of biomass reduction
of the parasitized host, since the available area for nutrient
transfer from the host into the hemiparasite may have greatly
declined as the number of Ha (particularly FHa) were reduced.
However, more investigations are required to gain a better
understanding of the underlying mechanisms for AM fungal-
induced responses in the tripartite interactions.
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This study investigated the influence of both host plants
and AM fungi on the growth performance of the weedy P.
kansuensis. AM fungal colonization and parasitic habit of P.
kansuensis was experimentally confirmed. More importantly,
the significant roles of AM fungi in regulation of the interac-
tions between this hemiparasite and its host species were
experimentally demonstrated for the first time. The findings
support our initial hypothesis that inoculation with AM fungi
will cause growth depression in P. kansuensis and reduce its
damage to host plants. The AM fungal mediated alleviation of
host biomass reduction caused by P. kansuensis, as well as
growth depression in the hemiparasite, open up the possibility
of using AM fungi as biocontrol agents for effective and
sustainable management of this weedy hemiparasite.
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