SCIENTIFIC REPLIRTS

Modification of Susceptible and
Toxic Herbs on Grassland Disease
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Recent research shows that continuous overgrazing not only causes grassland biodiversity to decline,
. butalso causes light fungal disease. Achnatherum inebrians is susceptible to fungal diseases and
Accepted: 07 July 2016 : increases in prevalence during over grazing due its toxicity to livestock. This study aimed to examine
Published: 16 September 2016 : the effects of A. inebrians on biological control organisms and levels of plant diseases in overgrazed
. grasslands in northwestern China. The results showed that A. inebrians plants were seriously infected

by fungal diseases and that this led to a high incidence of the mycoparasitic species Ampelomyces
quisqualis and Sphaerellopsis filum. In addition, the fungivore, Aleocharinae, was found only in the soil
growing A. inebrians rather than in the overgrazed area without A. inebrians. Overall, in an overgrazed
grassland fenced for one year, disease levels in blocks without A. inebrians were significantly higher
than those in blocks with A. inebrians. Our findings indicated that the disease susceptible, toxic A.
inebrians can help control plant disease levels in overgrazed grasslands.
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In recent decades, there has been serious overgrazing problems in grasslands of northwestern China, including
the Qinghai-Tibetan Plateau and Inner Mongolia!~>. Studies have shown that overgrazing can cause a decline
in the biodiversity of flora and fauna systems*® and reduce disease severity in grasslands®-8. Recently, fencing to
reduce overgrazing has been applied to assist in restoring grasslands”'’. Subsequently, a question worth exploring
is whether the disease on plants of an overgrazed grassland would still stay at a low level as the grassland is fenced.

In contrast to grassland degeneration, Achnatherum inebrians (drunken horse grass) grows well in overgrazed
grasslands due to its toxicity to sheep, goats, cattle!! and horses'?. It has been confirmed that the toxicity affecting
some large grazing animals is from a symbiotic fungal endophyte (Epichloé species) in A. inebrians'. The drunken
horse grass is perennial and can be found in typical grasslands of northwestern China, including Gansu province,
Qinghai province, Tibetan autonomous region, Xinjiang Uygur autonomous region and some areas of Inner

. Mongolia. Some surveys have indicated that the area growing this grass was expanding, for example, in Xinjiang,

. A. inebrians occupied 400 000 ha in 1987 and had expanded to 533 000 ha by 1992!". This ongoing increase was

: mainly due to the overgrazing of the grasslands'!, and the fact that A. inebrians can easily spread by seeds estab-
lishing bare land induced by burrowing activity of rodents in overgrazed grasslands'. Given the toxicity of the
grass to livestock and its broad distribution, many studies have focused on the control and eradication of A. ine-
brians'>~"7. Recently, it was reported that A. inebrians could protect grassland biodiversity by deterring livestock
grazing just like the function of wire fence'%. However, to the best of our knowledge, the ecological impacts of this
toxic, susceptible grass on grassland diseases are not well understood.

In contrast to low disease incidence in overgrazed grasslands, A. inebrians has been reported to be seriously
infected by several fungal diseases present on leaves and flowering stems, specifically, rust (Puccinia stipae-sibiricae),
powdery mildew (Blumeria graminis), stem smut(Ustilago hypodytes) and ergot (Claviceps purpurea), which

- resulted in the formation of numerous hyphe and spores'®. In order to fully understand the ecological role of

. A. inebrians to assist recovery of overgrazed grassland, we investigated the following two questions: 1) can the
hyphe and spores generated by fungal diseases present on leaves of A. inebrians support the abundance of mycopar-
asites and fungivorous arthropods? 2) Can the toxic, diseased A. inebrians influence the level of disease incidence
when the grassland is fenced for restoration purposes?

Results

Disease indexes of plants in grasslands fenced or overgrazed for 18 years (fenced vs. over-
grazed grasslands). The presence of different plant species was recorded. Forage plants are listed first,
followed by other herbs (Table 1). The percentage of dry weight for the different species was also calculated
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Forage plants
Carex moorcroftii Rust 50.67 £4.81 17.67+0.88 6.75 0.003
Leymus secalinus Leaf spot 21.3342.40 12.67+1.33 3.15 0.034
Elymus nutans Leaf spot 18.67+2.40 9.33+£1.76 3.13 0.035
Stipa bungeana Leaf spot 19.0042.08 9.67+1.45 3.68 0.026
Koeleria cristata Leaf spot 18.00+1.15 11.33+1.33 3.78 0.019
Kobresia myosuroides Rust 10.67 £0.67 14.33+0.88 —3.31 0.029
Stipa aliena Leaf spot 10.00+1.15 14.67+£0.88 —3.21 0.033
Poa pratensis Leaf spot / 6.00+1.15

Unpalatable plants
Potentilla anserina Rust 51.33+2.67 6.33+1.45 14.81 0.000
Bupleurum smithii Rust 46.001+8.72 15.33+£1.76 3.44 0.026
Astragalus polycladus Leaf spot 39.33+4.06 6.67+£1.76 7.38 0.002
Artemisia scoparia Leaf spot 6.0012.00 6.67+0.67 —0.31 0.768
Heteropappus altaicus Leaf spot 2.67+0.67 2.00+1.15 0.50 0.643
Thermopsis lanceolata Leaf spot / 16.00+£1.53

Table 1. Indexes of plant diseases in grasslands fenced vs. overgrazed for 18 years. Note: “/” indicates
the plant species was not found in the treatment; “Fenced” means the grassland was fenced for 18 years;
“Overgrazed” means the grassland was overgrazed for 18 years; “P < 0.05” means the difference is significant.

Forage plants
Carex moorcroftii Rust 57.50 £0.96 14.0040.82 34.57 0.00
Leymus secalinus Rust 56.00 £2.83 19.5040.96 12.22 0.00
Elymus nutans Leaf spot 37.00+3.00 13.00+£2.08 6.57 0.001
Kobresia myosuroides Leaf spot 36.00+2.94 18.50£0.96 5.65 0.006
Koeleria cristata Leaf spot 35.004+1.29 18.00+0.82 11.13 0.00
Stipa aliena Leaf spot 23.50+1.26 14.0040.82 6.33 0.001
Stipa bungeana Leaf spot 19.50+1.50 16.00 +1.41 1.70 0.14
Poapratensis Leaf spot 18.504+1.26 10.50£0.96 5.06 0.002
Unpalatable plants
Thermopsis lanceolata Leaf spot 47.50+0.96 0.00£0.00
Astragalus polycladus Leaf spot 26.50+£0.96 0.00£0.00
Bupleurum smithii Leaf spot 25.00+1.91 0.00+0.00
Potentilla anserina Leaf spot 14.50+1.26 0.00£0.00
Artemisia scoparia Leaf spot 12.0040.82 0.0040.00
Heteropappus altaicus Leaf spot 11.50+1.26 0.00+0.00

Table 2. Disease indexes of plants in the overgrazed grassland without or with A. inebrians and fenced for
one year (AO vs. AI). Note: 0.00 +0.00 indicates no disease was found; “AO” means the overgrazed grassland
without A. inebrians and fenced for one year; “AI” means the overgrazed grassland with A. inebrians and fenced
for one year; “P < 0.05” means the difference is significant.

(Supporting Information S1). In total, 14 plant species were listed in Table 1, while some species having very little
proportion in the grassland or with no disease found were not listed. Eight of these listed species had significantly
higher disease indexes in the fenced grassland compared with those in the overgrazed grassland (P < 0.05), with
most of them being dominant or “common” species. However, there were two species of plants that had signifi-
cantly lower disease indexes in the fenced grassland compared to the overgrazed grassland (P < 0.05) and there
were two species showing no significant difference. Besides, two species were identified to be present only in
overgrazed grassland, with indexes lower than 18.00. For plant species with a disease index higher than 18.00,
eight species were found in the fenced grassland, while no species were found in the overgrazed grassland. Among
these eight species, five are considered typical forage plants, including the dominant species, Elymus nutans which
had a disease index around twice that observed in overgrazed grassland.

Disease indexes of plants in the overgrazed grasslands without or with A. inebrians and fenced
for one year (AO vs. Al).  As shown in Table 2, totally14 species were presented. Seven species having a
significantly higher disease index in overgrazed grassland without A. inebrians than with A. inebrians present
(P <0.05). One species had no statistical significance in the two treatments whereas six species were diseased
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Figure 1. Comparison of disease status of plants in the overgrazed grassland without A. inebrians and
fenced for one year (AO), and in the grasslands overgrazed or fenced for 18 years. (a) Comparison of disease
indexes of plants in the overgrazed grassland without A. inebrians and fenced for one year, and in the grassland
overgrazed for 18 years. (b) Comparison of disease indexes of plants in the grassland without A. inebrians

and fenced for one year, and in the grassland fenced for 18 years. Notes: *indicates a significant difference at
P=0.05. *indicates the plant species is a forage plant. Results are presented as means =+ SE.

only in overgrazed grassland without A. inebrians. There were nine species with indexes higher than 20.00 in
the overgrazed grassland without A. inebrians, but none in the overgrazed grassland with A. inebrians. Among
these nine species, six were predominant forage grasses. The disease index of the dominant species, E. nutans, in
overgrazed grassland without A. inebrians was approximately three times of that in the overgrazed grassland with
A. inebrians.

Disease indexes of plants in AO and in the overgrazed or fenced grasslands. For comparing the
disease indexes of plants in AO and in the overgrazed grassland, totallyl4 species were listed. All plants had
higher disease indexes in AO than in the overgrazed grassland (P < 0.05) (Fig. 1a).

For comparison, the disease indexes of plants in AO and in the fenced grassland, totally14 species were pre-
sented. There were ten plant species having higher disease indexes in AO than in the fenced grassland (P < 0.05).
Three plant species had higher indexes in the fenced grassland than in AO (P < 0.05). One species had no sig-
nificant difference. Eight of the nine forage plant species had higher indexes in AO than in the fenced grassland
(P<0.05). In general, the disease indexes were higher in AO than in the fenced grassland (P < 0.05) (Fig. 1b).

Disease indexes of plants in Al and in the overgrazed or fenced grasslands. For comparing the
disease indexes of plants in Al and in the overgrazed grassland, totally14 species were displayed. Compared with
the disease indexes of plants in the overgrazed grassland, five forage plant species had significantly higher indexes
(P <0.05); two forage plants had no significant difference; and one forage plant had a lower index (P < 0.05). Six
other unpalatable plant species had lower indexes (P < 0.05) in AI (Fig. 2a).

For comparing the disease indexes of plants in Al and in the fenced grassland, totally13 species were presented.
Compared with the fenced grassland, seven plant species had significantly lower disease indexes (P < 0.05); three
species had no significant difference; and three had significantly higher disease indexes (P < 0.05) in AI (Fig. 2b).

Disease indexes of A. inebrians in the six experimental sites. Achnatherum inebrians was seriously
infected by fungal diseases in the six experimental sites, especially for powdery mildew and rust. The powdery
mildew disease indexes of A. inebrians were higher than 50 in all the regions. The mean values were 51.60, 73.60,
62.40, 78.00, 64.00 and 97.20 in Yuzhong, Huining, Xiahe, Guinan, Haiyuan and Alxa, respectively. The mean
indexes of rust were higher than 60, except for 46.80in Guinan. The mean values were 95.60, 82.00, 85.60, 46.80,
67.20 and 77.60 in Yuzhong, Huining, Xiahe, Guinan, Haiyuan and Alxa, respectively. The mean indexes of ergot
were 40.00, 29.20 and 38.40 in Huining, Xiahe and Haiyuan, respectively. But no ergot was found in Yuzhong,
Guinan and Alxa. The mean index of stem smut was 98.40 in Alxa, but was not found in the other five sites
(Supplementary Information S2).

Mycoparasitism rate of Ampelomyces quisqualis and Sphaerellopsis filum. The mycoparasitism
rates of both A. quisqualis and S. filum on the diseased leaves of A. inebrians were found to be high in all the six
sites, with the ranges of rates being 80.70-95.10% and 75.20-92.80% (Supplementary Information S3). The mean
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Figure 2. Comparison of disease status of plants in the overgrazed grassland with A. inebrians and fenced
for one year (AI), and in the grasslands overgrazed or fenced for 18 years. (a) Comparison of disease indexes
of plants in the overgrazed grassland with A. inebrians and fenced for one year, and in the grassland overgrazed
for 18 years. (b) Comparison of disease indexes of plants in the overgrazed grassland with A. inebrians and
fenced for one year, and in the grassland fenced for 18 years. Notes: *indicates a significant difference at
P=0.05. *indicates the plant species is a forage plant. Results are presented as means =+ SE.

values of A. quisqualis were 94.50, 80.70, 90.50, 95.10, 80.70 and 87.70 in Yuzhong, Huining, Xiahe, Guinan,
Haiyuan and Alxa, respectively. The mean values of S. filum were 81.40, 75.20, 77.80, 84.60, 92.80 and 89.10 in
the six sites.

As identified, only one sub-family of arthropod, Aleocharinae (Staphylinidae), was fungivorous, and it was
found only in the soil under tussock of A. inebrians, not in the overgrazed grassland without A. inebrians. The
mean number of this insect was 2.12, 1.33 and 0.75 per block in Xiahe, Guinan and Alxa, respectively (not shown
in Table).

Discussion

There are serious overgrazing problems in many grasslands of China'->. It has been reported that the level of
disease incidence is relatively lower in grasslands heavily grazed®-. Similarly, our results show that most plant
species, including dominant and common species, had lower disease incidence in grassland overgrazed for 18
years compared to grassland that had been fenced for the same period (regarded as a healthy grassland in this
study) (Table 1). This suggests that the levels of pathogenic fungi in overgrazed grassland is less than for fenced
grassland. As such, mycophagous predators and mycoparasites of pathogens and other microorganisms maybe
barely survive in overgrazed grassland leading to a subsequent lack of control for pathogenic species that can
dramatically increase during pasture recovery (due to fencing).

Currently, fencing is a common way to help achieve grassland restoration®'°. As the overgrazed grassland
is fenced or the grazing intensity is reduced for restoration, we can probably see more frequent plant disease
occurrences in the future. Our study indicated that the disease indexes of forage plants were significantly higher
in overgrazed grassland without A. inebrians and fenced for one year, compared with the grassland overgrazed
for 18 years (P < 0.05) (Fig. 1a), and were also significantly higher than the disease indexes of forage plants in the
grassland fenced for 18 years (P < 0.05) (Fig. 1b). On the contrary, when A. inebrians was present, the disease
level of plants in the overgrazed grassland fenced for one year was significantly lower than the disease level of
plants in the overgrazed grassland without A. inebrians and fenced for one year (P < 0.05) (Table 2). A possible
explanation is that seriously diseased A. inebrians provided enough pathogens to support the mycophagous pred-
ators and mycoparasites when pathogen was lacking in the slightly diseased grassland. Much research has shown
that mycophagous predators and mycoparasites can reduce the prevalence of pathogens'*-?%. Accordingly, these
biocontrol organisms could inhibit the explosion of pathogens by consuming them when overgrazed grassland
is fenced for restoration.

In the overgrazed grassland with A. inebrians and fenced for one year, the results indicated that the forage
plants had higher disease indexes, but the unpalatable plants had lower disease indexes, compared with those
in the grassland overgrazed for 18 years (Fig. 2a).When compared with the grassland fenced for 18 years, on the
whole, the disease indexes were significantly lower in the overgrazed grassland with A. inebrians and fenced for
one year, but the disease levels of forage plant species were very close in the two treatments (Fig. 2b).
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These results indicate that disease levels are likely to increase in overgrazed grasslands after being fenced for
restoration, but this outcome could be modified by diseased A. inebrians. Probably, it will gradually get to a sim-
ilar level with the grassland fenced for 18 years treated as a healthy status. For a healthy grassland, there should
be enough pathogens supporting mycophagous predators and mycoparasites. As a balance is achieved between
them, the plant diseases can be kept at normal levels.

In contrast to the degraded grassland, A. inebrians can survive because of its toxicity to livestock that generally
do not eat it'>!2, Moreover, in contrast to a low disease incidence in overgrazed grassland, our results showed
that A. inebrians were heavily infected by fungal diseases. These findings were consistent with the study by Li
et al.'®. We can see that the disease indexes of A. inebrians were significantly higher than other plants (as shown
in Table 1). The resulted pathogens from A. inebrians provided a food source for their predators and parasites to
live with. For example, the only mycophagous invertebrate, Aleocharinae, which consumes pathogens as food?
was found only in the soil block under the tussock of A. inebrians, but not in overgrazed grassland without
A. inebrians in Xiahe, Guinan and Alxa (not shown in Table). In addition, our study showed that alot of A. quisqualis
and S. filum parasitising powdery mildew and rust, respectively, were found on the leaves of A. inebrians.
Ampelomyces quisqualis has been found to be parasitic on more than 65 species of powdery mildew?** and used
as biocontrol agent of powdery mildews (AQ10 Biofungicide; Ecogen Inc., Langhorne, PA, USA)?. Sphaerellopsis
filum was reported to colonize 369 rust species®® and decreased the severity of rust by reducing spore produc-
tion?-3!. These fungivorous insect and mycoparasites are therefore beneficial in the control of plant diseases in
overgrazed grasslands when they are fenced for restoration.

This study showed that the degenerated grassland without A. inebrians was susceptible to diseases when
restored by fencing. Past research has suggested that increased biodiversity could decrease disease levels®>-*,
namely, a popular hypothesis is called “diversity-disease”. However, one review article indicated that even though
biodiversity could generally reduce the prevalence of infectious diseases, the mechanism remained to be under-
stood®. Our study indicates that the occurrence of plant diseases is probably determined by the balance in the
pathogenic food chain. As a part of the food chain, pathogen, including fungi, bacteria and other microbes, not
only can be a consumer but also can be consumed. When the food chain is broken, disease will have chances to
breakout. Therefore, toxic and susceptible plants can be key species to control diseases in the grasslands.

Methods

Site description. We conducted this study at six different sites in northwestern China: Yuzhong county,
Huining county and Xiahe county of Gansu province, Guinan county of Qinghai province, Haiyuan county of
Ningxia provinceand Alxa Left Banner county of Inner Mongolia (Supporting Information S4). The geographical
coordinates of these sites are presented in Supporting Information S5, and temperature and precipitation data in
Supporting Information S6. The grassland type in Alxa Left Banner county of Inner Mongolia is very similar to
that in Xinjiang, and both regions are widely distributed with A. inebrians. All of the experiments were conducted
and samples collected in 2013. The A. inebrians samples in all locations were identified as 100% infected with
fungal endophyte following the method of Bacon et al.*°.

Experimental design. Field investigations were conducted from August 22nd to September 21st in 2013,
and samples were collected randomly in each site with methods mentioned below. Identification of plants, micro-
organisms and arthropods was carried out afterwards in the State Key Laboratory of Grassland Agro-ecosystems
in Lanzhou University. Experimental plots were designed as presented in Supporting Information S7.

Disease indexes of plants in grasslands fenced or overgrazed for 18 years (fenced vs. over-
grazed grasslands). This study compared the disease incidence in overgrazed or fenced grasslands in Xiahe
county, i.e., Sangke grassland. The grazing rate in the overgrazed grassland was approximately 10 sheep per hec-
tare. No livestock were grazed in the fenced grassland. The grasslands had been either overgrazed with livestock
or fenced to exclude grazing for at least 18 years. We chose four blocks (10m x 10 m) for each treatment. Using
the five-point sampling method (the crossing point of two cross wires connecting 4 corners of a block and the
4 intermediate points between the center and each of the 4 corners), we collected plant samples and randomly
removed 10 leaves or stems per plant species to record the disease rate and severity. The severity classification for
each disease is presented in Supporting Information S8.
The formula for calculating the disease severity is specified as equations (1):

Sum of all disease ratings x 100

PDI for severity =
Total number of leaf/stem counted x Maximum rating value

where PDI meansthe percentage of disease index.

In order to calculate the importance of different plant species, four blocks (1 m x 1 m) were chosen for each
treatment, the biomass of each species was oven-dried at 75 °C for 48 hours to a constant weight. Then the impor-
tance of species was expressed by the percentage of dry weight.

Disease indexes of plants in overgrazed grassland without or with A. inebrians and fenced for
one year (AO vs. Al). The same method mentioned above was applied to investigate plants disease status
in AO and Al These two treatments were fenced from January to late October of 2013 to examine the effects of
seriously diseased A. inebrians on the disease status of grassland after fencing. Then the disease indexes of plants
in AO and AI were compared with that in the grasslands fenced or overgrazed for 18 years, respectively.

Diseases on A. inebrians and mycoparasites on diseased leaves. To investigate the diseases of A.
inebrians, all thesix sites were selected. In each site, the five-point sampling method was employed, and 10 leaves
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from each plant were used to record the disease rate and severity on A. inebrians. The presence of two mycopar-
asites on diseased leaves of A. inebrians was investigated in this study. One parasitized rust sori and the other
was parasitic on powdery mildew.The mycoparasitism rate on rust sori was the percentage of rust sori that was
colonised. The mycoparasitism rate on powdery mildew was the infection percentage, i.e., the area infected by the
mycoparasite divided by the area infected by powdery mildew on the leaf.

Effects of A. inebrians on fungivorous arthropods. Three sites were selected for this study, specifically,
the grassland dominated by Elymus nutans in Xiahe, the wetland-type grassland dominated by Kobresia capillifo-
lia in Guinan, and the arid grassland dominated by Pennisetum centrasiaticum in Alxa Left Banner. A. inebrians
plants were found at these three sites. For each site, 30 soil blocks (0.4 m in diameter x0.2m in depth) were dug
out, including 15 soil blocks for the overgrazed grassland without A. inebrians, and 15 under tussock of A. ine-
brians. These blocks were crushed to collect arthropods, which were brought back to the laboratory to identify
whether they were fungivorous arthropods.

Data analysis. Data were analyzed using SPSS 17.0 for Windows. The T-test for independent-samples was
used to compare: 1) disease status of plants in the overgrazed or fenced grasslands; 2) disease status of plants in
the overgrazed grasslands without or with A. inebrians after being fenced for one year (AO vs. Al); 3) disease
status of plants in AO with that in the overgrazed or fenced grasslands; and 4) disease status of plants in AI with
that in the overgrazed or fenced grasslands. Disease index of A. inebrians and mycoparasite rates were analyzed
using one way ANOVA, and the number of mycophagous arthropods and dry weight of plant species were pre-
sented with means and standard errors (SE). The statistical significance was defined at the 95% confidence level
(alpha=0.05). All mean values were presented with 1 SE.

References
1. Zhao, H. L., Zhao, X. Y., Zhou, R. L., Zhang, T. H. & Drake, S. Desertification processes due to heavy grazing in sandy rangeland,
Inner Mongolia. J.Arid. Environ. 62, 309-319 (2005).
2. Hao, X. A green fervor sweeps the Qinghai-Tibetan Plateau. Science. 321, 633-635 (2008).
3. Cui, X. FE. & Graf, H. F. Recent land cover changes on the Tibetan Plateau: a review. Climatic Change. 94, 47-61 (2009).
4. Alkemade, R, Reid, R. S., van den Berg, M., de Leeuw, J. & Jeuken, M. Assessing the impacts of livestock production on biodiversity
in rangeland ecosystems. P. Natl. Acad. Sci USA 110, 20900-20905 (2013).
5. Hilker, T., Natsagdorj, E., Waring, R. H., Lyapustin, A. & Wang, Y. Satellite observed widespread decline in Mongolian grasslands
largely due to overgrazing. Global Change Biol. 20, 418-428 (2014).
6. Anderson, W. K, Parkin R. J. & Dovey, M. D. Relations between stocking rate, environment and scorch disease on grazed clover
pasture in Western subterranean Australia. Aust. J. Exp. Agr. 22, 182-189 (1982).
7. Wennstrom, A. & Ericson, L. Variation in disease incidence in grazed and ungrazed sites for the system Pulsatilla pratensis-Puccinia
pulsatillae. Oikos. 60, 35-39 (1991).
8. Bowers, M. A. & Sacchi, C. F. Fungal mediation of a plant-herbivore interaction in an early successional plant community. Ecology.
72,1032-1037 (1991).
9. Ma, Y. S,, Lang, B. N,, Li, Q. Y., Shi, J. J. & Dong, Q. M. Study on rehabilitating and rebuilding technologies for degenerated alpine
meadow in the Changjiang and Yellow river source region. Pratacultural Science. 19, 1-5 In Chinese with English abstract (2002).
10. Dong, S. K. et al. Farmer and professional attitude to the large-scale ban on livestock grazing of grasslands in China. Environ.
Conserv. 34, 246-254 (2007).
11. Miles, C. O. et al. High levels of ergonovine and lysergic acid amide in toxic Achnatherum inebrians accompany infection by an
Acremonium-like endophytic fungus. J. Agr. Food Chem. 44, 1285-1290 (1996).
12. Dang, X. P. et al. Study on The Toxic Constituent of Achnatherum Inebrians. Acta Veterinaria et Zootechnica Sinica. 23, 366-371 In
Chinese with English abstract (1992).
13. Bruehl, G. W, Kaiser, W. J. & Klein, R. E. An endophyte of Achnatherum inebrians, an intoxicating grass of northwest China.
Mycologia. 86, 773-776 (1994).
14. Yao, X. et al. A toxic endophyte-infected grass helps reverse degradation and loss of biodiversity of over-grazed grasslands in
northwest China. Sci. Rep. 5, 18527; doi: 10.1038/srep18527 (2015).
15. Shi, D. S. et al. Report on Control of Achnatherum Inebrians. Journal of August 1st Agricultural college. 12, 7-12 In Chinese with
English abstract (1989).
16. Huoman, S. Achnatherum Inebrians and its prevented and cured measures. Pratacultural science. 9, 36-37 In Chinese with English
abstract (1992).
17. Li, X. S. et al. Ecological Control Method of Achnatherum Inebrians. Acta prataculturae Sinica. 5, 14-17 In Chinese with English
abstract (1996).
18. Li, C. ], Gao, J. H. & Ma, B. Seven diseases of drunken horse grass (Achnatherum inebrians) in China. Pratacultural science. 20,
51-53 In Chinese with English abstract (2003).
19. Norton, A. P, English-Loeb, G., Gadoury, D. & Seem, R. C. Mycophagous mites and foliar pathogens: leaf domatia mediate tritrophic
interactions in grapes. Ecology. 81, 490-499 (2000).
20. Davelos, A. & Jarosz, A. M. Demography of American chestnut populations: effects of a pathogen and a hyperparasite. J. Ecol. 92,
675-685 (2004).
21. English-Loeb, G., Norton, A. P, Gadoury, D., Seem, R. & Wilcox, W. Tri-trophic interactions among grapevines, a fungal pathogen,
and a mycophagous mite. Ecol. Appl. 15, 1679-1688 (2005).
22. Manimegalai, S. Scope for biological control of powdery mildew of mulberry with llleis bielawskii Ghorpade, a mycophagous
coccinellid. Journal of Biological Control. 22, 327-331 (2008).
23. Sutherland, A. M., Gubler, W. D. & Parrella, M. P. Effects of fungicides on a mycophagous coccinellid may represent integration
failure in disease management. Biol. Control. 54, 292-299 (2010).
24. Tollenaere, C. et al. A hyperparasite affects the population dynamics of a wild plant pathogen. Mol. Ecol. 23, 5877-5887 (2014).
25. Betz, O., Thayer, M. K. & Newton, A. F. Comparative morphology and evolutionary pathways of the mouthparts in spore-feeding
Staphylinoidea (Coleoptera). Acta Zoologica. 84, 179-238 (2003).
26. Kiss, L. Natural occurrence of ampelomyces intracellular mycoparasites in mycelia of powdery mildew fungi. New Phytol. 140,
709-714 (1998).
27. Kiss, L., Russell, J. C., Szentivanyi, O., Xu, X. & Jeffries, P. Biology and biocontrol potential of Ampelomyces mycoparasites, natural
antagonist of powdery mildew fungi. Biocontrol Sci. Techn. 14, 635-651 (2004).
28. Gordon, T. C. & Pfender, W. E. Effects of the mycoparasite Sphaerellopsis filum on overwintering survival of stem rust in perennial
ryegrass. Plant Dis. 96, 1471-1481 (2012).

SCIENTIFICREPORTS | 6:30635 | DOI: 10.1038/srep30635 6



www.nature.com/scientificreports/

29. Yuan, Z. W,, Pei, M. H., Hunter, T., Ruiz, C. & Royle, D. J. Pathogenicity to willow rust, Melampsora epitea, of the mycoparasite
Sphaerellopsis filum from different sources. Mycol. Res. 103, 509-512 (1999).

30. Yuan, X. & Han, Y. Hyperparastism and biocontrol of Hedysarum mongolicum rust by Sphaerellopsis filum. Forest Research. 13,
103-106 (2000).

31. Pei, M. H., Ruiz, C., Hunter, T. & Bayon, C. Interactions between Melamspora larici- epitea pathotypes and the mycoparasite
Sphaerellopsis filum from willow rusts. Forest Pathol. 40, 33-42 (2010).

32. knops, J. M. H. et al. Effects of plant species richness on invasion dynamics, disease outbreaks, insect abundance and diversity. Ecol.
Lett. 2, 286-293 (1999).

33. Mitchell, C. E., Tilman, D. & Groth, J. V. Effects of grassland plant species diversity, abundance, and composition on foliar fungal
disease. Ecology. 83, 1713-1726 (2002).

34. Rottstock, T., Joshi, J., Kummer, V. & Fischer, M. Higher plant diversity promotes higher diversity of fungal pathogens, while it
decreases pathogen infection per plant. Ecology. 95, 1907-1917 (2014).

35. Keesing, F et al. Impacts of biodiversity on the emergence and transmission of infectious diseases. Nature. 468, 647-652 (2010).

36. Bacon, C. W, Porter, J. K., Robbins, J. D. & Luttrell, E. S. Epichloe typhina from toxic tall fescue grasses. Appl. Environ. Microb. 34,
576-581 (1977).

Acknowledgements

We thank W.G. Zhang and S.Q. Sang for identifying plants and arthropods, B. Skipp for valuable comments
on an earlier draft, and M.L. Song, C.P. Zhang, J.X. Cao, G.S. Bao and C.H. Guo for assistance. This research
was supported by the National Basic Research Program of China (2014CB138702) and Program for Changjiang
Scholars and Innovative Research Team in University (IRT13019).

Author Contributions
X.Y., C.L.and Z.N. designed the experiments. X.Y. performed the experiments. X.Y., Y.E, Q.C. and R.D.J. analysed
the data and wrote the paper.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Yao, X. et al. Modification of Susceptible and Toxic Herbs on Grassland Disease.
Sci. Rep. 6, 30635; doi: 10.1038/srep30635 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images
G o1 other third party material in this article are included in the article’s Creative Commons license,

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFICREPORTS | 6:30635 | DOI: 10.1038/srep30635 7


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Modification of Susceptible and Toxic Herbs on Grassland Disease

	Results

	Disease indexes of plants in grasslands fenced or overgrazed for 18 years (fenced vs. overgrazed grasslands). 
	Disease indexes of plants in the overgrazed grasslands without or with A. inebrians and fenced for one year (AO vs. AI). 
	Disease indexes of plants in AO and in the overgrazed or fenced grasslands. 
	Disease indexes of plants in AI and in the overgrazed or fenced grasslands. 
	Disease indexes of A. inebrians in the six experimental sites. 
	Mycoparasitism rate of Ampelomyces quisqualis and Sphaerellopsis filum. 

	Discussion

	Methods

	Site description. 
	Experimental design. 
	Disease indexes of plants in grasslands fenced or overgrazed for 18 years (fenced vs. overgrazed grasslands). 
	Disease indexes of plants in overgrazed grassland without or with A. inebrians and fenced for one year (AO vs. AI). 
	Diseases on A. inebrians and mycoparasites on diseased leaves. 
	Effects of A. inebrians on fungivorous arthropods. 
	Data analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Comparison of disease status of plants in the overgrazed grassland without A.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Comparison of disease status of plants in the overgrazed grassland with A.
	﻿Table 1﻿﻿. ﻿  Indexes of plant diseases in grasslands fenced vs.
	﻿Table 2﻿﻿. ﻿  Disease indexes of plants in the overgrazed grassland without or with A.



 
    
       
          application/pdf
          
             
                Modification of Susceptible and Toxic Herbs on Grassland Disease
            
         
          
             
                srep ,  (2016). doi:10.1038/srep30635
            
         
          
             
                Xiang Yao
                Yubing Fan
                Qing Chai
                Richard D. Johnson
                Zhibiao Nan
                Chunjie Li
            
         
          doi:10.1038/srep30635
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep30635
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep30635
            
         
      
       
          
          
          
             
                doi:10.1038/srep30635
            
         
          
             
                srep ,  (2016). doi:10.1038/srep30635
            
         
          
          
      
       
       
          True
      
   




