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Abstract
A topic of confusion over the interactions between arbuscular mycorrhizal (AM) fungi and plants is the mycorrhizal status of
some plant families such as Cyperaceae, which is generally considered to be non-mycorrhizal. Here, we conducted experiments
to explore how the abiotic environmental conditions and AM network influence the interactions between AM fungi and Carex
capillacea. We grew Carex capillacea alone or together with a mycorrhizal host species Medicago sativa in the presence or
absence of AM fungi (soil inoculum from Mount Segrila and Rhizophagus intraradices from the Chinese Bank of the
Glomeromycota, BGC). Plants were grown in a growth chamber and at two elevational sites of Mount Segrila, respectively.
The results indicate that mycorrhizal host plants ensured the presence of an active AM fungal network whether under growth
chamber or alpine conditions. The AM fungal network significantly depressed the growth of C. capillacea, especially when
native inocula were used and the plants grew under alpine site conditions, although root colonization ofC. capillacea increased in
most cases. Moreover, the colonization level of C. capillacea was much higher (≤ 30%) when growing under alpine conditions
compared with growth chamber conditions (< 8.5%). Up to 20% root colonization by Rhizophagus intraradiceswas observed in
monocultures under alpine conditions. A significant negative relationship was found between shoot phosphorus concentrations in
M. sativa and shoot dry mass ofC. capillacea. These results indicate that growing conditions, AM network, and inoculum source
are all important factors affecting the susceptibility ofC. capillacea to AM fungi, and growing conditions might be a key driver of
the interactions between AM fungi and C. capillacea.
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Introduction

Arbuscular mycorrhizal (AM) fungi belong to the phylum
Glomeromycota and are ubiquitous root symbionts that form
mutualistic associations with c. 70% of terrestrial vascular
plant species (Brundrett 2009). These obligate biotrophs are

important as they supply growth-limiting nutrients to the host
plants (Kiers et al. 2011), protect them from soil pathogens
(Smith and Read 2008), and alleviate environmental stress in
exchange for plant-assimilated carbon (C) (Augé 2001). In
addition, AM fungi can also influence a number of important
ecosystem functions such as plant productivity, plant diversity,
nutrient cycling, and soil structure (Grime et al. 1987; van der
Heijden et al. 1998; Li et al. 2015; Powell and Rillig 2018).
Still, an estimated 18% of vascular plants do not form mycor-
rhizal associations (Brundrett 2009). Members of the
Cyperaceae, along with the Brassicaceae, Amaranthaceae,
Caryophyllaceae, Chenopodiaceae, and Juncaceae are de-
scribed as characteristically Bnon-mycorrhizal, NM^ spe-
cies (Tester et al. 1987). However, under certain condi-
tions, some presumed NM plants can be colonized by
AM fungi and form rudimentary AM (RAM) phenotype
structures like hyphae and vesicles (Muthukumar and
Udaiyan 2002; Veiga et al. 2013; Cosme et al. 2018).
These typically non-mycorrhizal species are sometimes
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referred to as non-host or Bnon-mycotrophic^ species
(Janos 2007; Lekberg et al. 2015).

The Cyperaceae have an estimated 5500 species in c. 98
genera, are cosmopolitan in distribution, and represent the
10th most species-rich family among the angiosperms
(Govaerts and Simpson 2007; Waterway et al. 2015; Spalink
et al. 2016). Cyperaceae are usually regarded as non-
mycorrhizal but a number have been observed to formmycor-
rhizal associations (Muthukumar et al. 2004; Veselkin et al.
2014). Early reports regarding mycorrhizal incidence in the
Cyperaceae have been reviewed by Newman and Reddell
(1987). More information has subsequently been acquired
on the widespread occurrence of mycorrhiza in the
Cyperaceae. Muthukumar et al. (2004) summarized data from
221 members of the Cyperaceae and found that the proportion
considered to be mycorrhizal species had increased from 11 to
40% with a considerable decline in non-host species from 74
to 49% since 1987. Based on published reports, the
Cyperaceae have been repeatedly declared NM by many au-
thors (Powell 1975; Brundrett and Kendrick 1988) while
others consider the Cyperaceae to be NM-AM, which means
plants with variable AM or NM roots (Cooke and Lefor 1998;
Miller et al. 1999; Ruotsalainen and Aikio 2004; Gai et al.
2006; Konoplenko et al. 2017). Current interest is mainly
focused on how the mycorrhizal status of this plant family is
variable and on the ecological function of the RAM
phenotype.

Several hypotheses have been generated to explain the var-
iable mycorrhizal status in roots of the Cyperaceae. One wide-
ly accepted idea is that the mycorrhizal status of its members
might be influenced strongly by environmental conditions
(Muthukumar et al. 2004). The rarely mycorrhizal or non-
mycorrhizal status of the Cyperaceae is often attributed to
the wet and waterlogged or disturbed habitats they inhabit
(Tester et al. 1987). Another hypothesis is that the coloni-
zation experienced by the Cyperaceae is a consequence of
being part of a community mycelial network (as in Fitter
et al. 1998) and the hyphal and vesicular colonization with-
in the plant root systems of the Cyperaceae are likely to
indicate the plant is a passive participant (Miller 2005).
This hypothesis was supported by the evidence that an
arbuscular structure is rarely observed or very low in fre-
quency (Miller et al. 1999; Johnson et al. 2003b).
However, key experiments remain to be conducted, chiefly
to test what are the most important drivers influencing the
AM colonization of the Cyperaceae.

Despite never or rarely establishing AM symbiosis, non-
host plants can also be affected by AM fungi and most studies
indicate a negative effect of the presence of AM fungi on the
growth of non-host species (Allen et al. 1989; Francis and
Read 1994, 1995; Sanders and Koide 1994; Johnson 1998;
Ruotsalainen and Aikio 2004; Rinaudo et al. 2010). SomeAM
fungi may penetrate the roots of non-host plants, particularly

when the mycorrhizal network is supported by neighboring
mycorrhizal host plants. This interaction with host-supported
AM fungal hyphae often reduces the growth of the infected
non-host plants (Cosme et al. 2018). Evidence is therefore
accumulating to suggest that non-host species can be sup-
pressed in the presence of AM fungi (Veiga et al. 2012,
2013). Some possible mechanisms explaining the deleterious
effects of AM fungi on non-host plants are as follows. (1) The
plant actively rejects infection (Allen et al. 1989). Invaded
non-host root segments have been observed to turn brown in
color and the fungus has disappeared from the root (Allen
et al. 1989; Veiga et al. 2013). (2) Non-host plants are at a
competitive disadvantage compared with mycorrhizal plants
(Sanders and Koide 1994). For example, both mycorrhizal
plants and AM fungi produce toxic compounds that suppress
the growth of non-host species (Francis and Read 1994; Veiga
et al. 2012), or extension of AM mycelium inhibits non-host
root development (Francis and Read 1994).

The Cyperaceae often dominate arctic and alpine vegeta-
tion where AM fungi are often absent and the plants are often
designated non-hosts (Tester et al. 1987; Harley and Harley
1987). Some studies have found that Carex species grown in
monoculture are unable to support an active mycorrhizal my-
celial network or propagule production (Ruotsalainen and
Aikio 2004; Johnson et al. 2003a). However, numerous
workers have observed fungal colonization in roots of the
Cyperaceae grown with mycotrophic host plants in the field
(Brundrett 2009; Li et al. 2015; Muthukumar et al. 2004; Gai
et al. 2006). The factors affecting AM colonization of Carex
species and the growth responses of Carex spp. to AM fungi
remain unknown. To explore these questions, we focused
on Carex capillacea, a species that is widely distributed on
the Tibetan plateau, to evaluate the relative importance of
AM networks, and growth conditions (e.g., growth cham-
ber conditions and alpine conditions) in impacting the my-
corrhizal status of C. capillacea and the interactions be-
tween AM fungi and C. capillacea. Our hypotheses were
that the low mycotrophy observed in C. capillacea was
mainly caused by the abiotic environmental conditions,
and the growth response of C. capillacea to AM fungi
was affected by AM fungal networks together with growth
conditions.

In the present study, we set out to explore the hypothe-
ses using two experiments. In experiment 1, C. capillacea
and M. sativa plants were grown together (with no mesh)
to assess the effect of AM fungal networks on the growth
of C. capillacea in a growth chamber (9 °C night and
21 °C day). In experiment 2, C. capillacea was grown with
or without the host species M. sativa at two elevations
(3000 and 3904 m a.s.l.) on Mount Segrila to assess the
effect of AM fungal networks and abiotic environmental
conditions on the interactions between AM fungi and
C. capillacea.
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Materials and methods

Plant material, fungal inoculum, and soil mixture

In this study, we used seeds of C. capillacea obtained from
about 200 individual plants in September 2014 at 3300m a.s.l.
on Mount Segrila (29° 21′–29° 50′ N, 94° 28′–94° 51′ E),
Nyingchi region, Tibet. Seeds ofM. sativawere obtained from
the Beijing Crovo Grass Industry Technology Development
Center. Rhizophagus intraradices (BGC JX04B) inoculum
was supplied by the Chinese Bank of the Glomeromycota
(BGC) then was propagated on Sorghum vulgare for 5 months
in pots containing a sterilized mixture of quartz sand and 20%
low-phosphorus loam soil.

In experiment 1, soil AM fungal inoculum was collected in
the form of rhizosphere soil of C. capillacea at 3300 m a.s.l.,
then transported in coolers and stored at 4 °C. At the same
time, 20 widely separated (10 m apart) collection points were
selected to collect bulk soil. Approximately 200 g of soil was
collected from each sampling point, mixed thoroughly and
passed through a 2-mm sieve to remove large roots and stones.
The composite soil samples were stored at room temperature
for use as the growth medium. In experiment 2, we collected
the rhizosphere soil ofC. capillacea at two elevations (3000m
and 3904 m a.s.l.) on Mount Segrila then transported it in
coolers and stored it at 4 °C. The rhizosphere soils from the
low and high site were mixed in the ratio of 1:1 as AM fungal
inoculum. The bulk soil also was collected from each eleva-
tion site using the same methods as in experiment 1 above,
then mixed thoroughly and passed through a 2-mm sieve to
remove large roots and stones. The growth medium was a
mixture of the bulk soil from the two elevations in the ratio
of 1:1, then stored at room temperature.

Experiment 1: effects of AM fungi on the interaction
of C. capillacea and M. sativa in a growth chamber

C. capillacea and M. sativa plants were grown in 0.7-L pots,
with three treatments: non-mycorrhizal control inoculum
(NM), with soil inoculum (S), or with R. intraradices (R.i).
Growth medium (105 g) and quartz sand (15 g) were mixed
after γ-irradiation (25 kGγ for 48 h to kill the indigenous soil
microflora). Each pot received 300 g of soil substrate includ-
ing the following: (1) 90-g sterile soil AM fungal inoculum
and 90-g sterile R. intraradices inoculum (control, NM); (2)
90-g live soil AM fungal inoculum and 90-g sterile
R. intraradices inoculum (treatment S); (3) 90-g sterile soil
AM fungal inoculum and 90-g live R. intraradices inoculum
(treatment R.i.). Thirty milliliters of non-sterile inoculum fil-
trate was added to all pots in order to compensate for the other
soil organisms but without AM fungal propagules. The filtrate
was prepared by mixing the inoculum and distilled water
(1:2 w/v) and passing the mixture through a 38-μm sieve (Ji

et al. 2013). There was a total of three treatments each repli-
cated four times, making a total of 12 pots.

M. sativa seeds (0.5 g) were grown in the pot and simulta-
neously C. capillacea seeds were sown in a germination disk.
Four weeks after the germination of M. sativa, about 30 uni-
form seedlings were selected and the same numbers (about 30)
of fine C. capillacea seedlings were transplanted to the pot.
Thus, every pot had about 60 seedlings, including about half
C. capillacea and half M. sativa.

The experiment was conducted in a controlled environment
chamber (Yiheng, MGC-450HP-2, Shanghai, China) in 2017.
The temperature setting was 9 (night) and 21 °C (day) and was
chosen based on the mean temperature during the growing
season of C. capillacea (May to September). The relative
humidity (70%) was based on the average air humidity on
the mountain (data from the National Climate Station at
3300 m). Artificial light was used to provide photosyntheti-
cally active radiation (PAR) of 432 mmol m−2 s−1 for 16 h
every day. The pots were randomly assigned in the controlled
environment chamber and moved every 2 weeks to avoid
environmental gradients. The plants were watered twice or
three times per week.

Experiment 2: effects of AM fungi on the interaction
of C. capillacea andM. sativa under alpine conditions

This experiment was set up during the plant growing season at
two sites of Mount Segrila, a low elevation site (3000 m a.s.l.)
and a high elevation site (3904 m a.s.l.) in 2017. Plants were
grown in a 1.5-L dual-compartment microcosms which were
divided into two equal parts with a 30-μm nylon mesh (per-
meable to AM hyphae but not to roots) to minimize the effects
of direct root competition, set upon the soil surface. At each
elevation site, the microcosms were designed with a random-
ized block with three factors. One factor, neighbor treatment,
contained two levels: C. capillacea grown alone and
C. capillacea grown in combination with M. sativa in the
other half of the microcosm (monocultures and mixtures, re-
spectively). The other factor, AM fungal inoculation, com-
prised three levels: without AM fungi (NM), with soil AM
fungal inoculum (S), and with R. intraradices (R.i).
Growth medium (230 g) and quartz sand (150 g) were
added after autoclave sterilization (120 min at 121 °C).
Each half microcosm received 500 g of soil substrate in-
cluding the following: (1) 80-g live soil inoculum and 40-g
sterile R. intraradices inoculum (treatment S); (2) 80-g
sterile soil inoculum and 40-g live R. intraradices inocu-
lum (treatment R.i); and (3) 80-g sterile AM fungal soil
inoculum and 40-g sterile R. intraradices inoculum (con-
trol, NM). There were a total of six treatments at each site.
Each treatment was replicated five times, making a total of
60 dual-compartment microcosms.
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According to the neighbor treatments, about 1.5-g
M. sativa seeds were grown in one-half of the microcosms
(mixture) or the microcosms were left unsown (monoculture),
and at the same time, C. capillacea seeds were sown in seed
germination disks. Upon germination of M. sativa, smaller
seedlings were removed and about 60 uniform seedlings
remained. Four weeks after the germination of C. capillacea,
about 60 uniform seedlings were transplanted in the other half
of each microcosm.

Harvest and sample analysis

All plants were harvested after 12weeks. At harvest the shoots
of all plants were cut at the soil surface, oven-dried (65 °C)
and weighed to determine the aboveground biomass. Oven-
dried shoots were ground and the shoot phosphorus (P) con-
centration of C. capillacea in experiment 2 was determined.
Shoot P was determined spectrophotometrically after calcina-
tion and extraction with hydrochloric acid (Thomas et al.
1967). Roots were carefully removed from the soil substrate
and washed with distilled water then cut into 1-cm-long pieces
and stored at − 80 °C until analysis. The mixed soil substrates
for analysis of physicochemical properties in each experiment
were air-dried and sieved (< 2 mm). Soils were analyzed for
pH (1:2.5 soil/water, w/v). Soil organic carbon (SOC) was
determined bywet oxidation followed by titration with ferrous
ammonium sulfate. Total nitrogen (TN) in soils was deter-
mined with an elemental analyzer (EA1108, Fisons
Instruments SpA, Milan, Italy). Available phosphorus was
extracted with 0.5 M NaHCO3. (Soil analyses are presented
in Table S1.)

Half amounts of roots in a pot were randomly chosen as
a sample for estimation of AM colonization. One-
centimeter root segments were cleared with 10% KOH
and stained with 0.05% (v/v) trypan blue in lactic acid
(modified method of Phillips and Hayman 1970). Root
colonization was estimated using the magnified-
intersections method (McGonigle et al. 1990) with at least
300 intersections per root sample. The hyphal length den-
sity in soil was determined using the gridline intersect
method at × 200 magnification (Miller et al. 1995).

Statistical analysis

All measured variables were tested for normality and homog-
enous variance and the colonization of C. capillacea in exper-
iment 1 were ln(x + 1) transformed for meeting the model
assumptions. In experiment 1, differences in AM fungal col-
onization, hyphal length density, and shoot dry mass of two
plant species among inoculation treatments were assessed by
one-way ANOVA, and significant differences among treat-
ments were tested using Turkey’s honestly significant differ-
ence (HSD) test at the 95% confidence level. In experiment 2,

we used three-way ANOVA to test the effects of site, neigh-
bor, inoculum, and their interactions on colonization, hyphal
length density, and shoot dry mass of C. capillacea. The sig-
nificant differences of each variable ofC. capillacea and shoot
dry mass of M. sativa among treatments were determined
using Tukey’s honesty significant difference (HSD) test at
the 95% confidence level. Pearson’s correlation analysis was
used to explore the relationship between shoot phosphorus
concentration of M. sativa and shoot dry mass of
C. capillacea. Statistical analysis was conducted using the
SPSS 20.0 software package (SPSS Inc., Chicago, IL).

Results

Experiment 1: effects of AM fungi on the interaction
of C. capillacea and M. sativa in the growth chamber

The colonization of C. capillacea was significantly higher
with R.i. than that with no inoculum (Table 1). Soil coloniza-
tion (hyphal length density) was much greater when inoculat-
ed withR. intraradices than with soil AM fungal inoculum (S)
(Table 1). Soil AM fungal inoculum (S) significantly reduced
the biomass of C. capillacea compared with the NM inocu-
lum. However, R. intraradices had no significant effect on the
growth ofC. capillacea. In contrast toC. capillacea,M. sativa
plants inoculated with AM fungi had significantly higher col-
onization levels and shoot dry mass than the NM control
plants (Table 1).

Experiment 2: effects of AM fungi on the interaction
of C. capillacea andM. sativa under alpine conditions

The percentage of root length colonized by AM fungi
depended on site, neighboring host plants, inoculum, and their
second- and third-order interactions (Table 2). Roots of
C. capillacea were barely colonized when grown without
M. sativa in the local soil inoculant (S) treatment at both ele-
vations (Fig. 1a). In the presence of M. sativa, C. capillacea
plants had significantly higher colonization than the respective
controls at the low elevation (Fig. 1a). Colonization of
C. capillacea reached > 30% when inoculated with
R. intraradices (Fig. 1a, Site-Low). However, the presence
of M. sativa did not increase the colonization of
C. capillacea at the high elevation (Fig. 1a). We observed
few arbuscules (0.35 ± 0.24%) in the roots of C. capillacea
inoculated with R. intraradices in the presence of M. sativa.
We measured a significant site × neighbor × inoculum inter-
action for hyphal length density (Table 2). The neighboring
host increased the hyphal length on the C. capillacea side of
the microcosms only at the high elevation site (Fig. 1b, Site-
High). There were no significant differences in hyphal length
between the absence and presence of neighboring host
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treatments at the low elevation. The root and soil colonization
of M. sativa were both higher than those of C. capillacea,
reaching about 40% (Fig. 1a) and 2 m g−1 soil, respectively
(Fig. 1b).

Biomass ofC. capillaceawas significantly affected by site,
neighboring host plants, and inoculum (Table 2). When the
plants grew at low or high elevation, AM fungal inoculation
significantly reduced the biomass of C. capillacea, especially
in the soil AM fungal inoculum treatments (Fig. 2a). No dis-
cernible growth response of M. sativa between inoculation
treatments was observed at the low elevation, but M. sativa
plants inoculated with R. intraradices had significantly higher
shoot dry mass than the other inoculation treatments at the
high elevation (Fig. 2b).

There were no significant differences in shoot P concentra-
tion of C. capillacea between the treatments with and without
host species at the low site (Fig. S1a). However, the effect of
AM fungi on shoot P concentration ofC. capillacea depended
on the presence or absence of the host species at high elevation
(Fig. S1a). In the presence ofM. sativa, AM fungi significant-
ly reduced the shoot P concentration of C. capillacea com-
pared with the NM controls (Fig. S1a). Despite the lack of a
growth response, mycorrhizal M. sativa plants grown with
C. capillacea showed significantly higher shoot P concentra-
tions compared with the NM controls (Fig. S1b). Moreover,
there were significant negative relationships between the
shoot P concentrations of M. sativa and shoot dry mass (r =
− 0.619, P < 0.001) (Fig. 3).

Discussion

AM colonization of C. capillacea

Two experiments were conducted in the present study to ex-
plore whether the low mycotrophy observed in C. capillacea
is caused by the abiotic environmental conditions. We found
that the AM colonization level of C. capillacea varied with
growing conditions. Low colonization (up to 7%) without
arbuscules was found in the growth chamber (experiment 1)
and reached 30% in the alpine conditions together with a small
number of arbuscules (0.35 ± 0.24%) (experiment 2). The
higher AM colonization in experiment 2 compared to experi-
ment 1 might be due to the response of the AM fungi and the
plant to the alpine conditions (Yang et al. 2018). In the cold
edaphic conditions of the high alpine region, the physiological
activity of AM fungi, along with their interactions with non-
host plants, and hence their ecological functions, may differ
considerably from their interactions under temperate condi-
tions (Menzel et al. 2016; Bueno et al. 2017). Shi et al.
(2015) provided direct evidence that AM fungi would have
high intraradical colonization under low temperature condi-
tions. Yang et al. (2017) found that temperature may be an
important driver mediating the interaction between host plants
and AM fungi in an alpine ecosystem. The plant possibly
allocates more carbon to the belowground AM fungi to ensure
their survival in the stressful conditions (Hodge 1996;
Johnson et al. 2002; Barrett et al. 2014).

Table 2 F statistics of univariate
ANOVAs testing the differences
between Site (Site), Neighbor (N),
Inoculum (I), and their second-
and third-order interactions in
colonization, hyphal length den-
sity, and shoot dry mass of
C. capillacea (experiment 2). F
ratios and P values are shown.
Significant P values (threshold =
0.05) are indicated in italic

Factors Colonization (%) Hyphal length density (m g−1 soil) Shoot dry mass (g)

F P F P F P

Site (Site) 30.161 < 0.001 12.286 0.001 20.537 < 0.001

Neighbor (N) 33.458 < 0.001 3.783 0.058 14.764 < 0.001

Inoculum (I) 146.539 < 0.001 15.369 < 0.001 155.805 < 0.001

Site ×N 19.768 < 0.001 9.429 0.004 0.967 0.330

Site × I 11.645 < 0.001 2.147 0.128 0.201 0.819

N × I 15.648 < 0.001 3.288 0.046 2.430 0.099

Site ×N × I 11.151 < 0.001 4.127 0.022 4.469 0.017

Table 1 Colonization and shoot
dry mass of C. capillacea and
M. sativa grown in controlled
environment chamber and hyphal
length density in pot, with or
without AM fungi (experiment 1)

Treatments C. capillacea M. sativa Hyphal length
density
(m g−1 soil)Colonization

(%)
Shoot dry
mass (g)

Colonization
(%)

Shoot dry
mass (g)

NM 1.17 ± 0.55 b 0.19 ± 0.04 a 1.61 ± 0.45 b 0.35 ± 0.09 b –

S 4.58 ± 1.59 ab 0.05 ± 0.01 b 66.09 ± 2.66 a 1.02 ± 0.14 a 3.85 ± 0.24 b

R.i 7.08 ± 1.28 a 0.16 ± 0.01 a 71.02 ± 6.16 a 0.82 ± 0.02 a 5.12 ± 0.08 a

Plants were grown in pots inoculated with non-mycorrhizal (NM) inoculum, with soil inoculum (S), or
Rhizophagus intraradices (R.i.). Data are averages (± SE) of four replicates at each treatment. Values in each
column with the same letter do not differ significantly at P ≤ 0.05 by Tukey’s HSD test among the treatments
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Results from these two experiments also emphasize the
importance of a neighboring host species in increasing the
AM colonization of C. capillacea roots. The host plants in
the system ensured the presence of an active AM fungal net-
work. When C. capillacea was grown together with a host
plant, considerable root colonization levels were observed in
the presence of AM fungi. This is in accordance with previous
reports showing that non-host plants can be colonized, al-
though usually at low levels, in the presence of a host
(Francis and Read 1995; Veiga et al. 2012, 2013; Ocampo
et al. 1980). Some reports have demonstrated that non-host
plants are unable to recognize bioactive molecules released by
AM fungi and which may be important for the establishment

of a functional AM symbiosis (Navazio et al. 2007; Genre
et al. 2013). However, some bioactive molecules released by
host plants permeate the void of the soil to the root surfaces of
non-host plants, inducing AM fungal colonization of the roots
of the non-host plant. Lekberg et al. (2015) therefore consider
non-host species to be passively colonized by AM fungi. In
this context, neighboring host plants established an active AM
mycelial network which extensively colonized the roots of
C. capillacea and developed rudimentary AM (RAM) pheno-
types, albeit without arbuscules. Furthermore, a considerable
level of AM colonization of C. capillacea was found in the
absence of a host species when plants were grown in two
elevation conditions with R.i. This evidence strongly indicates
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that the AM structures in the roots were not always part of a
community mycelial network. One explanation for the occur-
rence of higher initial colonization at the high altitude might
be that stressful environments reduce the ability of
C. capillacea to resist colonization by AM fungi (García-
Garrido and Ocampo 2002).

The growth response of C. capillacea to AM fungi

As far as we know, this study is the first to demonstrate that the
growth of C. capillacea is reduced in the presence of a mycor-
rhizal plant. Results from both experiments demonstrate that
the biomass of C. capillacea declined in the presence of a
previously established and active AMmycelium. This evidence
is consistent with a range of former reports in which this inter-
action between non-host plants and host-supported AM fungi
often reduces the growth of the colonized non-host plant
(Lekberg et al. 2015; Veiga et al. 2013; Yang et al. 2017;
Hirrel et al. 1978; Ocampo 1986). It is noteworthy that we
found that AM fungi significantly depress the biomass of
C. capillacea in the absence of host plants when grown in
alpine conditions. This growth reductionmay be a consequence
of a photosynthate drain by mycorrhizal fungi (Allen and Allen
1990; Raven et al. 2018). Lekberg et al. (2015) conducted a
13CO2 pulse-chase labeling on sevenDianthus individuals in a
Danish coastal grassland and found that some C can be deliv-
ered from a non-host plant to AM fungi. Another possibility is
that AM fungi may benefit indirectly through increasing the
competitive advantage of neighboring host plants (Francis
and Read 1994; Ocampo 1986) or by removing nutrients, es-
pecially P (Eason et al. 1991; Lekberg et al. 2015; Mikkelsen
et al. 2008) from the C. capillacea side of the microcosm via
AM hyphae to the coexisting host plants. We found a signifi-
cant relationship between biomass and decline in P content of
C. capillacea and the P concentration of M. sativa in

experiment 2. It is likely that the host species benefited partially
from the AM fungi at the expense of the neighboringM. sativa.

We also found differences in the reduction of C. capillacea
biomass due to different inoculum sources. It is possible that
the different community composition of AM fungi was re-
sponsible for the different effects. Numerous reports indicate
that AM fungal diversity and assemblages both play important
functional roles in ecosystems (Powell and Rillig 2018; Jiang
et al. 2018). Another possible factor may be the selection of
host plants. There is some experimental evidence that plants
can shape root-associating AM fungal communities by favor-
ing beneficial AM fungal taxa and disfavoring others (Kiers
et al. 2011; Bever et al. 2009).

Currently, non-host plant families occupying widely con-
trasting habitats are divided into two groups, the Brassicaceae
type and the Proteaceae type (Lambers and Teste 2013). The
Cyperaceae belong to the second group and dominate soils
with very low P availability. These species have a range of
root specializations that allow them tomine soil P, for example
using dauciform roots in various Carex species growing in
widely different habitats (Playsted et al. 2006; Lambers et al.
2006). However, there have been no reports of dauciform
structures of Carex in China and we did not find dauciform
roots in C. capillacea in the present study.

In summary, we found that AM fungi had some ability to
colonize the roots ofC. capillacea through hyphal networks. In
particular, C. capillacea can be extensively colonized by AM
fungi under alpine conditions, even in the absence of neighbor-
ing mycorrhizal plants. As a consequence, the most important
driver of AM colonization of C. capillacea may not be the
hyphal network from the host, but the alpine environmental
conditions. This seems to disagree with previous reports of
other non-host plants (Veiga et al. 2012, 2013). The mecha-
nisms involved still require further study. Negative mycorrhizal
effects on the non-host plant C. capillacea are consistent, and
AM inoculum source, neighboring host, and growth conditions
were all important factors influencing the effect.
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