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Summary

e Despite their ubiquitous distribution and significant ecological roles, soil microorganisms
have long been neglected in investigations addressing parasitic plant-host interactions.
Because nutrient deprivation is a primary cause of host damage by parasitic plants, we
hypothesized that beneficial soil microorganisms conferring nutrient benefits to parasitized
hosts may play important roles in alleviating damage.

e We conducted a pot cultivation experiment to test the inoculation effect of an arbuscular
mycorrhizal fungus (Glomus mosseae), a rhizobium (Rhizobium leguminosarum) and their
interactive effects, on alleviation of damage to a legume host (Trifolium repens) by two root
hemiparasitic plants with different nutrient requirements (N-demanding Pedicularis rex and
P-demanding P. tricolor).

e Strong interactive effects between inoculation regimes and hemiparasite identity were
observed. The relative benefits of microbial inoculation were related to hemiparasite nutrient
requirements. Dual inoculation with the rhizobium strongly enhanced promotional arbuscular
mycorrhizal effects on hosts parasitized by P. rex, but reduced the arbuscular mycorrhizal pro-
motion on hosts parasitized by P. tricolor.

e Our results demonstrate substantial contribution of arbuscular mycorrhizal and rhizobial
symbioses to alleviating damage to the legume host by root hemiparasites, and suggest that
soil microorganisms are critical factors regulating host-parasite interactions and should be

taken into account in future studies.

Introduction

Interspecific interactions have been shown to have strong effects
on productivity and composition of plant communities and even-
tually ecosystems as a whole (Callaway ez al., 2002; Larimer ez al.,
2014). Due to the multitrophic nature of species interactions, the
direction and magnitude of these effects on plant communities
are often context-specific, depending on which organisms are
involved (Callaway ez al., 2002; Klabi ez al., 2014; Weremijewicz
etal.,, 2018), the nature of the interactions (Larimer et al., 2014),
and the abiotic environments in which the interactions occur
(Pugnaire ezal., 2004; Larimer etal., 2014; Clark ezal., 2017).
Among the interactions, those involving nutrient acquisition are
fundamental for plant communities in most ecosystems
(Rodriguez-Echeverria eral., 2013; Clark eral, 2017). Land
plants have developed different strategies to increase their capa-
bility for nutrient acquisition by associating with other species,
including forming mutualistic symbioses with soil microorgan-
isms, such as arbuscular mycorrhizal (AM) fungi for more effi-
cient phosphorus (P) acquisition, and nitrogen-fixing bacteria for
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enhanced nitrogen (N) uptake (de Varennes & Goss, 2007;
Smith & Smith, 2011; Castagno etal, 2014). On the other
hand, the 1% of angiosperms that are parasitic plants have
evolved a strategy to directly extract nutrients from other plants
via parasitic organs called haustoria, resulting in host growth
depression, productivity reduction and probably changes in plant
community structure (Press ezal., 1999; Press & Phoenix, 2005;
Irving & Cameron, 2009; Joel eral., 2013). Because beneficial
soil microorganisms and parasitic plants have marked but con-
trasting effects on their host plants, the microorganisms may have
profound impacts on the outcomes of parasite—host interactions.
This may particularly be the case for root hemiparasitic plants
whose interactions with host plants occur in soil where the bene-
ficial microorganisms occur. As far as we know, very few investi-
gations addressing parasitic plant—host interactions have taken
soil microorganisms into account (Davies & Graves, 1998; Salo-
nen eral, 2001; Stein eral, 2009; Li eral., 2013a; Sui eral.,
2014). This deficiency greatly hinders our understanding of
underlying mechanisms for variations in outcomes of parasite—
host interactions.
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In our investigations of tripartite interactions among root
hemiparasitic Pedicularis species, AM fungi and their grass hosts,
we found that AM fungi significantly alleviated parasitic effects
of Pedicularis on their hosts by suppressing haustorial connec-
tions and growth of the hemiparasites (Li ezal,, 2013a; Sui ez al.,
2014). However, because the grass hosts showed little response to
AM colonization in terms of nutrient acquisition and plant
growth, any influence of the effects of mutualistic soil microor-
ganisms and hemiparasitic plants was not fully tested. To better
understand the roles of mutualistic soil microorganisms in regu-
lating root hemiparasite—host interactions, it is relevant to test
how a host plant with positive growth response to the microor-
ganisms interacts with root hemiparasitic plants.

In contrast to grasses, leguminous plants commonly associate
with both AM fungi and rhizobia, which confer complementary
resources (AM fungi primarily for P and rhizobia for N) to their
host plants (Larimer eral., 2014). It has been well documented
that inoculation with suitable rhizobia or AM fungi can enhance
plant N and P acquisition and improve growth of a legume host
(El-Ghandour ezal, 1996; Mortimer et al., 2008; Smith et al,
2009; Wang ez al., 2011). Because nutrient deprivation is a pri-
mary cause of host damage by root hemiparasites (Irving &
Cameron, 2009), associations that improve host nutrient acquisi-
tion could be helpful in enhancing host tolerance to the hemipar-
asites. Therefore, we hypothesized that AM and rhizobial
symbioses may significantly improve tolerance of a legume host
to root hemiparasites. High tolerance in legume hosts has already
been reported for some root hemiparasite—host pairs (Davies
etal., 1997; Cameron etal., 2006; Decleer etal, 2013). How-
ever, the previous observations were based either on field studies
(Davies eral., 1997; Decleer et al., 2013) or on pot cultivation in
non-sterilized growth substrate (Cameron ez al., 20006). In those
cases, the effects of AM fungi and rhizobia could not be sepa-
rately tested, as the ubiquitous microbial symbionts may have
already existed in the soil. Manipulated inoculation experiments
with comparable non-inoculated controls are therefore needed to
test the impact of these symbionts on tolerance of legume hosts
to root hemiparasites. Because the two microbial partners confer
different nutrient benefits to a legume host, it is of interest to test
if they have differential alleviating effects on damage caused by
root hemiparasitic plants with different nutrient requirements.

In previous studies with root hemiparasitic Pedicularis species,
we found that P.rex C. B. Clarke and P. zricolor Hand.-Mazz.
had different nutrient requirements. While growth of P. rex is
more sensitive to N deficiency, P. tricolor is more sensitive to P
deficiency (Li etal, 2013b). We also showed that P. tricolor
acquired much more P from its hosts than P. rex (Li ez al., 2012a,
2013a). Although we have not quantitatively tested whether the
two Pedicularis species differ in host N acquisition, N supply
levels have been found to have a stronger impact on P. rex than
on P. tricolor when attached to a host whose growth was sensitive
to N deficiency (A.R. Li, R.J. Xue & Y. Chen unpublished data).
These findings suggest that P. rex and P. tricolor may cause differ-
ential nutrient deprivation when attached to a host, with P. rex
causing more stress on host N and P. tricolor causing more stress
on host P acquisition. We therefore hypothesized that a legume
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host benefits more from N,-fixing rhizobial association when par-
asitized by N-demanding P. rex, but benefits more from AM
association when parasitized by P-demanding P. #ricolor. Consid-
ering functional complementarity between AM fungi and rhizo-
bia, dual inoculation was expected to have a synergistic effect, as
on non-parasitized legume plants (Barea eral, 1996; Jia eral.,
2004; Larimer etal, 2014). However, because N and P defi-
ciency have strong but different impacts on proper development
and function of the symbiotic associations, often with N being a
limiting factor for AM associations (Johnson ez al., 2015; Piischel
eral., 2016) and P a limiting factor for rhizobial associations
(Mortimer et al., 2008; Larimer ez al., 2014), the relative benefits
of the microbial symbioses depend on N and P supply (Larimer
etal., 2014). We hence hypothesized that the interactive effect of
these symbionts on the legume host would differ between the
plants parasitized by P. rex and P. tricolor.

The objective of this study was therefore to investigate the
effects of AM and rhizobial symbioses on alleviation of damage
to a legume host by P. rex and P. tricolor in a manipulated pot
cultivation experiment. The following questions were addressed.
(1) Does inoculation with an AM fungus and rhizobium alleviate
damage to the legume host by the root hemiparasites? (2) Is dual
inoculation more beneficial than single inoculation of either sym-
biont? (3) Do alleviating effects of the soil microorganisms differ
when the host is parasitized by different Pedicularis species with
differential nutrient requirements? The knowledge obtained will
not only enable better understanding of the function of soil
microorganisms in alleviating host damage induced by root
hemiparasites, but also help broaden understanding of how
multiple contrasting associations with an individual host affect
each other.

Materials and Methods

Experimental design

Four inoculation regimes and three plant combinations were
included. The inoculation regimes were: (1) non-inoculated con-
trol (CK), (2)
leguminosarum (+RH), (3) AM inoculation with Glomus mosseae
(+AMF), and (4) dual inoculation with R. leguminosarum and
G. mosseae (+RH+AMF). Trifolium repens L., a legume com-
monly found in natural habitats of the two Pedicularis species,
was used as a host. In order to test effects of P. rex and P. tricolor

rhizobium inoculation with  Rhizobium

on growth of the legume under different inoculation regimes,
three plant combinations were included for each of the four inoc-
ulation regimes: one 7. repens plant per pot (TR), one 7. repens
and one P.rex per pot (TR+PR), and one 7. repens and one
P. tricolor per pot (IR+PT). In total, there were 12 treatments,
each with five replicates.

Plant materials

Seeds of P.rex, P.tricolor and T. repens were collected from
Shangri-la Alpine Botanical Garden (99°38'E, 27°54'N, 3328
m), Yunnan, China. All seeds were stored in paper bags at 4°C
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until used. Seeds were surface-sterilized in 4.5% commercial
sodium hypochlorite for 8 min (for Pedicularis seeds) or 5 min
(for T. repens seeds), and rinsed thoroughly with reverse osmosis
(RO) water. Germination was carried out on moist filter papers
at 18°C:25°C (night : day) in an incubator. The photoperiod
was 12 h light with 22.2 pmol photons m s~ ' illumination
and 12 h dark.

Inocula

The rhizobium inoculum (R. leguminosarum Frank) was isolated
from 7. repens nodules collected from Kunming Botanical Gar-
den (102°41'E, 25°01’N, 1990 m) using standard procedures on
yeast extract mannitol agar (YMA; Vincent, 1970). Before use,
the bacteria were streaked onto fresh YMA plates and incubated
at 28°C in darkness for 4 d, then suspended in sterile RO water
as rhizobial inoculant. The liquid inoculant had an ocular density
of ¢. 0.5 at 600 nm. The suspension was added weekly to pots
(10 ml per pot after thorough shaking) designated +RH and
+RH+AMEF for the first 3 wk. Non-inoculated pots were watered
with the same volume of sterile RO water.

Inoculum of G. mosseae (Nicol. and Gerd.) Gerdemann and
Trappe (BGC YNOS5) consisted of colonized root fragments, soil
and spores, derived from pot cultures prepared with Sorghum
bicolor (L.) Moench grown in coarse sand. The inoculation rate
was 20 g for each pot, designated +AMF or +RH+AMF, contain-
ing > 100 spores. To keep microbes other than AM fungi identi-
cal in all treatments, 20 ml of inoculum soil filtrate (prepared as
described by Li ez al., 2012b) was added to all pots.

Planting and growth conditions

Uniform newly germinated seeds of P. rex, P.tricolor and
T. repens were planted directly into pots. One host seedling was
planted into the center of each 1.4-1 pot with three drain holes at
the bottom, containing 2.1 kg of a soil mixture of 10% soil col-
lected from Kunming Botanical Garden, and 90% fine sand as
described by Sui ezal. (2014). The soil mixture was autoclaved at
121°C for 2 h before use. Plant available N (by the Kjeldahl
method), available P (by the phosphovanado-molybdate method)
and available K (by the flame photometry method) concentra-
tions of the soil mixture were 14.3, 2.7 and 62.4 mgkg ' dry
soil, respectively. Ten days after planting the host, five germi-
nated seeds of P. rex or P. tricolor were planted into pots desig-
nated as host—parasite pairs, each at a distance of 1.5-2 cm from
the host. Seedlings of Pedicularis were thinned to one per pot 7
wk after planting, when establishment of functional connections
between the hemiparasites and the host was confirmed by
enhanced growth of the hemiparasites.

All plants were grown under outdoor conditions in Kunming
Botanical Garden, protected with a glass roof and fly net to
reduce the influence of rainwater and insects. The experiments
were conducted for 16 wk (9 wk after successful establishment of
parasitic associations) from late-April (spring) to late-August
(summer) in 2016, with temperatures usually ranging from 10°C
to 24°C, but occasionally up to 30°C. In order to facilitate the
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formation of root nodules, 20 ml nutrient solution with low
nitrogen content (Chen & Wang, 2011; 0.10mM Ca
(NO3),-4H,0, 3.38 mM CaSOy, 0.24 mM MgSO,4-7H,0,
0.78 mM K,HPO,43H,0, 0.31 mM FeCsHs0,, 1.01 mM
KCl, 46.26 nM H3BO3, 11.99 nM MnSOy, 1.37 nM ZnSOy,
0.12 nM H,Mo0Oy, 5.01 nM CuSOy4) was added to each pot
during the first 4 wk. Subsequently, 20 ml full-strength Long
Ashton nutrient solution (Li ezal., 2013b) was supplied weekly.
The pots were watered daily to field capacity with 350 ml of tap
water. All pots were fully randomized and re-randomized weekly
to reduce position effects.

Harvest and sampling

Plants were harvested 16 wk after planting (9 wk after successful
establishment of parasitic associations). Replicate pots in which
plants died before the end of this experiment were not included
in data collection and analysis, leaving three—five intact replicates
of each treatment. Shoots were cut at the soil surface and sepa-
rated from roots for each pot. Shoot dry weights (DWs) of host
and Pedicularis species were determined separately after oven-
drying at 75°C for 48 h. Root samples were washed carefully to
remove soil debris and kept in 50% ethanol until further analysis.

Pedicularis roots were separated from those of their host plants
under a stereomicroscope. Haustoria on host roots were carefully
cut off with minimized host tissue and pooled with Pedicularis
roots. Fresh root weights (FWs) of host and Pedicularis species
were determined separately after blotting with paper towels. The
number of haustoria formed by each Pedicularis plant was
counted under a stereomicroscope. The numbers of haustoria per
gram dry root were used for further analysis. Nodules were cut
from the legume roots using a razor blade. Nodule DW was mea-
sured after oven-drying. For assessment of AM colonization in
T. repens and the root hemiparasites, a weighed subsample of root
material less than 1 mm in diameter was randomly taken. AM
colonization levels in root samples were determined by the mag-
nified intersections method (McGonigle ez al., 1990), after clear-
ing in 10% KOH and staining in a 5% ink-vinegar solution
(Vierheilig ez al., 1998). The remaining root samples were oven-
dried and weighed. The DW of a subsample used for checking
AM colonization was obtained from the ratio between FW and
DW of the remainder and FW of the subsample. Total root DW
is presented as the sum of nodule DW (for the hosts), DW of
roots used for assessment of AM colonization and DW of the
remaining root samples.

Measurement of shoot N and P status

Three replicate pots were randomly chosen from each treatment
to determine shoot N and P content. Dried shoot tissue of host
and Pedicularis species from each pot was separately ground in a
pestle and mortar, and digested in a 5 ml sulfuric—salicylic acid
mix using the Kjeldahl method (Allen ez 4., 1974). Shoot N con-
centrations were determined by distillation in a Kjeldahl appara-
tus (BUCHI K360, Switzerland) followed by titration with 0.01
N H,SOy. Shoot P concentrations were determined using the
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phosphovanado-molybdate method (Hanson, 1950) and a spec-
trophotometer (UV1601 Shimadzu, Japan). Total shoot element
content (mg per plant) was calculated by multiplying the element
concentration by corresponding shoot DW.

Statistical analyses

Two-way ANOVAs were used to analyze AM colonization data,
with the three-level factor ‘parasitism by Pedicularis plants (PP)’
(non-parasitized, parasitized by P. rex, parasitized by P. tricolor)
and two-level factor ‘rhizobium inoculation (RH)’ (—, +) as fac-
tors for AM colonization in host roots, two-level factors ‘parasite
identity (PI)’ (P. rex, P. tricolor) and RH (—, +) as factors for AM
colonization in the hemiparasites. All other data on plant
responses were analyzed by factorial three-way ANOVAs. For the
host, the three-way ANOVAs were conducted with PP (non-
parasitized, parasitized by P. rex, parasitized by P. #ricolor), RH
(—, +) and ‘AM inoculation (AMF)’ (—, +) as factors. For the
hemiparasites, the three-way ANOVAs were conducted with PI
(P. rex, P.tricolor), RH (—, +) and AMF (—, +) as factors.
Assumptions of normality and equality of variance were assessed
based on standardized residual analysis. Data were transformed if
necessary using the appropriate transformations, specifically arc-
sine transformation for AM colonization levels, natural logarithm
(log.) transformation for DWs, R : S ratios and host shoot nutri-
ent contents, and square-root transformation for number of haus-
toria and hemiparasite shoot nutrient contents. The significance
level for all tests was 0.05. Partial eta squared (npz) was used to
indicate effect size. All the analyses were performed using the Sta-
tistical Product and Service Solution (SPSS) software (version

16.0; SPSS China, Shanghai, China).

Results

Arbuscular mycorrhizal colonization in host plants and root
hemiparasites

Arbuscular mycorrhizal colonization levels in G. mosseae-
inoculaed 7. repens were above 65% of root length on average
(Fig. 1a). Dual inoculation with R. leguminosarum and G. mosseae
greatly increased the percentage of root length colonized in
T repens (P<0.01, np2: 0.515), particularly in the non-
parasitized plants (Table 1; Fig. 1a). Parasitism by the hemipara-
sites caused a non-significant increase in AM colonization of
non-rhizobium-inoculated 7. repens. In contrast to high AM col-
onization levels in the host, colonization was low (< 10% of root
length) in both Pedicularis species regardless of inoculation
regimes (Fig. 1b). Neither dual inoculation nor parasite identity
had any significant effects on AM colonization of the root hemi-
parasites (Table 1). No AM colonization was observed in non-

inoculated roots.

Nodulation in T. repens roots

Spontaneous nodules were observed on 7. repens roots from non-
rhizobium-inoculated pots (Fig. 1¢). The spontaneous nodules
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were elongated and slightly ovoid, morphologically resembling
normal nodules produced by rhizobium-inoculated plants,
except that they were white while those on inoculated plants
were pinkish. Parasitism and AM inoculation had significant
interactive effects on nodule DWs (2<0.05, np2= 0.164;
Table2). Arbuscular mycorrhizal inoculation markedly
increased (up to 10-fold) nodule DWs in both parasitized and
non-parasitized 7. repens (Fig. 1¢; Table 2). Parasitism by P. rex
or P. tricolor halved nodule DWs in non-mycorrhizal 7. repens,
but had little influence on those of AM hosts (Fig. 1c).
Spontancous nodules were observed at a similar level in
non-rhizobium-inoculated 7. repens (CK and +AMF) as the
inoculated ones (+RH and RH+AMF; Fig. 1¢).

Microbial-mediated alleviation of damage to T. repens by
the hemiparasites

Significant three-way interactions were detected in terms of
impact on shoot biomass of the host (2<0.05, T]P2: 0.193;
Table2). When compared with non-parasitized counterparts,
parasitism by either P. rex or P. tricolor reduced shoot DWs of
T’ repens to some extent in most cases (Fig. 2a). The only excep-
tion was that parasitism by P. tricolor increased shoot DWs of the
host by an average of 42.4% after single AM inoculation (+AMF;
Fig. 2a). The promoting effect of the AM fungus on 7. repens
parasitized by P. tricolor was greater than on those parasitized by
P.rex (Fig.2a). Dual inoculation (+RH+AMF) had different
effects on the outcome of single inoculation (+AMF) on hosts
parasitized by P.rex or P.tricolor (Fig.2a). While rhizobium
increased the beneficial effect of +fAMF on shoot DWs of non-
parasitized 7. repens (an average increase of 57.1%) and those
parasitized by P. rex (an average increase of 93.3%), it reduced
the AM effect when the host was parasitized by P. rricolor (aver-
age decrease of 33.1%; Fig. 2a).

Parasitism and AM inoculation had similar effects on root
biomass as on host nodule DWs, with significant interaction
effects (P<0.01, np2:0.268; Table 2). Parasitism by either
P.rex or P.tricolor significantly reduced root DWs of non-
mycorrhizal hosts, by an average of 66.7% and 77.8%, respec-
tively, but had negligible impact on AM hosts (Fig. 2a). AM
inoculation greatly increased root DWs of both non-parasitized
and parasitized 7. repens. Rhizobium inoculation had little influ-
ence on root DWs of 7. repens. Both parasitism (P< 0.05, ,>=
0.151) and AM inoculation (P<0.001, 1,*=0.257) reduced
R : S ratios in 7. repens (Fig. 2b; Table 2). Inoculation with rhizo-
bium had no effect on the R : S ratios.

Significant three-way interactive effects on host shoot N (P <
0.05, ‘r]p2 =0.298) and P contents (< 0.05, ‘r]p2 =0.214) were
observed (Table 2). The overall patterns were similar to those
for host shoot DWs (Fig. 2a,c,d). When compared with plants
inoculated with AM fungus alone (+AMF), dual inoculation
with the AMF fungus and rhizobium had different effects on
plant acquisition of N and P in the presence of different
Pedicularis species. Shoot N and P acquisition was strongly
increased in 7. repens parasitized by P. rex after dual inocula-
tion, but reduced in those parasitized by P. tricolor (Fig. 2¢,d).
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Fig.1 Arbuscular mycorrhizal (AM) colonization (% root length colonized), nodulation and haustorium formation in Trifolium repens or Pedicularis spp.
(@) AM colonization in Trifolium repens, (b) AM colonization in Pedicularis rex and P. tricolor, (c) nodule dry weights (DW) of T. repens per plant, and (d)
number of haustoria per gram dry root of P. rex and P. tricolor. Data are presented as mean + SE (n = 3-5). The significant higher-order interaction or the
main factor effects and partial eta squared (n,”) indicating effect size are shown. For other values, see Tables 1 or 2. Plant combinations: TR, a single plant
of T. repens; TR+PR, one T. repens plant parasitized by one P. rex plant; TR+PT, one T. repens plant parasitized by one P. tricolor plant. Inoculation
regimes: CK, non-inoculated control; +RH, inoculation with Rhizobium leguminosarum; +AMF, AM inoculation with Glomus mosseae; +RH+AMF, dual

inoculation with rhizobium and AM fungus.

Table1 Summary of two-way factorial ANOVA testing effects of
Rhizobium leguminosarum inoculation (RH) and parasitism by Pedicularis
plant (PP) on arbuscular mycorrhizal (AM) colonization levels (% root
length) in roots of Trifolium repens (TR) and Pedicularis plants inoculated
with AM fungus Glomus mosseae

% AM col. in
% AM col. in host Pedicularis
Factors df F e’ df F Mo’
RH 1,12 12.749%* 0.515 1,8 0.007 0.001
PP 2,12 2.527 0.296 1,8 1.141 0.125
PP x RH 2,12 2.3 0.277 1,8 0.02 0.002

Data were arcsine transformed before analysis. Partial eta squared (npz) is
presented to indicate effect size. df, degrees of freedom. Values suggesting
significant effects are given in bold. Significance level: **P < 0.01.

Overall, AM hosts acquired markedly more N and P than non-

mycorrhizal ones.
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Performance of the root hemiparasites

One—two attached Pedicularis plants died in a few treatments
between attachment and the harvest of the experiment, with no
clear pattern in terms of treatment effect. Significant three-way
interactions were detected for shoot biomass of the root hemipar-
asites (< 0.05, np2: 0.196; Table 3). P. rex had lower shoot
DWs than P. tricolor when not inoculated with any symbionts,
but had similar shoot DWs to P. tricolor when inoculated with
thizobia, due to a significant reduction in shoot DWs of
P. tricolor (Fig. 3a). AM inoculation (+AMF) greatly increased
shoot DWs of P. rex (by 31-fold relative to non-mycorrhizal con-
trol), but showed little promoting effect on P. #ricolor. As a result,
P. rex had much higher shoot DWs than P. #ricolor in +AMF
pots. Dual inoculation (+RH+AMEF) slightly (though not signifi-
cantly) decreased shoot DW of P. rex while it greatly increased
shoot DW of P. tricolor when compared with their counterparts
inoculated with the AM fungus alone (+AMF), resulting in simi-
lar shoot DWs of both the parasites.
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Table2 Summary of three-way ANOVA testing the effects of parasitism by Pedicularis plants (PP), rhizobia (RH) and arbuscular mycorrhizal fungi (AMF)
on shoot dry weights (DWs), root DWs, root : shoot (R : S) ratio, nodule DWs, shoot nitrogen (N) content and shoot phosphorus (P) content of Trifolium

repens
Shoot DWs Root DWs R: S ratio Nodule DWs Shoot N content Shoot P content
Factors df  F ny’ F n  F N F N, df F N, F Ny’
PP 2,37 27.763***  0.600 22.114*** 0.544 3.284* 0.151 9.033*** 0.328 2,24 41.689%** 0.776 35.018%** 0.745
RH 1,37 3.406 0.084 0.864 0.023 0.157 0.004 2.664 0.067 1,24 4.136 0.147 12.472%* 0.342
AMF 1,37 613.298*** 0.943 198.763*** 0.843 12.801*** 0.257 202.085*** 0.845 1,24 775.02%** 0.970 1247%** 0.981
PP x RH 2,37 7.577%* 0.291 1.714 0.085 0.727 0.038 0.187 0.01 2,24 10.301***  0.462 14.18%%* 0.542
PP x AMF 2,37 10.658%** 0.366 6.768%* 0.268 0.151 0.008 3.617* 0.164 2,24 27.032*%**  0.693 30.345*%**  0.717
RH x AMF 1,37 0.735 0.019 0.530 0.014 2.046 0.052 0.384 0.01 1,24 0.561 0.023 0.016 0.001
PP x RH 2,37 4.418" 0.193 0.614 0.032 2.092 0.102 0.067 0.004 2,24 5.089* 0.298 3.27" 0.214
x AMF

Data were natural logarithm (log.) transformed before analysis. Partial eta squared (n,,”) is presented to indicate effect size. df, degrees of freedom. Values
suggesting significant effects are given in bold. Significance levels: *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig.2 Growth and nutrient contents of Ttifolium repens. (a) Shoot and root dry weight (DW), (b) root : shoot DW ratio, (c) shoot nitrogen (N) content,
and (d) phosphorus (P) content with or without parasitism by a Pedicularis plant under different inoculation regimes. Data are presented as mean =+ SE of
three-five replicates. The significant higher-order interaction or the main factor effects and partial eta squared (n,”) indicating effect size are shown. For
other values, see Table 2. Plant combinations: TR, a single plant of T. repens; TR+PR, one T. repens plant parasitized by one P. rex plant; TR+PT, one

T. repens plant parasitized by one P. tricolor plant. Inoculation regimes: CK, non-inoculated control; +RH, inoculation with Rhizobium leguminosarum;
+AMF, arbuscular mycorrhizal (AM) inoculation with Glomus mosseae; +RH+AMF, dual inoculation with rhizobium and AM fungus.
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Table3 Summary of three-way ANOVA testing the effects of parasite identity (PI), rhizobium (RH) and arbuscular mycorrhizal fungi (AMF) on shoot dry
weights (DWs), root DWs, root : shoot (R : S) ratio, number of haustoria per gram dry root, shoot nitrogen (N) content and shoot phosphorus (P) content

of Pedicularis rex and P. tricolor

Num.
haustoria per
Shoot DWs Root DWs R: S ratio gram dry root Shoot N content Shoot P content

Factors df  F N F n,, F n,, F . df  F Ny~ F Mo’
PI 1,23 0.000 0.000 17.215*** 0.428 21.777*** 0.486 1.711 0.069 1,16 6.528* 0.290 9.374** 0.369
RH 1,23 1.266 0.052 9.302** 0.288 3.510 0.132 1.344 0.055 1,16 0.073 0.005 0.058 0.004
AMF 1,23 88.494%** 0794 34.997*** 0.603 42.229*** 0.647 2.168 0.086 1,16 156.262*** 0.907 264.848*** 0.943
Pl x RH 1,23 0.483 0.021 5.073* 0.181 2.479 0.097 0.083 0.004 1,16 0.490 0.030 3.833 0.193
Pl x AMF 1,23 2.621 0.102 8.560%* 0.271 1.082 0.045 1.107 0.046 1,16 1.783 0.100 4.47 0.218
RH x AMF 1,23 4.817* 0.173 5.678* 0.198 0.146 0.006 0.152 0.007 1,16 2.647 0.142 3.067 0.161
Pl x RH x AMF 1,23 5.596* 0.196 9.06%* 0.283 0.008 0.000 0.441 0.019 1,16 5.510* 0.256 12.737%* 0.443

Data were natural logarithm (log,) transformed for DWs and R : S ratios, and square-root transformed for number of haustoria per gram dry root and
nutrient contents before analysis. Partial eta squared (n,) is presented to indicate effect size. df, degrees of freedom. Values suggesting significant effects

are given in bold. Significance levels: *P < 0.05; **P < 0.01; ***P < 0.001.

Parasite identity, rhizobium and AM inoculation showed sig-
nificant three-way interactive effects on root DWs of the hemi-
parasites  (£<0.01, np2: 0.283; Table3). Rhizobium
inoculation had no effect on root DWs of P.rex in non-
mycorrhizal pots, but slightly reduced the promotional AM effect
in +RH+AMF pots. On the contrary, rhizobium inoculation
reduced root DWs of P. tricolor in non-mycorrhizal pots, but had
no significant effect in +RH+AMF pots (Fig. 3a). Overall, R : S
ratios were higher in P. rex than in P. tricolor (P < 0.001, np2 =
0.486; Fig. 3b). Arbuscular mycorrhizal inoculation significantly
reduced R: S ratios of both hemiparasites (2<0.001, T]p2=
0.647). Neither parasite identity nor inoculation regimes showed
any statistically significant effect on number of haustoria pro-
duced per gram dry roots (Fig. 1d; Table 3).

Significant three-way interactive effects on shoot N (< 0.05,
np2= 0.256) and P contents (P<0.01, T]p2= 0.443) of the
hemiparasites were detected, in similar patterns as observed for
their shoot and root biomass (Fig. 3¢,d; Table 3). Single inocula-
tion with rhizobium (+RH) had little effect on P. rex, and slightly
reduced shoot N and P contents in P. #ricolor in non-mycorrihzal
pots. By contrast, dual inoculaton (+RH+AMF) greaty
increased shoot N and more so P contents in P. #ricolor, but
decreased those in P. rex when compared with plants inoculated
with AM fungus alone (+AMF). Overall, the hemiparasites
acquired markedly more N and P in AM treatments than the
non-mycorrhizal ones (Fig. 3¢,d).

Discussion

Arbuscular mycorrhizal fungi and rhizobia play important
roles in alleviating host damage

As expected, the AM fungus and rhizobium had robust alleviat-
ing effects on host damage by the hemiparasites (Fig. 2; Table 2).
Complex and significant interactive effects between inoculation
regimes and hemiparasite identity on host performance were
observed (Table 2). This confirmed our hypothesis that beneficial

© 2018 The Authors
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soil microorganisms may impact the direction and magnitude of
parasite—host interaction, whereas the interaction outcomes may
be context dependent.

Arbuscular mycorrhizal inoculation accounted for a great
proportion of treatment effects on both the host and hemipara-
sites for most parameters tested, as shown by the large 1,°
(Tables 2, 3). A strong influence of AM fungi on interactions
between a root hemiparasitic plant and its host plant has been
observed in a few other parasite-host pairs. Both positive
(Davies & Graves, 1998; Salonen etal, 2001; Stein etal.,
2009) and negative (Lendzemo & Kuyper, 2001; Gworgwor &
Weber, 2003; Li et al., 2013b; Sui et al., 2014) effects have been
reported. Based on the limited number of studies, direction and
magnitude of host response to AM inoculation seems to play a
key role in determining the direction and magnitude of the AM
effect on the hemiparasites. Taking Pedicularis species as exam-
ples, while AM fungal inoculation had promoting effects on
Pedicularis plants attached to a strongly responsive legume host
in this experiment (Fig. 3), AM effects on Pedicularis species
attached to non-responsive grass hosts were suppressive (Li
etal., 2013b; Sui eral, 2014). In both responsive and non-
responsive cases, however, AM alleviated host damage induced
by parasitism of the Pedicularis plants, despite contrasting
effects on the root hemiparasites and probably different mecha-
nisms involved.

Although the nodule DWs between non-inoculated plants and
those of R. leguminosarum-inoculated legume hosts were similar
(Fig. L¢), significant growth responses were detected only for
R. leguminosarum-inoculated plant pairs (Fig. 2a). This suggested
that the spontaneous nodules observed in non-inoculated plants
were not fixing N, (Blauenfeldt ezal, 1994; Tirichine etal,
2006). Inoculation with R. leguminosarum alone had negligible
effects on most parameters measured for both parasitized
T repens and the hemiparasites (Tables2, 3). However, the
marked effects of dual inoculation (+RH+AMF) on growth of
both the host and hemiparasites suggested significant roles of this
bacterium in regulating legume—parasite interactions (Figs 2, 3;
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Tables 2, 3). Considering the fact that legumes are preferred hosts
for many parasitic plants and are well known to associate with
N,-fixing rhizobia, it is surprising that very few efforts have been
made to address the influence of rhizobia on host—parasite inter-
actions (Mabrouk ez al., 2007; Jiang ez al., 2008; Lu ez al., 2013;
Cirocco etal., 2017). Unfortunately, most of these studies did
not include a strict control (i.e. with other factors identical
between rhizobium-inoculated and non-inoculated treatments).
As a consequence, the exclusive effect of the rhizobia on the inter-
actions between a parasitic plant and its legume host remain
largely unexplored. In their controlled investigation into effects
of several rhizobium strains on interactions between the root
holoparasite Orobanche crenata and peas, Mabrouk ez al. (2007)
found that R. leguminosarum decreased parasitism of the host.
However, effects of the N,-fixing rhizobia varied among strains
depending on their compatibility with the legume host. This may
partially explain the observed variations in rhizobia effects on dif-
ferent parasite—host plant pairs.
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Relative benefits of microbial inoculation depended on
nutrient requirements of the hemiparasites

Distinct patterns in response to *AMF and dual inoculation
(+RH+AMF) by different host—parasite pairs were observed.
While dual inoculation strongly enhanced the promotional effect
of +AMF inoculation on growth and nutrient acquisition by non-
parasitized 7. repens plants and those parasitized by P. rex, it sig-
nificantly reduced the AM promotion when the host was para-
sitized by P. #ricolor (Fig. 2). The different response patterns may
be explained by differential nutrient requirements of the hemipar-
asites and hence differential nutrient stress on the host (Li ez al,
2012a, 2013b). Although differential nutrient stress caused by
parasitism between P. rex and P. tricolor were not detected on the
non-mycorrhizal 7. repens plants, contrasting patterns in shoot N
and P contents of the AM hosts parasitized by the two Pedicularis
species were observed (Fig. 2¢,d). The results indicated that the

two  Pedicularis species may have differentially affected
(b)

8 1 PI: P<0.001, n,’=0.486
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Fig.3 (a) Shoot and root dry weight (DW), (b) root : shoot weight ratio, (c) shoot nitrogen (N) content, and (d) phosphorus (P) content of Pedicularis rex
and P. tricolor attached to a Trifolium repens plant. Data are presented as mean + SE of threefive replicates. The significant higher-order interaction or
the main factor effects and partial eta squared (npz) indicating effect size are shown. For other values, see Table 3. Inoculation regimes: CK, non-inoculated
control; +RH, inoculation with Rhizobium leguminosarum; +AMF, arbuscular mycorrhizal (AM) inoculation with Glomus mosseae; +RH+AMF, dual

inoculation with rhizobium and AM fungus.
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Fig.4 Proposed model for differential effects of dual inoculation (+AMF+RH) on Trifolium repens parasitized by Pedicularis rex and P. tricolor, as shown
by schematic representation of nitrogen (N), phosphorus (P) and carbon (C) dynamics within the ‘host-parasite—arbuscular mycorrhizal (AM) fungus—
rhizobium' system. Inoculation regimes: CK, non-inoculated control; +AMF, inoculation with AM fungus Glomus mosseae; +AMF+RH, dual inoculation
with the AM fungus (+AMF) and Rhizobium leguminosarum (+RH). Based on our previous studies, P. rex may cause stronger N-stress and P. tricolor may
cause stronger P-stress in their hosts. The sizes of the components are not proportional to the real values. (a) Non-parasitized T. repens without microbial
inoculation, (b) T. repens plants showing positive AM response when inoculated with AMF alone (+AMF), (c) synergistic effects of dual inoculation on

T. repens plants due to increased N supply by the N,-fixing rhizobia, (d) T. repens plants parasitized by N-demanding P. rex showing C, N and P drain and
reduced growth, (e) less beneficial AM association with presumably N-stressed T. repens plants when parasitized by P. rex, (f) the N,-fixing rhizobia release
the AM association from N-stress and improve host nutrient status and growth, (g) T. repens plants parasitized by P-demanding P. tricolor showing C, N
and P drain and reduced growth, (h) more beneficial AM association with presumably P-stressed T. repens plants when parasitized by P. tricolor, (i) the N5-
fixing rhizobia help little in P-limitation, but cause extra C and P drain to maintain nodules and thus reduce T. repens growth when compared with +AMF.

interactions between their hosts and the symbiotic soil microor-
ganisms. A schematic diagram showing N, P and C dynamics
within the ‘host—parasite—AM fungi—rhizobia’ system of different
plant combinations is presented as a framework to facilitate the
interpretation of the differential inoculation effects (Fig. 4).

For the non-parasitized 7. repens plants (Fig. 4a), AM inocula-
tion promoted nutrient acquisition and plant growth (Fig. 4b),
and dual inoculation (+AMF+RH) had strong synergistic effects
(Fig. 4¢) as expected (Barea ezal., 1996; Jia ez al., 2004; Larimer
etal., 2014). Because AM fungi and their hosts are more likely to
form mutualistic associations under P-limited conditions, but
commensal or even parasitic associations under N-limited condi-
tions (Johnson eral., 2015; Puschel eral., 2016), parasitism by
the two Pedicularis species that cause differential nutrient stress
on the host may have shifted the direction and magnitude of the

© 2018 The Authors
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symbiotic interactions. Parasitism by N-demanding P. rex may
have caused N-stress in the host, and hence strong competition
for N between the host and the AM fungus (Fig. 4d). This may
have shifted the mutualistic AM association toward commensal-
ism, resulting in reduced plant biomass of the host (Fig. 4e) when
compared with non-parasitized AM plants (Fig. 4b). In this case,
dual inoculation with rhizobium may have released the N-stress
caused by P. rex and hence restored the mutualism between AM
fungi and the host, as shown by significantly higher legume DW
in dual-inoculated plants (Fig. 4f) compared with single AM-
inoculated plants (Fig. 4e). On the other hand, parasitism by
P-demanding P. tricolor may have caused P-stress to the host
(Fig. 4g) and hence shifted the AM association towards mutualism,
as shown by markedly increased host biomass (Fig. 4h) when com-
pared with the non-parasitized plants (Fig. 4b). In this case, the
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N,-fixing rhizobium was of little help. As the rhizobia within nod-
ules require both carbohydrates and P to support growth and prop-
agation (Mortimer et al., 2008; Larimer ez al., 2014), maintenance
of the symbiosis was merely a carbon and P drain to the host,
resulting in decreased plant biomass following dual inoculation
(Fig. 4i) when compared with single AM inoculation (Fig. 4h).

The dynamics of changes in plant nutrient status throughout
symbiosis development and quantitative analysis of nutrient
exchange between the organisms were outside the scope of this
study. Nevertheless, knowledge of these aspects is essential for a
better understanding of the regulation processes as well as under-
lying mechanisms. Quantitative tracer studies with multiple har-
vests and measurements of nutrient transfer during symbiosis
development will further our understanding of the complex mul-
ti-species interactions.

Possible mechanisms of alleviation of hemiparasite-induced
host damage by arbuscular mycorrhizal and rhizobial
symbioses

Association with AM fungi and rhizobia directly improved nutri-
ent status and growth of the host (Fig. 2). The marked increase in
shoot DW of the host suggested greatly increased competition
for light with the tiny Pedicularis plants, which offset benefits of
improved host nutritional status and suppressed growth of the
hemiparasites (Matthies, 1995; Tesitel eral, 2011; Li eral.,
2012a). The suppressed growth of hemiparasites could further
reduce relative biomass loss in parasitized hosts.

Apart from improved host nutrient status and strong light
competition from vigorously growing host plants, direct competi-
tion for host resources from the below-ground hyphae of AM
fungi and rhizobia in nodules may also account for the alleviation
effects. Rhizobia and AM fungi have been well documented to
facilitate N and P absorption in legume plants in exchange of
host carbohydrates (Kistner & Parniske, 2002; Fitter, 2006;
Smith ez al., 2009), with rhizobia receiving 6-30% host carbohy-
drates and AM fungi 10-23% (Mortimer ez al., 2008). In addi-
tion, nodulation requires a large amount of P (Mortimer etal.,
2008), and development of AM fungal structures requires sub-
stantial N (Johnson etal, 2015; Piischel etal, 2016). Direct
competition between the microbial symbionts and the hemipara-
site for host-derived resources may have limited growth of the
hemiparasites, as shown by the significant reduction in shoot and
root DW of P. tricolor when attached to rhizobium-inoculated
T. repens (Fig. 3a). However, due to the complex multitrophic
nature of multi-species interactions, outcomes of the interactions
did not always appear to be a simple sum of component interac-
tions. More work is required for a better understanding of the
shape and relative contribution of each interaction to observed
outcomes under various conditions.

Conclusions

Interactive effects of AM fungi and rhizobia on parasitic plant—
host interactions were tested for the first time. Our results
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demonstrated strong effects of beneficial microorganisms on alle-
viating host damage by root hemiparasites. By using two root
hemiparasites with contrasting nutrient requirements, we showed
that the relative benefits of microbial inoculation were related to
different nutritional interactions between the host and hemipara-
sites. The results also showed, though indirectly, that different
hemiparasites may impose differential nutrient deprivation on
their hosts. Future work needs to take soil microorganisms into
account when addressing host—parasite interactions involving
root hemiparasitic plants. Investigations of the multi-species
interactions along a gradient of nutrient supply will increase
understanding of regulation mechanisms influencing the interac-
tions between such nutrient-driving symbioses.
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