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Abstract Fungal endophytes of some cultivated grasses
can increase plant performance and competitive abilities,
especially under stress. Far less is known about the
influence of Epichloë infections in wild populations of
wild grasses. In this study, plants of three Elymus
dahuricus ecotypes (WLS, QY and WTS) either infected
with Epichloë endophyte (E+) or uninfected (E–) were
grown in the field. The activities of the antioxidant
enzymes ascorbate peroxidase, catalase, peroxidase and
superoxide dismutase, and concentrations of H2O2 and
malondialdehyde were examined in the leaves of E+ and
E– plants. We also determined photosynthesis parameters,
leaf blade and sheath carbohydrate concentration and plant
growth parameters of both E+ and E– plants. E+ plants
from the WLS and QYpopulations had significantly higher
antioxidant enzyme activities and photosynthetic
capability (P< 0.05), superior growth characteristics
including more abundant carbohydrate concentration than
E– plants. In contrast, in plants from the WTS population,
the endophyte had no significant effect on reactive oxygen
species scavenging capability and growth performance
(P> 0.05), and even displayed some negative effects on
plant photosynthetic capability. Thus, endophyte infection
significantly affected E. dahuricus antioxidant enzyme
activities (P< 0.05), photosynthesis and growth capability,
although, the effects varied with plant ecotypes.

Keywords antioxidant enzymes, Elymus dahuricus, Epi-
chloë, fungal endophyte, photosynthesis

1 Introduction

Fungal endophytes are fungi that live for a significant part

of their life cycle internally and asymptomatically in
plants[1,2]. Many cool-season grass species have seed-
transmitted fungal endophytes that grow systemically in
the intercellular spaces of aboveground tissues. Generally,
these associations are considered as mutualistic[1–3]. It
has been reported that endophytes can increase the
resistance of host to biotic[4–6] and abiotic stresses[7–9].
However, increasing evidence suggests that the outcome
of the interaction depends on the particular
circumstances[10–12], host genotype and ecotype and
endophyte haplotype[10,13–15].
The increased production of toxic oxygen derivatives is

an outcome of both natural and stress situations[7,16]. These
highly cytotoxic reactive oxygen species (ROS) can
seriously disrupt normal metabolism through oxidative
damage to cellular components[17]. One possible
mechanism of scavenging ROS is the production of
antioxidant enzymes including ascorbate peroxidase
(APX), catalase (CAT), peroxidase (POD) and superoxide
dismutase (SOD)[18]. The presence of Epichloë endophyte
in ryegrass (Lolium perenne cv. Apollo) led to an increase
in the threshold toxicity of zinc by a diminution of APX
activity[19]. Also, an increase in ROS-scavenging enzymes
was shown in drought-stressed Elymus dahuricus, a forage
species common in dry areas[20]. Interestingly, fungal
reactive oxygen species are critical for maintaining a
mutualistic fungus-plant interaction[21].
Results of early studies of the effects of endophytes

upon physiological processes were equivocal. The
presence of an endophyte may cause decreased rates of
photosynthesis[22]. However, because the endophyte does
not possess nutrient-absorbing structures and utilizes
apoplasmic nutrients that have diffused out of the
cytoplasm[1], photosynthetic rates would not be expected
to increase due to the presence of an endophyte[23].
However, endophyte-infected plants may be able to
maintain water-use efficiency through enhanced leaf
rolling, which reduces water loss, and so should increase
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photosynthetic rates of host grass under drought[24] and
high temperature stresses[25]. Moreover, elevated CO2 and
nitrogen can impact on photosynthesis of an endophyte-
grass association[26]. However, endophyte infection had no
effect on the light interception and conversion processes of
photosynthesis, supported by the lack of a difference in
apparent photon yield between endophyte-infected (E+)
and uninfected (E–) plants[27].
While the ecological significance of fungal endophytes

of the agronomically-important grasses, L. perenne and
Festuca arundinacea, is well documented, the ecological
significance of endophytes in wild grasses are not so well
understood[2,3]. E. dahuricus is a perennial caespitose grass
with wide geographical distribution in arid and semi-arid
regions of China and neighboring countries. In the 1970s,
it was cultivated in north and north-east China, and in Inner
Mongolia[8]. In China, E. dahuricus grows at a range of
densities on temperate rangelands, usually mixed with
other grasses and legumes. It is an important grass for
rangeland rehabilitation in the degradation grassland zone
of northern China, and its use can reduce wind erosion and
land desertification[28].
E. dahuricus is known for its wide adaptation and is

recommended for mixtures with other saline tolerant
grasses to promote rapid stand establishment and ground
cover[8,28]. It was reported that the frequency of Epichloë
spp. infected plants in E. dahuricus ranged from 0% to
100% in 26 populations in China[8,29], and that the alkaloid
peramine was produced in the leaf sheaths of three
populations of E+ plants. This alkaloid has feeding
deterrence effects on some insect pests[4,30,31]. In
E. cylindricus, endophytes can increase the number of
tillers and dry matter yield per plant in the field[32].
Our previous study indicated Epichloë endophyte

infection was a benefit to growth of and antioxidative
effects in E. dahuricus under low water treatment in a
controlled-environment experiment[29]. The objective of
the study reported here was to investigate the effects of
Epichloë endophyte infection on different ecotypes of
E. dahuricus under field conditions. We focused on ROS
scavenging capability, photosynthesis and carbohydrate
production, as well as basic growth parameters. It was
predicted that E+ E. dahuricus would have superior
characteristics, as mentioned above, compared to E– plants
under field conditions.

2 Materials and methods

2.1 Plant material

Seeds from wild E. dahuricus populations WLS (Wuling-
shan, China, 116.50° E, 40.37° N, 2118 m) were collected
in September 2002, QY (Qinyuan, China, 112.21° E,
36.31° N, 1000 m) and WTS (Wutaishan, China,
113.32° E, 39.02° N, 2896 m) were collected in September

2003 and were tested for Epichloë spp. infection by
microscopically examining leaf sheaths stained with
aniline blue[33]. The infection frequencies were about
100%, 31% and 73%, respectively.
Seeds of these were sown in May 2004 in plastic pots

(30 cm � 25 cm � 8 cm) that were filled with soil (1 kg)
that had been sterilized in an oven at 160°C for 6 h. Only
well-filled, apparently-healthy seeds were used for this
experiment. Five rows with 10 seeds per row were planted
per pot at a depth of 5 mm. Pots were placed in a
temperature-controlled greenhouse (18–24°C) with 10 h
illumination per day. Each day pots were watered with
90 mL water. After four weeks, the percentage infection of
plants infected with endophyte was determined by
examining leaf sheaths stained with aniline blue. Despite
the seed of the WLS ecotype having been 100% infected
with endophyte, some of the examined seedlings were
endophyte-free, a likely consequence of two years of
storage. On July 23, 2004, they were transplanted at 2.4 m
� 2.5 m into the field plots located at the Yuzhong Campus
of Lanzhou University at an elevation of 1517 m above sea
level. The soil nutritient concentration were 0.072% total
phosphorus, 0.34% total nitrogen, 2.13% total potassium,
9.39 mg$kg–1 available phosphorus, 96 mg$kg–1 available
nitrogen, and 282 mg$kg–1 available potassium, and the pH
was 7.7 and salt 0.05%. Plants were watered daily for the
first week after being transplanted to assistant establish-
ment and then not watered. Each pair of plants were
approximately the same size, consisting of four to six tillers
each. The final stable numbers were about 50 uninfected
and 50 infected plants. Twenty E+ and E– plants from
each populations were labeled.
On June 3, a sunny day, the photosynthetic parameters

were determined. Plant height and tiller number of the
labeled plants were recorded on the third day of every
second month during the growing season in 2005. In
addition, five tillers of each labeled plant were cut and the
dry weight was determined after drying them at 80°C for
48 h in a forced-air oven. Then the tillers were split into
stem and leaf and weighed for stem/leaf ratio, and then
ground to a fine powder for determination of carbohydrate
concentrations. Another two tillers of each labeled plant
were cut. Parts of fresh leaves were used to extract and
assay enzymes immediately, and other leaves were
plunged for 2 min in liquid nitrogen, freeze-dried at
– 60°C, then ground to a fine powder in a mortar, stored at
– 80°C for photosynthetic pigments concentration deter-
mination. Finally, at the end of the growing season
(October), all above-ground parts of labeled plants were
collected and the biomass production of each strain was
determined after drying them at 80°C for 48 h in a forced-
air oven.

2.2 Extraction and assay of enzymes

To extract antioxidant enzymes, fresh leaves (0.5 g) were
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homogenized in 5 mL of 50 mmol$L–1 sodium phosphate
buffer (pH 7 for CAT and pH 7.8 for SOD, POD and APX)
containing 1% (w⁄v) PVP and 0.1 mmol$L–1 Na2EDTA.
The homogenate was filtered through four layers of
cheesecloth and centrifuged at 15000 g for 15 min. After
centrifugation, aliquots of the supernatant were used to
determine the enzyme activities and protein concentration.
All extractions were prepared at 4°C, and enzyme assays
were performed at 25°C.
The SOD activity was measured spectrophotometrically

as described by Beyer and Fridovich[34]. CAT activity was
assayed by measuring the decline in absorbance at 240 nm
because of the decomposition of H2O2

[35]. POD activity
was determined by the method of Chance and Maehly[36]

using guaiacol as an electron donor. APX activity was
determined according to the method of Gupta et al.[37] by
measuring the oxidation of ascorbate at 290 nm. Protein
concentration in the enzymatic extraction was measured by
the method of Bradford[38].
H2O2 was determined according to the method of

Velikova et al.[39]. Leaf tissues (0.5 g) were homogenized
in an ice bath with 10 mL TCA (0.1%). The homogenate
was centrifuged at 15000 g, 15 min. One mL supernatant
was added to 1 mL sodium phosphate buffer (10 mmol$L–1,
pH 7.0) and 2 mL KI (1 mol$L–1). The absorption of the
reaction solution supernatant was measured at 390 nm.

2.3 Photosynthesis parameters

Photosynthetic parameters including net rate of photo-
synthesis, stomatal conductance, transpiration rate and
intercellular CO2 concentration were measured using a LI-
6400 XT Portable Photosynthesis System (LI-COR Inc.,
Lincoln, NE, USA) on five of the 20 labeled plants.

2.4 Photosynthetic pigments concentrations

Frozen ground leaf powder (0.1 g) was used to determine
photosynthetic pigment concentrations. Total chlorophyll
and carotenoid concentration were measured in 80%
acetone extracts and calculated using the extinction
coefficients determined by Lichtenthaler and Wellburn[40].

2.5 Soluble sugar and starch concentration

About 100 mg of the dried samples described above were
homogenized in 10 mL of 80% ethanol and placed in a
water bath at 80°C for 30 min, then centrifuged at 22000 g
for 20 min. Samples were extracted three times, and their
supernatants pooled and volumes reduced to 3 cm3 by
evaporation before diluting to 25 mL with water. Sugars
were estimated in ethanolic extracts. For starch extraction,
residues left in the centrifuge tubes after sugar extraction
were oven-dried at 80°C for 24 h. After addition of 2 mL of
water, tubes were placed in a boiling water bath for 15 min
and after cooling, 2 mL of 9.2 mol$L–1 perchloric acid

(PCA) was added. The contents were stirred for 15 min and
volumes were made up to 10 mL with water. Supernatants
were collected after centrifuging the contents at 3000 g for
20 min. Residues were re-extracted twice with 2 mL of
4.6 mol$L–1 PCA. After centrifugation, the supernatants
were combined and volume adjusted to 50 mL with water.
Total soluble sugar and starch concentrations were
estimated colorimetrically using the phenol-sulphuric
acid method of Dubois et al.[41].

2.6 Statistical analysis

Analysis of variance was used to examine the effects of
endophyte and ecotypes (WLS, QYand WTS) on biomass,
growth and photosynthetic parameters, and least signifi-
cant difference tests were used to compare individual
means. SPSS version 15.0 (IBM Corporation, Armonk,
NY, USA) was used to determine the statistical signifi-
cance of the results when comparing SOD, POD, CAT,
APX, chlorophyll (a+ b), carotenoid, and carbohydrate
concentration of the different ecotypes and plants with and
without endophyte infection.

3 Results

3.1 Growth characteristics

Plant height, tiller number and weight were determined
every two months during the growing season of 2005.
These parameters were all significantly higher in E+ than
E– plants from the WLS and QY populations (P< 0.05)
(Table 1). However, no significant differences were found
between E+ and E– plants from the WTS population.
At the end of the growing season, the above-ground

portion was harvested to determine dry matter. There was
significantly greater above-ground biomass production in
E+ than E– plants from the WLS and QY populations,
being 1.63 and 4.96 times greater, respectively (P< 0.05)
(Table 1). No difference was observed between E+ and E–
plants from the WTS population.

3.2 Toxic reactive oxygen species concentration

At all time points tested, H2O2 and malondialdehyde
(MDA) concentrations were significant higher in E– plants
than in E+ plants from the WLS and QY populations
(P< 0.05) (Table 2). There were no significant differences
in the H2O2 and MDA concentrations in plants from the
WTS population.

3.3 Antioxidant enzyme activities

Endophyte infection increased ROS activity in plants from
the WLS and QY populations. SOD, POD, CAT and APX
activities were significantly higher in E+ than E– plants on
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all sampling dates (P< 0.05, Table 3). Significant differ-
ences in antioxidant enzyme activities in E– and E+ plants
from the WTS population were only observed for CAT and
APX activities in August.

3.4 Photosynthetic capacity

Photosynthetic capacity were tested on June 3, and the
environmental conditions at every sampling date are
summarized in Table 4. The trends in NRP (net rate of
photosynthesis), ICC (intercellular CO2 concentration) and
LC (leaf conductance) in plants from the three populations
were consistent. They all increased from 7:30, peaking at
11:30 before declining sharply and reaching the lowest
daytime value at 13:30, then rising again before finally
decreasing from 15:30. TR (transpiration rate) in WTS
population had the same shape as the three parameters
described above, and in plants from WLS and QY
populations, TR peaked at 15:30. NRP and ICC in E+
plants from the three populations were equivalent, while
LC and TR were the highest in plants from the WLS
population and lowest in plants from the QY population.
The four parameters in E– plants were ranked as WTS>

QY>WLS.
For plants from the WLS and QY populations, the

photosynthetic parameters for E+ plants were all sig-
nificantly higher at all time points than those of E– plants
(P< 0.05, Fig. 1), while in plants from the WTS popula-
tion, E+ and E– plants had equivalent NRP and ICC. LC
and TR were higher in E+ compared to E– plants at every
time point, and significant differences were found in LC at
7:30, 9:30 and 13:30, and in TR at 9:30 and 13:30
(P< 0.05).

3.5 Leaf photosynthetic pigments

Chlorophyll (a+ b) and carotenoid concentrations were
significantly higher in E+ compared to E– plants from the
WLS and QY populations (P< 0.05, Table 4). This trend
was reversed in plants from the WTS population with E–
plants having higher photosynthetic pigment concentra-
tions than E+ plants which was significant in October.

3.6 Carbohydrates concentration

Both soluble sugar and starch concentrations peaked at the

Table 2 Toxic reactive oxygen species (ROS) concentration in fresh leaves of E. dahuricus infected with (E+) or without (E–) grass endophyte

Measurement Date

Ecotypes of E. dahuricus

LSD0.05WLS QY WTS

E+ E– E+ E– E+ E–

H2O2/(mmol$g–1) Jun. 3 13.3 25.5 17.2 26.7 25.1 20.1 6.1

Aug. 3 16.7 53.7 14.4 46.6 35.6 35.3 9.1

Oct. 3 33.1 99.0 41.6 94.5 80.7 76.0 11.6

MDA/(mmol$g–1) Jun. 3 0.77 1.09 0.51 0.66 0.80 0.76 0.10

Aug. 3 0.66 1.16 0.78 0.91 0.85 0.83 0.14

Oct. 3 0.76 1.00 0.65 0.96 0.81 0.72 0.12

Note: WLS, Wulingshan, Beijing, China; QY, Qinyuan, Shanxi Province, China; WTS, Wutaishan, Shanxi Province, China.

Table 1 Growth characteristics of E. dahuricus infected with (E+ ) or without (E–) grass endophyte

Measurements Date

Ecotypes of E. dahuricus

LSD0.05WLS QY WTS

E+ E– E+ E– E+ E–

Plant height/cm Jun. 3 24.7 19.0 29.7 18.1 18.78 18.7 3.3

Aug. 3 40.9 21.1 37.3 16.4 24.8 23.1 5.7

Oct. 3 51.4 31.3 51.7 32.2 29.9 27.5 10.2

Tiller number/plant Jun. 3 3.9 2.0 3.8 2.1 3.0 2.6 0.7

Aug. 3 3.2 1.8 3.6 1.9 2.7 2.5 0.8

Oct. 3 3.6 1.8 4.8 1.9 2.5 3.0 1.0

Dry weight/g Jun. 3 0.78 0.31 0.82 0.29 0.31 0.37 0.12

Aug. 3 2.14 0.77 1.59 0.70 1.22 1.19 0.19

Oct. 3 0.70 0.21 0.29 0.16 0.09 0.09 0.11

Note: WLS, Wulingshan, Beijing, China; QY, Qinyuan, Shanxi Province, China; WTS, Wutaishan, Shanxi Province, China.
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end of the growing season (Table 5). E+ plants from the
WLS and QY populations had significantly higher leaf
blade and sheath soluble sugar and starch concentrations
than E– plants on all sampling dates (P< 0.05). In contrast,
in plants from the WTS population, all carbohydrate
concentrations were higher in E– than E+ plants. No
significance was observed in leaf soluble sugar and starch
concentrations between E+ and E– plants. Both leaf blade
and sheath starch concentrations in E+ plants were
significantly higher than in E– plants at the end of the
growing season (P< 0.05). In plants from the three
populations, both soluble sugar and starch concentrations
were higher in leaf sheaths than in leaf blades.

4 Discussion

Our results indicate that the effect of endophyte infection
varies among the three ecotypes. In plants from the WLS

and QY populations, the endophyte increased the anti-
oxidative enzyme activities, photosynthetic capability and
carbohydrate concentrations, and enhanced host growth.
However, the endophyte had no positive effect on those
parameters in plants from the WTS population, and even
reduced some. This suggests that interactions between host
plants and endophytes can be quite variable depending
both on environmental conditions and host genotypes, and
this interaction can vary from mutualistic to antagonistic.

4.1 Toxic reactive oxygen species concentration and
scavenging capability were affected by endophyte and
ecotype

ROS are well-known indicators of stress in many
organisms. Excessive toxic ROS including superoxide
radicals (O2

–), H2O2 and hydroxyl radicals (OH–) can
seriously disrupt normal metabolism through oxidative
damage to cellular components[18]. One of the most

Table 3 Antioxidant enzyme activities in fresh leaves of E. dahuricus infected with (E+ ) or without (E–) grass endophyte

Measurements Date

Ecotypes of E. dahuricus

LSD0.05WLS QY WTS

E+ E– E+ E– E+ E–

Superoxide dismutase(SOD)/(U$mg–1) Jun. 3 24.4 13.2 28.6 18.1 19.9 22.5 2.7

Aug. 3 32.7 18.7 29.0 14.0 19.7 22.4 5.0

Oct. 3 54.3 21.7 47.5 17.7 26.0 28.1 6.9

Peroxidase (POD)/(U$mg–1) Jun. 3 25.3 12.4 33.9 23.3 23.6 28.3 6.2

Aug. 3 28.8 9.6 28.4 16.2 14.3 17.0 6.3

Oct. 3 54.8 28.6 55.7 23.0 40.3 42.2 14.9

Catalase (CAT)/(U$mg–1) Jun. 3 1.13 0.32 1.03 0.37 0.6 0.79 0.34

Aug. 3 2.70 1.11 3.20 1.44 1.25 1.85 0.59

Oct. 3 6.63 2.04 7.05 3.04 5.45 6.17 0.76

Ascorbate peroxidase (APX)/(U$mg–1) Jun. 3 0.43 0.15 0.30 0.14 0.28 0.41 0.11

Aug. 3 0.74 0.26 0.80 0.27 0.32 0.48 0.13

Oct. 3 1.89 0.64 1.99 0.55 1.29 1.42 0.25

Note: WLS, Wulingshan, Beijing, China; QY, Qinyuan, Shanxi Province, China; WTS, Wutaishan, Shanxi Province, China.

Table 4 Leaf photosynthetic pigments content of E. dahuricus infected with (E+ ) or without (E–) grass endophyte

Variety Month

Ecotypes of E. dahuricus

LSD0.05WLS QY WTS

E+ E– E+ E– E+ E–

Chlorophyll (a+ b) Jun. 7.52 5.86 7.54 5.94 6.55 7.14 1.04

Aug. 5.64 4.90 5.48 4.72 4.97 5.29 0.63

Oct. 3.30 2.48 4.18 3.73 3.93 4.99 0.27

Carotenoid Jun. 104.7 87.8 95.6 80.9 95.4 106.6 14.1

Aug. 50.3 28.5 54.6 37.3 40.4 44.1 14.8

Oct. 72.9 50.3 60.1 53.2 58.8 72.1 5.2

Note: WLS, Wulingshan, Beijing, China; QY, Qinyuan, Shanxi Province, China; WTS, Wutaishan, Shanxi Province, China.
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damaging effects of these molecular species, and their
products in cells, is the peroxidation of membrane
lipids[42]. Bonnet et al.[19] found the presence of the
endophyte, Epichloë lolii, modified the metabolism of
ryegrass (L. perenne cv. Apollo) by favoring H2O2

scavenging throughout the catalase process, and improved
the defense capability of the host. Also, an increase in
ROS-scavenging enzymes was shown in drought-stressed
E. dahuricus, a forage species common in dry areas[33].
These enzymes were significantly more abundant in plants
containing endophytes than in endophyte-free plants,
although it is not known if they were of plant or fungal
origin. Our results were similar; the presence of endophyte

could affect E. dahuricus toxic ROS concentrations and
ROS scavenging capability, though the effects varied with
different ecotypes. The SOD gene of E. lolii has been
isolated[43] and provides a new probe to investigate the role
of gene expression in ROS-scavenging capability and the
mechanism of the interaction between endophyte and
plant.

4.2 Both Photosynthesis capability and pigments concen-
trations were modified by endophyte and ecotype

Our results indicated that endophyte infection affects
E. dahuricus photosynthesis capability, but the effects

Fig. 1 Photosynthetic capability of Elymus dahuricus infected with (E+ ) or without (E–) grass endophyte. *, indicate significant
difference between E+ and E– plants at P< 0.05. Bars indicate S.E. (n = 5).
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varied between ecotypes. WLS and QY E+ plants had
significantly stronger net photosynthetic rate, intercellular
CO2 concentration, leaf conductance and transpiration rate.
This is consistent with other results on different host
species. Marks and Clay[25] used F. arundinacea cv.
Kentucky 31 to study the physiological responses to fungal
endophyte infection, and found at leaf temperatures above
35°C infected plants photosynthesized at a significantly
greater rate (20% to 25%) than uninfected plants. Newman
et al.[26] used the same plants and found that endophyte-
infected plants showed a 16% increase in photosynthetic
rate under high-N conditions. Morse et al.[44] also found
that E+ plants of F. arizonica had significantly higher net
photosynthesis compared to E– plants under severe water
limitation. Amalric et al.[45] reported that E. lolii infected
perennial ryegrass (cv. Apollo) had higher stomatal
conductance, transpiration rate, net photosynthetic rate,
and photorespiratory electron transport rates than the E–
plants. From the above, it is clear that the effects induced
by the presence of endophytes on host grass photosynth-
esis can be affected by host species and environment
conditions.
In plants from the WTS population, endophyte infection

had no effect on net photosynthetic rate and intercellular
CO2 concentration, although leaf conductance and tran-
spiration rates were higher in E– than E+ plants. Others
have observed similar results. Spiering et al.[27] reported
that endophyte-infected ryegrass had significantly lower
light-saturated photosynthesis than E– plants, and also,
endophyte infection decreased net photosynthesis at high
light intensities but had no effect on apparent photon yield
and dark respiration. Monnet et al.[46] reported E. lolii
favored maintenance of photosystem II activity in ryegrass,

but did not significantly modify net photosynthesis. Also,
Bacon[1] reported that there was no endophyte effect of any
consequence on photosynthesis and associated processes
in several genotypes of infected F. arundinacea.
Photosynthetic pigments concentrations showed similar

trends to photosynthetic capability. WLS and QY E+
plants had significant higher chlorophyll (a+ b) and
carotenoid concentrations than E– plants, while in plant
from the WTS population, E– plants had higher photo-
synthetic pigment concentration than E+ plants. Others
have also reported that endophyte infection can affect host
photosynthetic pigments concentration. Rahman et al.[47]

found chlorophyll concentration in F. arundinacea was
higher in E+ than E– plants. Hunt et al.[48] reported that
endophyte infection can affect the accumulation of
chlorophyll concentration in perennial ryegrass. Increase
in chlorophyll a can promote light interception and
conversion and carbon assimilation. Our results indicate
that endophyte infection enhanced leaf chlorophyll (a+ b)
concentration in WLS and QY E+ plants. Under osmotic
stress, the degradation of chlorophyll (a+ b) was related to
excessive active oxygen species such as H2O2, hydroxyl
radicals and superoxide radicals, which cause oxidative
damage of cell constituents[49]. Carotenoids are one of the
main lipid-soluble antioxidants of plant cells, and they
protect against photo-oxidation because they actively
quench singlet oxygen (1ΔgO2) and minimize its formation
by absorbing excess energy from excited triplet states of
chlorophyll[50]. Therefore, maintenance of high carotenoid
concentration can enhance the ability of plants to eliminate
reactive oxygen and reduce harmful oxidation effects.
Photosynthetic pigments underpin photosynthesis and so
these results for photosynthesis pigments can partially

Table 5 Leaf and sheath carbohydrates content of E. dahuricus infected with (E+ ) or without (E–) grass endophyte (g$kg-1 DW)

Varieties Month

Ecotypes E. dahuricus

LSD0.05WLS QY WTS

E+ E– E+ E– E+ E–

Leaf soluble sugar Jun. 36.7 17.8 34.7 12.7 25.9 24.0 4.0

Aug. 65.2 48.5 44.2 18.8 27.3 32.1 7.1

Oct. 121.2 43.2 116.1 52.1 58.3 50.3 12.5

Sheath soluble sugar Jun. 97.6 73.8 95.0 50.5 91.8 82.0 13.3

Aug. 200.1 136.4 114.1 77.6 117.4 110.8 7.9

Oct. 256.2 157.0 238.3 157.1 157.0 208.3 26.3

Leaf starch Jun. 59.3 36.8 72.4 34.6 66.2 73.7 11.9

Aug. 182.9 110.6 185.1 108.9 127.4 139.0 14.6

Oct. 196.7 112.3 195.1 122.2 184.0 187.1 13.1

Sheath starch Jun. 180.9 96.0 164.1 105.5 169.6 176.3 21.5

Aug. 189.4 112.5 221.0 171.3 220.3 236.8 30.6

Oct. 190.0 121.9 192.3 141.1 172.3 225.0 16.5

Note: WLS, Wulingshan, Beijing, China; QY, Qinyuan, Shanxi Province, China; WTS, Wutaishan, Shanxi Province, China.
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explain the results for photosynthetic capability shown
above.

4.3 Carbohydrate accumulation and plant growth
characteristics

Carbohydrate pools stored in tiller bases are important in
grass regrowth[51]. Efficiency of mobilization and translo-
cation of reserve carbohydrates could be more important
than the actual level accumulated[52]. E+ leaves and stems
from the WLS and QY populations accumulated more
soluble sugar and starch than E– plants, but this was not
existed in the plants from the WTS population. Hill
et al.[53] found the effects of endophytes were different
depending on the genotypes of host or species of
endophytes, even under the same environmental condi-
tions. Also, at the end of the growing season (October),
WLS and QY E+ plants produced more soluble sugar and
starch, which can decrease osmotic potential and enhance
host adaption to low temperature and drought stress[54].
Accumulation of more carbohydrate enhances the ability
of grasses to survive through the winter and to supply
energy for regrowth in the next growing season. This
phenomenon indicates E. dahuricus-endophyte associa-
tions might have some biochemical adaption mechanisms
to natural selection pressure.
Both E+ and E– plants had more carbohydrates in their

leaf sheathes than in leaf blades, and this difference was
greater in E+ plants (Table 5). Plants have more
endophytes in leaf sheathes than in leaf blades during the
growing season[55], which may be linked to the production
of arabitol and mannitol[56]. This indicates that an
endophyte might be able to stimulate the host to produce
more monosaccharide in leaf sheaths, to the advantage of
the plant.
Soluble sugar can decrease cell osmotic potential to

maintain cell turgor pressure, resulting in excessive
hydration of cells. Soluble sugar is regarded as essential
for plant growth and respiration[57], and is important for
perennial grass respiration at the initial stage of re-growth,
including re-growth after mowing or grazing, and from
dormancy. Karsten and Macadam[58] reported that the
concentrations of six-carbon sugars and sucrose increased
in ryegrass and F. arundinacea leaf sheaths during drought
stress to decrease osmotic potential. Carbohydrates
accumulation under non-drought condition and transport
under water stress could increase drought tolerance of the
endophyte-infected plant. Under normal conditions, some
endophyte-F. arundinacea associations can produce more
nonstructural carbohydrates than E– plants[53], and when
drought comes, those carbohydrates can be redistributed
swiftly for adjustment of osmotic potential. Results of
studies on the effects of endophyte on carbohydrates have
been equivocal. Hardy et al.[59] reported under well-
watered conditions, soluble sugar concentrations in leaves
of F. arundinacea cv. Kentucky 31 were not affected by

endophyte infection. Hill et al.[60] reported a similar result
for the same host under drought stress. Richardson et al.[56]

found that under drought conditions, endophyte-infected
F. arundinacea accumulated more glucose and fructose.
However, Hill et al.[53] used five different genotypes of
F. arundinacea as experiment material and found that E+
leaves of three genotypes accumulated more nonstructural
carbohydrates than E– leaves, for the rest of the two
genotype, E– leaves had more or no significant difference
nonstructural carbohydrates than leaves of E+. This
indicated the effect of endophytes varied between
genotypes of particular host species.
Plant height and tiller number were significantly higher

in WLS and QY E+ plants than E– plants at every
sampling date, while no significant differences were found
between E+ and E– plants from the WTS population. This
result is consistent with the results of previous research in
our laboratory on Hordeum bodganii and E. cylindricus. In
a greenhouse, endophyte infection enhanced growth of
H. bodganii, compared with E– plants, and E+ tiller
number increased 137%[61]. Tiller numbers of E. cylin-
dricus E+ plants were 85% higher than for E– plants[32].
Endophytes can enhance host competition ability through
promoting mineral nutrients and water absorption, there-
fore E+ plants have better growth compared with E–
plants[53,62]. Additionally, endophyte can induce some
physical and biochemical changes to enhance plant
competition. However, sometimes, the growth responses
of F. arundinacea to endophyte infection depende on host
ecotype and soil nutrient status[63]. Also, vegetative growth
and nutrient acquisition in host grasses varied with ecotype
and were modified by abiotic (soil fertility status) and
biotic (endophyte infection) factors[47].

5 Conclusions

Our results shed some light on the relationship between
Epichloë endophyte and E. dahuricus of different
ecotypes. Endophyte infection significantly increased
antioxidant enzyme activities, photosynthetic pigment
concentrations and total photosynthesis capability, as
well as carbohydrate concentration and growth of
E. dahuricus plants from the WTS and QY populations.
However, Epichloë endophyte had no effect on most of
those characteristics, or even displayed some antagonistic
effects on some those parameters (e.g., leaf conductance,
transpiration rate, and leaf and sheath starch concentration
were significantly reduced by endophyte) in the WTS
population. Thus, we conclude that endophyte infection
affected E. dahuricus antioxidant enzyme activities,
photosynthesis and growth capability, although, this varied
with ecotype.
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