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Endophyte-infection reduces leaf dehydration of ryegrass and tall
fescue plants under moderate water deficit
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Abstract

Drought stress is one of the limiting factors in
perennial ryegrass growth and development. In order
to investigate the drought responses among different
cultivars and evaluate the role of fungal endophyte in
modifying drought responses, a glasshouse experiment
was conducted using ryegrass cultivars ‘Alto’ and
‘Banquet II’, and a Mediterranean tall fescue cultivar,
‘Grasslands Flecha’ as contrast with the two ryegrass
cultivars. Under drought stress ‘Flecha’ had a higher
stomatal conductance and transpiration rate than the two
ryegrass cultivars, and also significantly greater deep-
root allocation. Endophyte-infected plants exhibited
reduced leaf dehydration under stress compared with
endophyte-free plants. Under stress, endophyte-free
plants displayed significantly lower relative water
content and a more negative leaf water potential and
osmotic potential than well-watered endophyte-free
plants, whereas endophyte-infected plants displayed
smaller and non-significant changes when subjected to
water deficit stress. Endophyte-infected plants also had
less deep-root allocation than endophyte-free plants.
The results of this study increase understanding of the
relationship between endophytes and their ryegrass or
tall fescue hosts under drought stress.

Keywords: deep-root allocation, Epichloé, gas
exchange parameters, Neotyphodium, plant water
relations, Lolium perenne

Introduction

Perennial ryegrass (Lolium perenne L.) is one of the
major components of New Zealand pastures; however,
the growth and development of this species can be
significantly constrained by regular severe drought
events (Clark 2011). Improved persistence and
production of ryegrass cultivars under summer drought
conditions is becoming increasingly important due to
the intensification of farming systems (Matthew et al.
2010) and the rise in our planet’s average atmospheric
temperature.

Drought tolerance is defined as the possession
of physiological and biochemical adaptations that
enable plant tissues to cope with water deficit (Clarke
& Durley 1981). Mechanisms of drought tolerance
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include reducing water loss or maintaining water
uptake to delay dehydration (e.g. increased stomatal
resistance and/or increased root density and depth), and
maintenance of turgor in order to tolerate dehydration
(e.g. by osmotic adjustment) (Turner 1986).

Currently, concerns are being expressed about the
capacity of more recently released perennial ryegrass-
endophyte combinations to persist and perform in the
modern dairy farming context (Parsons e al. 2011).
Epichloé fungal endophytes, including asexual morphs
formerly classified in the form genus Neotyphodium,
have an essential role in pasture systems since
selected strains can protect their host grasses from
a range of insect pests (Popay & Hume 2011). It
has also been shown that under drought conditions
Epichloé endophytes induce responses in their grass
hosts including plant phenotype adaptations to avoid
drought and biochemical and physiological adaptations
for drought tolerance (Malinowski & Belesky 2000)
although the mechanisms are poorly understood.
However, endophyte effects on drought tolerance
of perennial ryegrass are multifarious; for example,
Cheplick (2004) claimed that the symbiotic relationship
between endophyte and host plants benefits the fungus
rather than the host under drought stress, while Hesse
(2003) and Kane (2011) showed that endophytes can
improve the drought tolerance of their host plants by
inducing increased root dry weight, root:shoot ratio,
and increased tiller number and height, green shoot
mass, and total yield.

In the present study, we imposed water deficit
stress in order to investigate the drought responses of
ryegrass and tall fescue (Schedonorus arundinaceus
(Schreb.) Dumort, formerly Festuca arundinacea
(Schreb.)) cultivars to evaluate the role of Epichloé
fungal endophytes in modifying drought responses.
Our hypotheses were that these three cultivars may
have some differences in drought responses and that
endophyte would play a role in modifying some of the
responses to drought stress.

Methods
Experimental design
The glasshouse experiment was a factorial 3x2x2
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statuses (endophyte-infected and endophyte-free)
and, two water treatments (well-watered and drought
stressed). Three genotypes of each cultivar were used
as replicates for each treatment, making 36 plants in
total. Plants were obtained from another project, where
seeds were sown in September 2011.

Plant material and plant culture

Two ryegrasses cultivars were studied: ‘Alto’ (diploid,
L.perenne), and ‘Banquet II” (a tetraploid certified as
a long term hybrid ryegrass, Lolium x bouchianum,
but has agronomic performance similar to that of a
perennial). Initially, these ryegrass cultivars were
infected with endophyte strains AR37 and Endo5
(ARS), respectively. A Mediterranean tall fescue
cultivar ‘Grasslands Flecha’, infected with endophyte
strain AR542 was also studied. Plants with three to
four tillers were transferred on 26 September 2012 to
PVC pots (100 cm high, 10 cm diameter) lined with
a polythene plastic tube filled with soil to 5 cm from
the pot rim. Pots in treatment groups of six (three
cultivars with and without endophyte) were placed
in 200 L drums with a plastic tap fitted at the bottom.
Soil used in the experiment was obtained from the B
horizon of a Manawatu silt loam, with a field capacity
of 24 g [100 g dry soil]'. Woodace® Longterm slow
release fertiliser (N:P:K = 18:2.2:8.3) was added to soil
as a rate of 6 g/100 L soil to ensure adequate nutrient
supply. Temperature was monitored and recorded every
ten minutes during the experiment from 26 Sep 2012
to 8 January 2013. The average glasshouse temperature
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was 21.8°C with the daily maximum and minimum
temperatures averaging 36°C and 8°C, respectively.
Time with temperature above 30°C was 37.2 hours in
total during the experiment.

Endophyte assessment and elimination

To obtain genetically identical pairs of endophyte-
infected and endophyte-free plants, the endophyte was
eliminated from clonal replicates of infected plants
using the fungicide benomyl as described by Latch &
Christensen (1982) with immuno-detection (Simpson
et al. 2012) and microscopy examination (Latch &

Effects of water treatments, and water treatment interaction between endophyte status and soil water content (SWC) of

three soil depths (D1 0-30 cm, D2 30- 60 cm, and D3 60-100 cm) and plant daily water uptake.

Water treatment

Control Stress
E- E- E+

SWC-D1 0.119a 0.118 a (0.0231) 0.080 b 0.107 ab (0.032)
(%) (0.037) (0.029)

0.118 (0.033) A 0.093 (0.033) B
SWC-D2 0.191a 0.161 a (0.057) 0.099 b 0.148 a
(%) (0.032) (0.048) (0.051)

0.176 (0.047) A 0.123 (0.054) B
SWC-D3 0.263 a 0.245 a (0.054) 0.099 ¢ 0.167b
(%) (0.021) (0.066) (0.088)

0.254 (0.041) A 0.134 (0.083) B
Daily water use (kg pot™) 0.216 a 0.186 a (0.095) 0.051b 0.037 b

(0.083) (0.022) (0.021)

0.201 (0.088) A

0.044 (0.022) B

Note: The standard deviations (SD) of means are shown in brackets. Small letters in each row indicate the significance of means
for the water treatment x endophyte status interaction (P<0.05). Different capital letters in each row indicate a significant water
treatment effect P<0.05. E- and E+ denote endophyte-free and endophyte-infected, respectively.
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Christensen 1982) used to confirm the endophyte status
of each plant after the fungicide treatment. Fungicide
treated plants were grown in a glasshouse for several
weeks before being transferred into the pots.

Irrigation records

For the first two months, all plants were watered as
required (approx. 400 ml applied to the soil surface
daily) to allow plants to fully establish (plants were
considered fully established when tiller number reached
a steady state). On 26 November, all drums were filled
with water to 15 cm from the rim of the drum and the
water was kept in the drums for 48 hours to allow
percolation upwards through the soil profile in each
pipe. Water was then drained out of the drums. From
that date, the control drums were filled with water every
three to four days as described above. The drums of
the drought treatment groups received a limited water
supply; over an interval of forty days 200 ml of water
was applied to the soil surface twice and drums were
once half-filled with water (i.e. to 45 cm from the soil
surface), and then drained after 24 hours.

Measurements

The predawn leaf water potential (LWP) was measured
on 2 January 2013 between Sam and 7.30am using a
Scholander pressure chamber (Scholander ef al. 1965).
The youngest fully expanded leaf of a randomly selected
adult tiller was used to determine LWP. The lower 1
cm of the same leaf was cut and immediately wrapped

in plastic cling film and tin foil, immersed in liquid
nitrogen, and frozen at -80°C for later measurement
of osmotic potential (OP) with a thermocouple
psychrometer (Wescor HR 33T). Leaf turgor pressure
(TP) was estimated as the difference between LWP
and OP. Relative water content (RWC) was determined
using the procedure described by Bayat et al. (2009)
with some modifications made (tubes were stored in
weak light rather than in the dark to reduce respiration
loss of CO,) based on the precautions proposed by
Turner (1981). Pots were weighed on 3 and 4 January
2013 and daily water uptake was calculated from the
loss of weights for each pot.

Destructive harvesting was carried out from 8 to 11
January 2013. At harvest, above ground herbage was
divided into two components: green shoot (>5cm from
the soil surface) and stubble (0—5 cm). The internal
sleeve was pulled out from the pot and cut into three
segments with its enclosed soil (D1 0-30 cm; D2 30-60
cm; D3 60-100 cm). For each soil depth visible roots
(coarse roots) were extracted by hand and soil samples
of approximately 500 g were weighed and dried at
105°C for 24 hours to determine gravimetric soil
water content (SWC). The DM of green shoot, stubble
and coarse root fractions from each soil depth were
determined by oven drying at 80°C for 48 hours. An
index for increased allocation of biomass to formation
of deep roots was obtained by adding together both
above ground mass and the soil D1 root mass and
expressing this as denominator of a ratio with root mass

Table 2 Effects of water treatment, and water treatment interaction with endophyte status on relative water content (RWC), leaf
water potential (LWP), osmotic potential (OP) and turgor pressure (TP).
Note: The standard deviations (SD) of means are shown in brackets. Small letters in each row indicate the significance
of means for the water treatment x endophyte status interaction (P<0.05). Different capital letters in each row indicate a
significant water treatment effect P<0.05. E- and E+ denote endophyte-free and endophyte-infected, respectively.
Water treatment
Control Stress
E- E+ E- E+
RWC (%) 96.5a 94.8a 82.0b 91.1 ab
(5.7) 3.9 (17.6) (7.0
95.7 (4.8) A 86.6 B (13.8)
LWP (bars) -26a -4.5ab -129c¢ -8.5 bc
(1.0 (2.3 8.5 3.7)
-35(2.0A -10.7 B (6.8)
OP (bars) -20.16 a -28.05 ab -37.09 b (16.92) -32.44 ab (14.18)
(4.89) (15.72)
-24.11 (12.00) A -34.77 B (15.33)
17.54 a 23.58 a 2418 a 2397 a
TP (bars) (5.00) (15.58) (19.84) (13.41)
20.56 (11.65) A 24.08 A (16.43)

Note: The standard deviations (SD) of means are shown in brackets. Small letters in each row indicate the significance of means
for the water treatment x endophyte status interaction (P<0.05). Different capital letters in each row indicate a significant water
treatment effect P<0.05. E- and E+ denote endophyte-free and endophyte-infected, respectively.
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from soil D2 and D3 as numerator.

The rate of photosynthesis (Pn; umol CO, m* leaf
s'), transpiration rate (Trans; mmol H O m?* leaf s™),
stomatal conductance (Gs; mmol H,0 m* leaf s')
and leaf temperature (LT; °C) of the youngest fully
expanded leaves of three randomly selected adult tillers
in two replicates were measured for each entry, between
9:00 and 11:00 am, using a portable photosynthesis
system (Li6400, LiCor Inc., USA) fitted with standard
2x3 cm leaf chamber, leaf thermocouple and a blue-red
LED light source. Instantaneous water use efficiency
(IWUE) was estimated from the ratio of Pn and Gs
(Osmond et al. 1980).

Statistical analysis

Data analysis was carried out with the Minitab 16
statistic software package. The General Linear Model
(GLM) command was used for analysis of variance
(ANOVA) of the data. Each variable was analysed
in isolation from other variables, and the design was
treated as a factorial combination of cultivar, endophyte
status, and water treatment. Differences between means
were assessed for significance (P<0.05) using One-way
Multiple Comparisons with Fisher’s Least Significant
Difference (LSD) method.

Results and Discussion

Water treatment effects

As expected, the SWC under drought stress was
significantly (P<0.05) decreased compared with well
watered (control) plants in each of the soil layers (Table
1). The average value of predawn LWP under drought
stress (-10.7 bars) indicated that the drought severity
was moderate.

During drought stress, both LWP and OP decreased
significantly (P<0.05) (-10.7 = 6.8 bars and -34.77 +
15.33 bars) compared with control group (-3.5 + 2.0
bars and -24.11 + 12.00 bars) (Table 2), and as a
result TP remained comparatively unchanged (Table
2). This was a function of osmotic adjustment, which

is achieved through accumulation of solutes in the
cytoplasm and vacuoles of plant cells, thus allowing
cells to maintain TP (Turner & Jones 1980). This
response is one of the “dehydration tolerant strategies”
described by Turner (1986).

Cultivar effects

Tall fescue was chosen to provide a contrast with the
two ryegrass cultivars, since it has been reported that
‘Grasslands Flecha’ is tolerant to summer drought stress
(Malinowski et al. 2005). The key point of difference
among cultivars was that ‘Flecha’ had distinctive gas
exchange characteristics. There was a significantly
(P<0.05) greater Gs of ‘Flecha’ when compared to the
two ryegrass cultivars was associated with significantly
(P<0.05) greater Pn and Trans, and thus cooler LT
(Fig. 1) regardless of water treatment. The genetically
controlled higher Gs of ‘Flecha’ has also been reported
for other ryegrass and fescue varieties of North African
origin, e.g. ‘Medea’ ryegrass (Hussain 2013). However,
the iWUE of ‘Flecha’ was significantly less than the two
ryegrass cultivars. No water treatment or endophyte
effects on gas exchange parameters were detected in
any of the cultivars (P>0.05).

Stubble mass and deep-root allocation varied
among cultivars. Ryegrass cultivars had significantly
(P<0.05) more stubble mass than ‘Flecha’. ‘Banquet
II’ and ‘Flecha’ had significantly (P<0.05) more
deep-root allocation than ‘Alto’ under well watered
conditions, but the advantages of ‘Banquet II” over
‘Alto’ disappeared under drought stress (Table 3). A
greater deep-root allocation as in ‘Flecha’ represents a
potential for increased water supply that might assist
plant survival in drought conditions, but in the case of
‘Flecha’ the increased water supply was associated with
a higher Trans, as mentioned above, so the two traits in
combination tend to cancel each other.

Endophyte effects
In the present experiment, we did not observe effects

Table 3 Effects of cultivar, and cultivar interactions with water treatment on deep-root allocation calculated as: (aboveground
mass + root mass from 0-30cm soil)/ root mass below 30 cm. Deep-root allocation was log, -transformed.

Cultivars Deep-root allocation (logarithmic) Stubble mass (g)
Control Stress

‘Banquet II’ -1.327 ab -1.749 bc -1.54 B 9.77 (5.81) A
(0.221) (0.673) (0.53)

‘Alto’ -1.889 ¢ -1.679 bc -1.78 B 11.19 3.17) A
(0.325) (0.342) (0.34)

‘Flecha’ -1.136 a -1.089 a -1.11A 5.61(2.64) B
(0.345) (0.107) (0.24)

Note: Standard deviations of means are shown in brackets. Small letters beside means indicate the significance at P<0.05 of
mean separations for the respective cultivar x water treatment interactions. Means with different capital letters in the column differ

among cultivars (at P<0.05).
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of endophyte on green shoot matter, tiller number or
total plant mass (data not shown), but we did note a
significant (P<0.05) effect on deep-root allocation in
all cultivars. Hesse ef al. (2003), found that endophyte-
infected plants had increased root dry weight and
greater root:shoot ratio compared to endophyte-free
plants. By contrast, in the present experiment the deep-
root allocation (logarithmic) for endophyte-infected
plants (-1.64 £ 0.55) was less than that of endophyte-
free plants (-1.31 £ 0.31), suggesting that deep-rooting
is a complex response that is affected by multiple
factors. It may therefore be difficult to produce plant
breeding lines that display this response consistently in
a range of environments.

Endophyte infection also affected plant water
relations. More specifically, in the presence of
endophyte, there was no significant reduction in the
RWC, LWP and OP of plants under drought stress
compared with the control group, whereas, the
RWC, LWP and OP in endophyte-free plants reduced
significantly under water deficit, with RWC decreased
from 96.5% to 82.0%, LWP decreased from -2.6 bars to
-12.9 bars, and OP decreased from -20.16 bars to -37.09
bars (Table 2). However, the TP in both endophyte-
infected and endophyte-free plants was not changed
(Table 2), suggesting that endophyte-free plants needed
to develop osmotic adjustment to maintain turgidity
while endophyte-infected plants, being better hydrated,
did not need to develop osmotic adjustment. Similarly,
Hahn ef al. (2008) also found that endophyte-infected
plants were not responding to the same degree to water
deficit as observed for endophyte-free plants. Those
authors’ results also indicated that endophyte-infected
plants possessed better water conservation capacity
than endophyte-free plants under the same degree of
drought stress.

Conclusions

The main findings of this study were: i) osmotic
adjustment was a common component of plant response
to drought stress; ii) ‘Grasslands Flecha’ had greater
stomatal conductance and also a greater proportion of
biomass allocated to deep root than the two ryegrass
cultivars under both well-watered and drought stressed
situation; iii) Endophtyte-infected plants had less leaf
dehydration than endophyte-free plants under moderate
drought stress.
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