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Abstract
Background and aims This study explored the effects of
Epichloë gansuensis endophyte on water use efficiency
(WUE), nutrient content and biomass accumulation of
Achnatherum inebrians (drunken horse grass, DHG)
under varying water availability. It also examined pos-
sible transgenerational effects (TGE) on above
indicators.
Methods DHG with (EI) and without endophyte (EF),
from seed of plants of the same seed-line that had been
grown in Yuzhong (YZ-D, relatively dry) and Xiahe
(XH-W, relatively wet), were grown under limited water
conditions (LWC). Plant height, leaf number and chlo-
rophyll content were monitored dynamically. After
10 weeks, the biomass, photosynthetic indexes and C,
N, P content of plants was determined.

Results The endophyte increased plant height and chlo-
rophyll content, but decreased plant leaf number, and the
CO2 concentration, while increasing other photosyn-
thetic indexes. The biomass, N and P content were
higher in EI than EF plants of the YZ-D DHG, but not
the C content and root weight. However, there were
almost no significant affects on these factors between
EI and EF plants of the XH-W DHG.
Conclusions The endophyte enhanced WUE and main-
tained the growth of plants under LWC by improving
photosynthetic efficiency and promoting nutrient ab-
sorption. However, TGE also affected this process.

Keywords Epichloid endophyte . Drought tolerance .

Environment-linked plant adaptation .Water use
efficiency

Introduction

Drought is one of the most severe manifestations of
climate variability (Piao et al. 2010) and limits the
quality and quantity of the yield of crops and pas-
ture in arid and semi-arid areas (Hosseini et al.
2016; Karcher et al. 2008). An estimated 40% of
wild species have already responded ecologically to
drought, heat and other extreme conditions caused
by the changing climate (Parmesan and Yohe 2003).
Nearly all plants form beneficial symbiotic relation-
ships with a wide range of organisms, such as
mycorrhizal fungi, nitrogen-fixing bacteria and fungal
endophytes, which can enhance growth and
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persistence of host plants including under adverse
environmental conditions (Bastias et al. 2017;
Brundrett 2002; Lowman et al. 2016).

Endophytic fungi belonging to the genus Epichloë
have been found in many cool-season grasses (subfam-
ily pooideae) (Kuldau and Bacon 2008; Leuchtmann
et al. 2014; Schardl et al. 2004). They live asymptom-
atically within intercellular spaces of host grasses, and
their growth is synchronized with that of the host grass,
with all tissues colonized except for the roots
(Christensen et al. 2008). The relationship that these
fungi have with grasses is generally considered to be
mutualistic (Müller and Krauss 2005). Prior studies
have mainly focused on the Epichloë spp. that are en-
dophytes of Lolium and Festuca spp., and have reported
that endophyte-mediated effects can increase the resis-
tance of host plants to biotic (Bastias et al. 2017; Haerri
et al. 2009; Meister et al. 2006; Saari et al. 2010; Thom
et al. 2014; Vignale et al. 2013) and abiotic stresses
(Müller and Krauss 2005; Oberhofer et al. 2014;
Schardl et al. 2007). Accordingly, cultivars of perennial
ryegrass (L. perenne) in New Zealand and tall fescue
(F. arundinacea) in the USA, host to selected strains of
epichloid endophytes, were enhancing pasture growth
and productivity while alleviating ill-thrift conditions of
grazing livestock (Johnson et al. 2013). Accumulated
evidence has proved that the presence of an Epichloë sp.
may influence the ability of host grasses to tolerate
drought stresses (Cheplick et al. 2000; Hesse et al.
2003; Oberhofer et al. 2014; Rahman et al. 2015).
However, most of the research on the effects of endo-
phytes on host grass tolerance to drought was carried out
with cultivated grass species in short-term drought ex-
periments (Cheplick et al. 2000; Rahman et al. 2015),
and although some of the grass species originate from
semiarid ecosystems, most of those tested do not occur
in arid ecosystems. Thus, the assumption that the pres-
ence of an epichloid endophyte will improve the
drought tolerance of host grasses is unjustified
(Gundel et al. 2016), and without additional research.

Apart from the effects of an endophyte, tolerance of
plants to drought is related to genotype and this is
reflected in plant ecotype (Malinowski and Belesky
2000). A transgenerational effect (TGE) may also occur
when plants are exposed to biotic or abiotic stress.
Under these circumstances, parental characteristics will
affect the phenotype of progeny to adapt to the certain
conditions by transferring information or/and resources
to them (Herman and Sultan 2011). Interestingly, most

Epichloë endophytes are transmitted vertically, thus
they have high potential as a carrier for transmitting
information from parental plants to offspring to achieve
the mediating of TGEs (Gundel et al. 2011, 2017).
Furthermore, vertically transmitted symbionts have
been shown to mediate TGEs in animals (Freitak et al.
2014). However, the definitive tests about the potential
possibility that vertically transmitted Epichloë spp. me-
diate TGEs are still needed (Gundel et al. 2017).

Achnatherum inebrians, commonly known as the
drunken horse grass (DHG), is a perennial bunchgrass
that is becoming increasingly widespread in the arid and
semi-arid grasslands of northwest China. These grass-
lands include the alpine and subalpine grasslands of
Inner Mongolia, Gansu, Qinghai, Xinjiang and Tibet,
where there is a low rainfall-drought climate (Li et al.
2004). Exposure to drought stress is a common occur-
rence for A. inebrians plants in these ecological systems.
A feature of A. inebrians plants is that nearly all are host
to the seed-transmitted epichloid endophytes
E. gansuensis or E. inebrians (Chen et al. 2015). A
survey of 20 populations of A. inebrians from low
rainfall regions (129–444 mm annual rainfall per year)
found that 19 populations were 100% infected with
E. gansuensis while the other population was 80%
infected (Nan and Li 2000). The most well known
characteristic of this grass is the adverse effect that
results from it being grazed by livestock and it is this
that gave rise to its common name. This toxicity is due
to the presence of high levels of the ergot alkaloids,
ergonovine and ergine (i.e. lysergic acid amides) that
are produced by E. gansuensis when growing
biotrophically in this host grass (Miles et al. 1996;
Zhang et al. 2014). In addition to avoidance of grazing
by livestock, evidence is growing that the presence of
epichloid endophytes in A. inebrians provides pest
(Zhang et al. 2012) and pathogenic fungi resistance (Li
et al. 2007; Xia et al. 2015). Furthermore, its presence
also provides A. inebrians with an ability to tolerate
abiotic stresses, such as from salt (Li et al. 2008), cold
(Chen et al. 2016), and heavy metals (Zhang et al.
2010), as well as drought stress (Li 2007).

The ability to obtain, maintain, and utilize water
efficiently is a key requirement for growth and survival
under conditions of water stress. Water use efficiency
(WUE), is a crucial determinant of plant production
under drought stress (Blum 2009). The mechanisms of
endophyte-mediated drought tolerance are not fully un-
derstood. Previous studies mainly focused on the effects
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of endophytes on tiller and biomass production of host
grasses (Elbersen and west 1996; Jia et al. 2015). Other
studies indicated that the advantage that endophyte-
infected (EI) grasses have over those lacking endophyte
(EF) when under drought stress may result from deeper
root systems, increased root dry matter (Karcher et al.
2008; Malinowski et al. 1997; Morse et al. 2007;
Nippert and Knapp 2007), and an increased diameter
of roots (Zhang and Nan 2007), and so aid the uptake of
available water, or from leaf rolling and the closing of
stomata to reduce water transpiration (Bacon 1993;
White et al. 1992). Of course, physiological changes
have also been indicated as additional factors that may
influence the drought response of endophyte-infected
grasses. These include increased antioxidant activity
(Hamilton and Bauerle 2012) and osmotic adjustment
(Swarthout et al. 2009). But there have been few studies
that explored the differences in WUE between EI and
EF plants under soil water deficit (Malinowski and
Belesky 2000; Swarthout et al. 2009).

In the current study, we used a controlled environ-
mental trial to test whether the presence ofE. gansuensis
improved WUE in A. inebrians under limited water
conditions, and if endophyte would enhance photosyn-
thesis or the absorption and accumulation of nutrient
elements and so increase host grass biomass. In addi-
tion, we addressed another question: do the growing
conditions of the maternal plants from which the seed
is collected affect the WUE of the progeny? Therefore,
endophyte-infected or endophyte-free DHG plants
established from seed of DHG plants from the same
population but growing at two contrasting sites
(Yuzhong and Xiahe) were utilized, and two hypotheses
were made: I) under limited water conditions, the pres-
ence of the fungal endophyte would positively affect the
WUE, nutrition and biomass accumulation of the host
grass, and II) in consideration of TGEs, the WUE,
nutrition and biomass accumulation of progeny would
also be affected by the conditioning of the maternal
plants occurring at the two environmentally different
sites.

Materials and methods

Plant material

We collected seed from E. gansuensis endophyte infect-
ed (EI) and endophyte-free (EF) DHG plants that were

grown in an experimental field of the College of Pasture
Agriculture Science and Technology, Yuzhong campus
of Lanzhou University (Yuzhong site) in 2013. Individ-
ual seed samples from each plant of 2013 were main-
tained at 4 °C. The following year, seeds from one of
those EI plants and from one of those EF plants were
equally divided into two parts respectively. We used
seed originating from a single EI and EF plant to reduce
variability within our plant material at the start of the
study. At two locations, seeds from the EI and EF plants
were sown individually in a cultivated area at spacings
of 35 cm. These sites were at the Xiahe county of Gansu
province that is relatively moist (wet site, XH-W) and at
Yuzhong that is relatively dry (dry site, YZ-D) (Supple-
mentary Table 1). After sowing in May 2014, the sown
areas were watered sufficiently to ensure that seeds
germinated. When the seedlings were successfully
established, watering of each site ceased, and the source
of water was only from local precipitation (Supplemen-
tary Table 1). In September 2015, seeds from the 200 EI
and from the 200 EF DHG at both the YZ-D and XH-W
sites were collected, bulked as EI or EF, and stored at a
constant 4 °C for the present study.

Experimental design

A controlled-environment pot trial was performed from
23 July to 12 November 2016 in the greenhouse of the
College of Pasture Agriculture Science and Technology,
Yuzhong campus of Lanzhou University. Before plant-
ing, 20 seeds were selected randomly from the EI and
EF seeds from both sites and were used to confirm the
infection statues of the seeds used to establish this part
of the study. The result showed that all 20 EI seeds were
endophyte-infected, and the 20 EF seeds were all endo-
phyte-free.

One polyethylene bag was inserted in each of the pots
(diameter: 140 mm; height: 170 mm) used in the study,
and then 250 g gravel was firstly added into this bag. A
tube (diameter: 5 mm; height: 220 mm) was inserted
with one end buried in the gravel at the bottom of the
bag while the other end was exposed to the air to ensure
air exchange between soil and outside. Seven hundred
gram of a 50:50 mixed medium of vermiculite and air-
dried peat moss was then added to the bag. The water-
holding capacity of the mixed culture medium was
measured, and when saturated, 700 g medium could
hold an average of 952 g of available water. Sixty plastic
pots, each containing a plastic bag with the growth
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medium, were prepared. Fifteen pots were used for each
for the YZ-D EI, YZ-D EF, XH-W EI and XH-W EF
seed samples. On July 23, into each of the medium-
containing plastic bags were planted three healthy-
looking, well-filled seeds from the appropriate matching
seed sample (Fig. 1a). After germination, plants were
thinned to one seedling per pot, and all these pots were
assigned at random to a position within a constant
temperature greenhouse (temperature: 24 ± 2 °C, mois-
ture: 76 ± 2%with a cycle of 16 h light and 8 h dark) and
were watered as needed.

On 3 September (six weeks after sowing), for plants
of each seed type (YZ-D and XH-W), 20 pots with
similar sized plants were selected, 10 with EI and 10
with EF plants, comprising a total of 40 pots in the trial.
To make sure that the infection status of each plant in the
experiment was correct, the infection status of each
seedling was determined by microscopic examination
of leaf sheath pieces stained with aniline blue. All pots
were then saturated with water and the polyethylene bag
within each pot was sealed. A small slit was made in the
top of the bags to allow the plant shoots to grow
through, and then was covered with a layer of dry soil
to prevent water loss. The protruding end of the tube
ensured air exchange (Fig. 1b). Any water lost from a
pot was assumed to be due to use or from transpiration
carried out by plants (Xin et al. 2008). Every two weeks
each pot was weighed to assess the residual water in soil.
After weighing, the position of each pot was changed
randomly till the end of this trial.

Measurement protocols

From 3 September, the height, leaf number and chloro-
phyll content of each plant was measured biweekly. The
photosynthetic indexes (including photosynthesis rate,

intercellular carbon dioxide concentration, stomatal
conductance and transpiration rate) were measured at
the beginning and end of this trial. On 3 November, after
10 weeks growth, the limited water in each pot was
almost exhausted. The symptoms induced by drought
stress had started appearing on some plants. At this
point, all the plants were carefully removed from the
culture medium and cleaned with tap water before being
separated into root and foliage components.

The biomass, leaf relative water content and ele-
ments, including total organic carbon (C), total nitrogen
(N) and phosphorus (P) were measured after the plants
were harvested. The detailed methods employed are as
follows.

Chlorophyll content

Chlorophyll content in the top leaf of each plant in each
treatment was measured biweekly using a Chlorophyll
meter, SPAD-502Plus (Konica Minolta Sensing, Inc.,
Japan). Four measurements were performed at 4 points
along the selected leaf of every plant. The relative values
for the chlorophyll content, the SPAD values, were
converted into concentration values (mg/dm2), accord-
ing to the following formula (Ye et al. 2017):

Y ¼ 0:0996x−0:152

Where x is SPAD value and Y is concentration value.
The mean value of the leaf sections was taken as the
actual value of chlorophyll content in individual plants.

Photosynthetic indexes

At the beginning (on 3 September) and the end (on 11
November) of this trial, the photosynthetic indexes were
measured. Photosynthesis in the top leaf of each plant in

Fig. 1 Illustration of the growth
procedure used in this study
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each treatment was measured using a LI-6400 portable
photosynthesis system (LI-COR Inc., USA) from 9:00
to 11:00 a.m. Four measurements were performed at 4
points along each leaf on every plant. The chamber was
equipped with a red/blue LED light source (LI6400-
02B), with the PAR set at 1200 μmol m−2 s−1, and the
detesting conditions as T = 28 ± 1 °C, air carbon dioxide
concentration = 410 ± 10 μmol CO2 mol−1.

Leaf relative water content

Four leaves were selected randomly from each pot in
each treatment, and square-shaped leaf samples were cut
from each leaf. Fresh weights of the leaf samples (Lfw)
were obtained, then they were placed into distilled water
and stored at 4 °C for 48 h and the leaf turgid weight
(Ltw) was determined. The samples were weighed again
after the samples were dried at 65 °C for 48 h as leaf dry
weight (Ldw). The leaf relative water content (LRWC)
was calculated based on the following formula:

LRWC %ð Þ ¼ Lfw−Ldwð Þ= Ltw−Ldwð Þ � 100

Elemental analysis

All samples were oven-dried at 80 °C until a constant
weight was reached and then subjected to bead-beating
using a Retsch 400MM beating mill (Verder Shanghai
Instruments and Equipment Co., Ltd., China). Total
organic C content was determined with oil bath-
K2CrO7 titration method (oxidization with dichromate
in the presence of H2SO4, heated at 180 °C for 5 min and
titration with FeSO4). Total N and P contents in samples
were determined following digestion with H2SO4 at a
temperature of 420 °C. The N and P concentrations in
the digested solutions were determined by flow injection
analysis, using a FIAstar 5000 Analyzer (FOSS Analyt-
ical, Denmark).

Statistical analysis

Statistical data analysis was performed with the SPSS
software, Version 17.0 (SPSS, Inc., USA). Effects of
endophyte and seed origin on plant height, leaf number
and chlorophyll content were evaluated through
repeated-measures ANOVA. Effects of endophyte and
origin of seed on biomass, elements, leaf relative water
content and photosynthesis indexes were evaluated by

independent-sample t-test. Statistical significance was
defined at the 95% confidence level. Means are reported
with their standard error.

Results

Dynamic change of plant growth parameters
and chlorophyll content

Repeated-measures ANOVA revealed that endophyte
and origin of seed did not significantly affect the change
of residual water in soil (Pendophyte, e = 0.459, Psite, s =
0.443), and their interaction also did not significantly
affect it (Pe*s = 0.239) during the entire progress of this
trial (Fig. 2b). However, differences in plant height
(Pe = 0.006), leaf number (Pe = 0.003) and chlorophyll
content (Pe < 0.001) of EI and EF plants was markedly
affected by the presence of the endophyte (Figs. 3a, b
and 4). The effect of seed origin on plant height (Ps =
0.934) and leaf number (Ps = 0.118) was not significant
(Fig. 3a, b), but it was significant for chlorophyll content
(Ps = 0.013) (Fig. 4). An endophyte × seed origin effect
indicated that significant differences in plant height
(Pe*s = 0.016) and chlorophyll content (Pe*s < 0.001)
were present (Figs. 3a and 4), but these differences were
not significant in residual water in soil (Pe*s = 0.239)
and leaf number (Pe*s = 0.709) (Figs. 2b and 3b). How-
ever, the chlorophyll content of EI plants from the YZ-D
site were significantly higher than EI plants from the
XH-W site (P < 0.05) at the end of this trial, with a
relative increase of 4.0% (Fig. 4).

Photosynthetic indexes of EI and EF plants
at the beginning and the end of this trial

At the beginning of this trial, the water in the soil was
plentiful for plant growth. At this time, there were no
significant differences of the net photosynthetic rate,
stomatal conductance and intercellular carbon dioxide
concentration, either between EI and EF plants or be-
tween seed originating at the YZ-D and XH-W sites
(P > 0.05) (Fig. 5a, b, and c). However, the presence of
endophyte significantly increased the transpiration rate
of EI plants compared with EF plants at the beginning of
the trial (P < 0.05). In addition, the transpiration rate of
the plants from the XH-W site was significantly higher
than the plants from the YZ-D site (P < 0.05) In addi-
tion, the transpiration rate of EI plants from the XH-W
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site was significantly higher than for EI plants from the
YZ-D site (P < 0.05), with a relative increase of 75.1%.
The result of EF plants from both the YZ-D and XH-W
sites was the same with for EI plants, with a relative
increase of 83.0% for plants originating from the wet
site (Fig. 5d).

As the limited water was utilized, the plants suffered
from various degrees of drought stress. The symptoms
induced by drought stress started appearing on some
plants after 10 weeks growth (Fig. 2a). The significant
differences of three photosynthetic indexes, including
photosynthetic rate, stomatal conductance and transpi-
ration rate, either between EI and EF plants or between
plants developing from the YZ-D and XH-W seed, had
started appearing by that time (P < 0.05) (Fig. 5e–h).
The presence of endophyte significantly increased the
photosynthetic rate of EI plants from both the YZ-D and
XH-W sites (P < 0.05), with a relative increase of 60.9%
and 56.5% respectively. The plants from the YZ-D site
had a significantly higher photosynthetic rate than those

originating from the XH-W site, with a relative increase
of 39.3% (P < 0.05) The photosynthetic rate of EI plants
from the YZ-D site was significantly higher than of EI
plants from the XH-W site (P < 0.05), with a relative
increase of 40.8%. This index of EF plants from the YZ-
D site was also higher than EF plants from the XH-W
site (P < 0.05), with a relative increase of 37.0% (Fig.
5e). The stomatal conductance of EI plants from both
the YZ-D and XH-W sites were significantly higher
than EF plants from the same site of origin (P < 0.05),
with a relative increase of 22.9% and 36.5% respective-
ly. Plants originating at the YZ-D site had significantly
more stomatal conductance than the XH-W origin
plants, with a relative increase of 44.3% (P < 0.05)
The stomatal conductance of EI plants from the YZ-D
site was significantly higher than EI plants from the XH-
W site (P < 0.05), with a relative increase of 37.8%. This
index of EF plants from the YZ-D site was also higher
than EF plants from the XH-W site (P < 0.05), with a
relative increase of 53.1% (Fig. 5h). The presence of

Fig. 2 Photograph of EI and EF
A. inebrians of both the YZ-D and
XH-W sites at the end of this trial
(a) and the residual water in the
soil during the whole trial period.
Values are means of each
treatment
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endophyte only significantly decreased the carbon diox-
ide concentration of plants from the YZ-D site
(P < 0.05), with a relative decrease of 11.4%. However,

the difference between the two sites of origin was not
significant (P > 0.05) (Fig. 5g). The differences of tran-
spiration rate between EI and EF plants from both sites

Fig. 3 The dynamic change of
leaf number (a) and plant height
(b) of EI and EFA. inebrians of
both the YZ-D and XH-W sites
during the whole trial period.
Values are means of each
treatment

Fig. 4 The dynamic change of
chlorophyll content of EI and EF
A. inebrians of both the YZ-D and
XH-W sites during the trial
period. Values are means of each
treatment. White asterisk (*) in
symbol means significant
difference (P < 0.05) between
YZ-D and XH-W samples of EI
grasses based on an independent-
sample t-test
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of origin were significant (P < 0.05), with the presence
of endophyte increasing the transpiration rate of EI
plants by 10.1% and 11.1% compared with EF plants
from the YZ-D and XH-W sites, respectively. Plants
originating from the YZ-D site had a significantly higher
transpiration rate than the plants originating from the
XH-W site (P < 0.05), with a relative increase of 6.6%.
The transpiration rate of EI plants from the YZ-D site
was significantly higher than EI plants from the XH-W
site (P < 0.05), with a relative increase of 6.1%. This
index of EF plants from the YZ-D site was also higher
than EF plants from the XH-W site (P < 0.05), with a
relative increase of 7.2% (Fig. 5h).

C, N and P accumulation

At the end of the trial, the content of elements of both
shoots and roots, including total organic C, total N and
P, were measured. The presence of endophyte signifi-
cantly increased the C content of shoots, but significant-
ly decreased the C content of roots (P < 0.05), with a
relative difference of 4.1% and 4.4% respectively. Plants
originating from the YZ-D site had significantly higher
C content of roots than from the XH-W site, (P < 0.05)
with a relative increase of 15.3%. The C content of roots
of EI plants from the YZ-D site was significantly higher
than EI plants from the XH-W site (P < 0.05), with a
relative increase of 13.9%. This index of EF plants from
the YZ-D site was also higher than EF plants from the
XH-W site (P < 0.05), with a relative increase of 16.7%
(Fig. 6a, b). Plants originating from the YZ-D site had
significantly higher N content in shoots than those from
the XH-W site, with a relative increase of 24.5% (P <
0.05). The shoot N content of EI plants from the YZ-D
site was significantly higher than EI plants from the XH-
W site (P < 0.05), with a relative increase of 27.7%. This
index of EF plants from the YZ-D site was also higher
than EF plants from the XH-W site (P < 0.05), with a
relative increase of 21.2%. In addition, the presence of
endophyte significantly increased the N content of roots
13.7% (Fig. 6a, b). The presence of endophyte signifi-
cantly increased the P content of roots of the plants
originating from both sites (P < 0.05), with a relative
increase of 66.1% and 24.0% respectively, but the dif-
ference of the shoot fraction only occurred with the
plants originating from the YZ-D site (P < 0.05), with
a relative increase of 48.7%. The P content of roots of
EF plants from the XH-W site was significantly higher

than EI plants from the YZ-D site (P < 0.05), with a
relative increase of 22.1% (Fig. 6e, f).

Leaf relative water content and biomass

The leaves of plants originating from the YZ-D site
had significantly higher water content than the leaves
of plants pf the XH-W site, with a relative increase of
33.3% (P < 0.05). In addition, the presence of endo-
phyte significantly increased the leaf relative water
content of the plants from the YZ-D site (P < 0.05),
with a relative increase of 37.0%. The leaf relative
water content of EI plants from the YZ-D site was
significantly higher than EI plants from the XH-W
site (P < 0.05), with a relative increase of 46.1%
(Fig. 7). Plants originating from the YZ-D site also
had significantly higher fresh weights of shoots and
roots than those from the XH-W site (P < 0.05), with
a relative increase of 13.2% and 23.1% respectively.
In addition, the presence of endophyte significantly
increased the fresh weight of the shoots of plants
from the YZ-D site (P < 0.05), with a relative increase
of 10.6%, but significantly decreased the fresh weight
of roots of plants from the same site of origin (P <
0.05), with a relative decrease of 9.2%. The fresh
weight of both shoot and root fraction of EI plants
from the YZ-D site was significantly higher than EI
plants from the XH-W site (P < 0.05), with a relative
increase of 17.1% and 17.5% respectively. But the
difference in fresh weight between the plants from the
YZ-D and XH-W sites was only significant with the
root fraction (P < 0.05), with EF plants from the YZ-
D site having higher weights than EF plants from the
XH-W site, with a relative increase of 28.6%
(Fig. 8a, b). The results of dry weight showed that
they had the same trend as with fresh weight. Plants
originating from the YZ-D site had significantly more
shoot and root dry matter than from the XH-W site

�Fig. 5 The photosynthetic indexes of EI (closed bars) and EF
(open bars) A. inebrians from both the YZ-D and XH-W sites at
the beginning and the end of this trial. Values are means of each
treatment, error bars are SE of the mean values. Asterisk (*) above
line means significant difference (P < 0.05) between EI and EF or
YZ-D and XH-W samples (If appeared). White asterisk in the
closed bars means significant difference (P < 0.05) between YZ-
D and XH-Wof EI grasses; black asterisk in the open bars means
significant difference (P < 0.05) between YZ-D and XH-W of EF
grasses. All the analyses were based on an independent-sample t-
test. The same below
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(P < 0.05), with a relative increase of 7.7% and 22.6%
respectively. Similarly, the presence of endophyte sig-
nificantly increased the dry weight of shoots of plants
from the YZ-D site (P < 0.05), with a relative increase
of 16.8%, but also significantly decreased the dry
weight of roots from the same site (P < 0.05), with a
relative decrease of 18.1%. The dry weight of both
the shoots and roots of EI plants from the YZ-D site

was significantly higher than EI plants from the XH-
W site (P < 0.05), with a relative increase of 14.7%
and 15.2% respectively. But the difference of dry
weight between the plants from the YZ-D and XH-
W sites was only significant with the roots (P < 0.05),
with the EF plants from the YZ-D site being higher
than for the EF plants from the XH-W site, with a
relative increase of 29.7% (Fig. 8c, d).

Fig. 6 C, N and P content in shoots (a, c, e) and roots (b, d, f) of EI (closed bars) and EF (open bars) A. inebrians from both the YZ-D and
XH-W sites
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Discussion

The key findings of this study are that the presence of
the E. gansuensis endophyte enabled A. inebrians plants
to better tolerate water deficit conditions than plants
without the endophyte by enhancement of the water

utilization efficiency. The growth, photosynthetic effi-
ciency, leaf relative water content and C, N and P uptake
and/or accumulation of EI plants were also greater than
the EF plants. In addition, when plants were grown for
two growing seasons in a wetter area than the original
water deficit conditions to which the same population

Fig. 7 Leaf relative water content
of EI (closed bars) and EF (open
bars) A. inebrians from both the
YZ-D and XH-W sites

Fig. 8 Shoot (a, c) and root (b, d) fresh/dry weight of EI (closed bars) and EF (open bars) A. inebrians from both the YZ-D and XH-W sites
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had been exposed to for several years, the level ofWUE,
and also the growth, photosynthetic efficiency, leaf rel-
ative water content and C, N and P uptake and/or
accumulation of the progeny of plants was significantly
lower than the progeny grown in the original dry site
conditions. This reduction in water use efficiency, and in
the photosynthetic efficiency and nutrient absorption, is
evidence of a transgenerational effect in response to the
reduced exposure of parent plants to stress resulting
from a water deficit. In addition, the presence of endo-
phyte enhanced this transgenerational effect.

Previous research had indicated that much of the
benefits that the presence of the endophyte provides to
plants subjected to water deficit comes from improved
water uptake and reduced water loss. This improvement
in water uptake was associated with changes to the root
system including in the depth, width and quantity
(Cheplick et al. 2000; Hesse et al. 2003; Malinowski
et al. 1997; Morse et al. 2007; Nippert and Knapp 2007;
Zhang and Nan 2007). The reduction of water loss was
connected to altered stomatal conductance through the
control of stomatal behavior (Elmi and West 1995;
Malinowski et al. 1997), or reduced leaf transpiration
area by the rolling of leaves (Bacon 1993; White et al.
1992). Our findings indicated that the positive effect that
the presence of E. gansuensis endophyte had on host
grasses exposed to limited water conditions was associ-
ated with WUE as both EI and EF had access to the
same amount of water and there was no significance
difference in water consumption between EI and EF
plants. In spite of there being no difference in those
two factors, the presence of E. gansuensis was still able
to enhance the growth, photosynthetic parameters, and
N and P uptake and accumulation of host plants com-
pared with EF plants under water deficit conditions. In
other words, the positive effect of E. gansuensis on host
grasses exposed to limited water conditions may in at
least some endophyte/grass associations be associated
with an induced increase in water use efficiency. Thus
the ability to uptake water may be secondary toWUE in
the maintaining of regular growth of host grasses ex-
posed to drought stress. In this case, it is not hard to
understand why EI plants allocated more resources to
shoots, but less to roots than EF plants in our trial. This
phenomenon may be regarded as an adaptive measures
of plants, under the stimulation of endophyte, to allevi-
ate drought stress by increasing growth rates and ad-
vancing flowering. Only in this way were plants able to
allocate more resources to shoots to complete seed

production before the most intense period of drought
(Davitt et al. 2011).

Previous research indicated that dry environmental
conditions may favor selection of Epichloë/Lolium
perenne associations with beneficial endophyte effects
on plant persistence and seed production than occurs
with plants from wet environmental conditions (Hesse
et al. 2005). Additionally, Epichloë endophyte incidence
of Hordeum comosum is higher in populations of more
arid sites in the Patagonian steppes than in wet zones
(Iannone et al. 2015). The effects of endophyte on the
drought tolerance of host grasses were highly variable,
mainly dependent on environmental conditions and host
plant genotype (Cheplick 2004; Faeth and Sullivan
2003; Hesse et al. 2003, 2005; Saikkonen et al. 2006).
Our results showed that the content of C, N and P,
photosynthetic indexes, leaf relative water content and
biomass of plants from the YZ-D site were different
from these indexes of plants from the XH-W site, under
water deficit condition. Thus it can be seen that, apart
from the effects on plants themselves, environmental
factors may also affect the performance of the first
generation progeny of plants under various stresses, at
least under drought stress. These kinds of effects in this
study were transgenerational effects, which were detect-
ed from the seed of plants exposed to less stress. The
information frommaternal DHGs that grew at the YZ-D
site and thus had already been exposed to water deficits,
and which completed seed production as quickly as
possible, should transmit the adaptive benefit to the
progeny as TGEs. However, the shoot biomass was
significantly higher (grew faster) of only EI DHG plants
from the YZ-D site, with the difference between EF
DHG from two sites being not significant. This phe-
nomenon indicate that E. gansuensis endophyte that is
transmitted vertically by seeds (Gundel et al. 2011) may
be a carrier for the transmission of information from
parental plants to offspring to achieve the mediating of
TGEs as proposed by Gundel et al. (2017).

Our findings provide support for the two hypotheses
raised earlier in this article. Under the interaction effects
of endophyte and TGEs, the leaf relative water content,
nutrition elements uptake, photosynthetic indexes and
biomass accumulation by host plants were improved
under water deficit conditions from the increase of water
use efficiency of host plants.. Leaf relative water content
is a key factor for determining the resistance of many
crops to water stress (Odokonyero et al. 2016). The
utilization of water to maintain cellular hydration under
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water deficit conditions can be explained through this
parameter (Odokonyero et al. 2016). High LRWC under
water deficit conditions indicates less cell water damage
and a greater ability of cells to absorb and conserve
water (Malinowski and Belesky 2000). Research on
L. perenne indicated that the presence of an epichloid
endophyte increased the LRWC in leaves of endophyte-
infected host plants, however similar research on blue-
grass (Poa alsodes) showed the opposite results
(Kannadan and Rudgers 2008; Ren et al. 2006). Our
results were similar to the first mentioned, with the
endophyte significantly increasing the LRWC of leaves
of plants originating from the YZ-D site, and the LRWC
of the plants from the YZ-D-site were significantly
higher than those of the XH-W plants (P < 0.05). Higher
LRWC helps EI plants obtain stronger resistance to
water deficit than those EF plants with lower LRWC
(Odokonyero et al. 2016).

In addition to a restriction in available water, soil
drying induces a decrease in soil nutrients, especially
nitrogen, with strong interactive effects on plant growth
and function (McDonald and Davies 1996). Our results
indicated that the presence of endophyte increased the N
uptake and transportation under water deficit stress in
shoots and roots of plants originating from both the YZ-
D and XH-W sites. It is well known that N is an essential
component of all enzymes (Khan et al. 2014). Plentiful
N supply ensures that the synthesis of enzymes is not
restricted, and these enzymes include those involved in
improving drought resistance. Additionally, N is also an
important component for alkaloid biosynthesis (Faeth
and Fagan 2002). The significant difference only ap-
peared in root growth (P < 0.05), but the concentration
of N in both the shoots and roots fractions of EI were
higher than of EF plants. The increase of N concentra-
tion may be, at least in part, connected with alkaloid
synthesis in host plants as a protection under water
deficit stress. This possibility was supported by previous
studies for A. inebrians where the concentration of
ergonovine and ergine alkaloids increased in response
to water deficit stress (Zhang et al. 2011). Another class
of alkaloids, the lolines, also increased in endophyte-
infected tall fescue (Festuca arundinacea) under water
deficit stress, which was regarded as an endophyte-
induced protection in the survival and recovery of
F. arundinacea plants from water deficit (Nagabhyru
et al. 2013). The same results were also obtained from
the study about F. rubra, with the infection of
E. festucae increasing the N and ergovaline content in

host grass under severe drought stress (Vázquez-de-
Aldana et al. 2013).

Apart from N concentration, the synthesis of alka-
loids in endophyte-infected grasses, especially ergot
alkaloids, was also influenced by P concentration
(Song et al. 2015). In addition, P is an essential element
for plant development and growth, making up about
0.2% of the dry weight of plants (Smith et al. 2011).
Varying P levels in organisms are partly driven by the
allocation of P to the ribosomal RNA (rRNA), which is
required to meet the protein synthesis demands of in-
creased growth rates (Elser et al. 2000; Hessen et al.
2007) or improving stress resistance, such as drought
stress. It is worth mentioning that N availability poten-
tially promotes P uptake through stimulating phospha-
tase activity in the roots (Fujita et al. 2010). Further-
more, the presence of an epichloid endophyte could
increase the diversity of phosphate-solubilizing fungi
(PSF) in the soil (Arrieta et al. 2015) or secreted acid
phosphatase by root (Li et al. 2012). P-solubilizing
microorganisms play an important role in supplying
available P to plant, a higher number of PSF and a high
acid phosphatase secretion by roots are always associ-
ated with an increase of P-solubilization activity in the
soil (Li et al. 2012; Pradhan and Sukla 2006). Thus, the
endophyte, at least indirectly, contributes to plant nutri-
tion absorption through increasing the pool of P in the
rhizosphere, making this element available for plant
assimilation (Zaidi and Khan 2007). Our results also
proved the point that the presence of the Epichloë sp.
endophyte did increase the P concentration in both
shoots and roots. A non-significant difference only ap-
peared at the shoot fraction of the plants originating
from the XH-W site (P > 0.05) at the end of this trial.
A previous study about a E. festucae-F. rubra associa-
tion also showed an endophyte-mediated increase in
aboveground P at all levels of water stress (Vázquez-
de-Aldana et al. 2013). Thus, this increase in P content
may be one of the reasons why the presence of endo-
phyte promoted the growth of host plants under water
deficit condition.

Compared with N and P elements, C has an entirely
different pathway for assimilation by plants (Berman-
Frank and Dubinsky 1999). The carbon assimilation of
green plants is mainly through photosynthesis, and the
key factors affecting the photosynthesis are atmospheric
CO2 concentration, light, vapor pressure deficit, temper-
ature, as well as water availability (Fatichi and
Leuzinger 2014). CO2 concentration and accessibility,
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which depends on the close association with intercellu-
lar carbon dioxide concentration, are strongly related to
photosynthesis and subsequent carbon assimilation
(Rozpądek et al. 2015). Nevertheless, the CO2 diffusion,
especially intercellular carbon dioxide concentration, is
affected by stomatal conductance. Prolonged closure of
stomata may result in a decline of chloroplastic CO2

concentration and further limit photosynthesis (Centritto
et al. 2009). Additionally, the presence of an epichloid
endophyte not only directly improves the photosynthet-
ic indexes of host plants (Marks and Clay 1996;
Rozpądek et al. 2015; Spiering et al. 2006), but also
indirectly improves the photosynthesis via increasing
chlorophyll concentration (Rozpądek et al. 2015). How-
ever, the main influences of this effect are the growth
phase and genotype of plants (Spiering et al. 2006). Our
results were similar with previous research, in that the
presence of the Epichloë sp. significantly increased the
chlorophyll concentration (P < 0.05) and may change
the plant metabolism from defense to growth under
water deficit conditions, which allows the plant to utilize
available water resources for photosynthesis and carbon
assimilation. This strategy allows the plant to Bfeed^ its
fungal partner and yield high biomass. However, the
photosynthetic indexes, except for the intercellular car-
bon dioxide concentration, were also significantly af-
fected by the origin of the seed reflecting the different
environmental conditions at the two sites.

Conclusion

The results of this study that examined the effects of the
presence of E. gansuensis endophyte on the growth of
A. inebrians plants under limited water conditions were
interesting and unexpected. Our key finding was that EI
plants absorbed the same quantity of water as EF plants
during this trial, rather than having an increased uptake
of water, however, the growth of EI plants were better
than EF plants under limited water condition. Thus, we
concluded that the presence of E. gansuensis endophyte
increased the water use efficiency of host plant. This
improved efficiency was specific in enhancing the per-
formance of photosynthetic indexes and improving C,
N, P accumulation, and thus increasing the plant bio-
mass. Additionally, these beneficial effects of endophyte
on the water use efficiency of host plants were not
identical in plants originating from seed from the YZ-
D and XH-W sites. Instead, it was related with the

conditioning of the seed-producing plants occurring at
the two sites. Thus, we concluded the drought tolerance
of grass was also affected by the transgenerational ef-
fects. Seed transmitted epichloid endophytes in other
host grasses exposed to stress may also mediate benefi-
cial transgenerational effects. The fact that nearly all
A. inebrians plants present in the arid or semi-arid
grasslands of northwest China are endophyte-infected
indicates that the presence of the endophyte is either an
advantage or at least not a disadvantage. Further studies
that include biotic stresses in addition to those caused by
a range of water availability are required to understand
mechanisms underlying the apparent selective advan-
tage for endophyte-infected A. inebrians plants in these
natural grasslands ecosystems.
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