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Abstract
Future increases in the intensity of heat waves (high heat and low water availability) are predicted to be
one of the most significant impacts on organisms. Using six native grasses from Eastern Australia, we
assessed their capacity to tolerate heat waves with low water availability. We were interested in
understanding differential response between native grasses of differing photosynthetic pathways in
terms of physiological and some molecular parameters to ecologically relevant summer heat waves that
are associated with low rainfall. We used a simulation heatwave event in controlled temperature cabinets
and investigated effects of the different treatments on four stress indicators: leaf senescence, leaf water
content, photosynthetic efficiency and the relative expression of two heat shock proteins, Hsp70 and
smHsp17.6. Leaf senescence was significantly greater under the combined stress treatment, while
declines in leaf water content and photosynthetic efficiency were much larger for C3 than C4 plants,
particularly under the combined stress treatment. Species showed an increase in expression of Hsp70
associated with heat treatment, rather than drought stress. In contrast Hsp17.6 was only detected in two
species, responding to heat rather than drought, although species' responses were variable. Overall, the
C3 species were less tolerant than C4 species. Variation in individual plants within species was evident,
especially under multiple stresses, and indicates that losses of individual plants may occur during a heat
wave associated with this variability in tolerance. Heat waves will impose significant stress on plant
communities that would not otherwise occur when heat and drought stress are experienced singly. Using
ecologically relevant heat stress is likely to yield better predictability of how native plants will cope under
a hotter, drier future.
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Abstract
Future increases in the intensity of heat waves (high heat and low water availability) are predicted to be one of the most significant impacts on organisms. Using six native grasses from
Eastern Australia, we assessed their capacity to tolerate heat waves with low water availability. We were interested in understanding differential response between native grasses of
differing photosynthetic pathways in terms of physiological and some molecular parameters
to ecologically relevant summer heat waves that are associated with low rainfall. We used a
simulation heatwave event in controlled temperature cabinets and investigated effects of
the different treatments on four stress indicators: leaf senescence, leaf water content, photosynthetic efficiency and the relative expression of two heat shock proteins, Hsp70 and
smHsp17.6. Leaf senescence was significantly greater under the combined stress treatment, while declines in leaf water content and photosynthetic efficiency were much larger
for C3 than C4 plants, particularly under the combined stress treatment. Species showed an
increase in expression of Hsp70 associated with heat treatment, rather than drought stress.
In contrast Hsp17.6 was only detected in two species, responding to heat rather than
drought, although species’ responses were variable. Overall, the C3 species were less tolerant than C4 species. Variation in individual plants within species was evident, especially
under multiple stresses, and indicates that losses of individual plants may occur during a
heat wave associated with this variability in tolerance. Heat waves will impose significant
stress on plant communities that would not otherwise occur when heat and drought stress
are experienced singly. Using ecologically relevant heat stress is likely to yield better
predictability of how native plants will cope under a hotter, drier future.

Introduction
Global temperatures are estimated to rise by 1–4.5˚C over the next 100 years under the various
models of carbon emissions [1, 2]. One of the major outcomes of a large-scale climatic shift
will be an increase in extreme weather events such as heat waves, droughts, floods, cyclones
and wildfires [2]. Increases in the intensity, duration and frequency of both heat waves and
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drought events are expected to occur globally and, in some areas, this has already taken place
[2, 3].
Heat waves often occur during periods of significant water shortages where there is a buildup of temperature associated with little rainfall, and given the climatic predictions, it is reasonable to assume that the frequency with which these two stresses coincide will increase. Heat
waves associated with dry conditions cause significantly greater stress than either individual
stressor alone [4]. Studies on agricultural crops report substantial declines in productivity after
exposure to combined heat stress and drought [4–9]. Few studies have examined the influence
that varying temperatures and water availability may impose on native plant species, however,
De Boeck et al. (2010) has shown that heat waves combined with drought events impose a
decrease in growth and functionality on some herb communities [10].
Stress can be measured using a range of characteristics that include ecological, physiological
and molecular parameters. We have chosen four measures of stress that include physiological
and molecular measures that are indicative of impacts immediately following a single ecologically relevant heat wave. When plants are drought stressed, the proportion of water in leaves
is lowered and assessment of leaf water content (LWC) is one of the most direct measurements
of the extent to which drought stress is affecting a plant and is therefore an excellent indicator
of plant health [11]. Increasing climatic extremes such as heatwaves result in decreased biomass [12–14] which may be due to lower photosynthate accumulation through lowering of
photosynthetic efficiency, leaf senescence, or both. Leaf senescence is commonly seen in plants
under stress (e.g. [15]) and is a common response in grasses. Because the occurrence of leaf
senescence may be due to either an adaptive strategy to produce more heat-tolerant leaves or
an inability to tolerate environmental conditions, it cannot be used to infer how a plant is tolerating the environmental stress directly [16], however, such responses suggest that heat waves
are affecting plant allocation choices.
The constituents of the photosynthetic apparatus are highly sensitive to stress, and disruption of these photosystems can lead to impaired growth, function and reproduction in plants
[17]. PSII efficiency (measured as Fv/Fm) is directly proportional to the quantum efficiency of
oxygen evolution by PSII and thus is a direct indicator of photosynthetic efficiency [18]. Stress
tolerance can therefore be inferred from this measurement as a higher (or lower) Fv/Fm value
will be indicative of a greater (or lesser) tolerance respectively. Since chlorophyll fluorescence
can be measured quickly it is thus a practical way to compare heat damage in multiple species
and with appropriate data replication [19, 20].
Finally, one of the most significant effects of heat stress at a molecular level is protein misfolding and aggregation in cells [4, 21, 22]. A key adaptation utilised by all organisms to tolerate this is the up-regulation of heat shock proteins (Hsps) which facilitate refolding of proteins
in cells. Their role has been reviewed in detail [22–26]. While often constitutively expressed
under basal conditions in plant cells, Hsp abundance increases dramatically (up to 200 fold for
low molecular weight Hsps) as a protective mechanism during cellular stress [26]. A direct
positive correlation exists between increased Hsp expression and increased thermotolerance
[24], however the application of heat stress in plant Hsp studies has often been over short
acute time periods [27, 28]. These acute stress experiments bear little ecological relevance to
how Hsps are utilised under naturally occurring environmental stress. In order to accurately
represent stress of ecological relevance, experimental studies on heat waves should closely follow regional climatic characteristics [10, 29] and it is logical to assume that naturally-occurring
species that have evolved in warmer environments (e.g. C4 and CAM plant species) will show
superior utilisation of Hsps as a mechanism to tolerate heat stress.
We performed a simulation heatwave treatment and measured 4 response variables of stress
in plants to investigate the effects of heat and drought stress on native grasses. Grasses of both
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C3 and C4 photosynthetic pathways were used to compare the response of species with differing levels of tolerance to such climatic conditions. The response variables measured were
LWC, leaf senescence, photosynthetic efficiency (Fv/Fm) and the expression of two heat shock
proteins (Hsp70 & smHsp17.6). Whilst Hsp70 is a key component of the refolding machinery
in cells [30], smHsp17.6 is likely to be one of the initial proteins that binds to misfolded proteins, in order to stabilise them and facilitate their subsequent refolding [31].

Materials and methods
Study species & growth conditions
Six native grass species were selected; three C3 and three C4 species, from a range of different
tribes from the Poaceae family as stress responses are known to vary with phylogeny [32]. The
three C3 species were Poa labillardierei (tribe Poaeae; hereafter Poa), Austrostipa ramosissima
(tribe Stipeae; hereafter Austrostipa) and Microlaena stipoides (tribe Ehrharteae; hereafter
Microlaena), and the three C4 species were Themeda triandra (tribe Andropogoneae; hereafter
Themeda), Imperata cylindrica (tribe Andropogoneae; hereafter Imperata) and Eragrostis elongata (tribe Eragrostideae; hereafter Eragrostis). All plants were sourced from Green Plan Nursery and Jamberoo Native Nursery and potted into round 15cm pots with the same 1:1 ratio of
sand: top-soil potting mix (RICHGRO, Perth). Plants were kept at the Ecological Research
Facility, University of Wollongong (34.40˚S, 150.88˚E) between April and August 2015 and
were watered to field capacity every day prior to experimentation. Plants were of unknown age
as they were bought to be of similar size, but plants were likely to be just prior to their first
flowering season. Sale-ready plants in these sized pots tend to be on the verge of maturity
when sold.

Design of stress treatments
In June 2015, twenty-four replicates of each species were placed into growth cabinets (Model
TPG-2400-TH-CO2, Thermoline, Perth, Western Australia) and acclimated at control conditions (outlined below) for one week prior to experimental treatments. Growth cabinets were
used to manipulate the ambient temperatures experienced by the plants, while manipulation
of water availability was performed manually. In order to measure the total proportion of leaf
senescence that occurred during the experimental treatments, all dead material was pruned
prior to the experiment starting, leaving only living plant material.
All growth cabinets had a 12-h photoperiod (06:00–18:00) with a maximum illumination of
850 μmols.m-2.s-1 and 2 h of ramping at either end of the day simulating dawn (06:00–08:00)
and dusk (16:00–18:00). Temperature ramp rates (˚C/h) were set so that 4 h of ramping
occurred from night to day (06:00–10:00) and day to night (18:00–22:00). This provided 8 h of
maximum (day time) and minimum (night time) temperatures daily. Relative humidity was
set at 60% for all treatments, representing the annual mean relative humidity according to the
weather station located at the University of Wollongong (Bureau of Meteorology). All treatments were carried out simultaneously over an eleven-day period on all six species, with six
biological replicates per treatment.
Control (C). Day and night-time temperatures were set to 25˚C and 18˚C respectively
(ramp rate of 1.75˚C/h). Control plants received 200 mL of water every day, ensuring all pots
reached field capacity, and that these plants were not limited by water availability.
Drought stress (D). The drought stress treatment was modelled on previous studies [6–8,
33] and a pilot study to ensure LWC was lowered. Starting on Day 1, drought-treated plants
received no water for the duration of the experiment (11 days). Day and night-time temperatures were the same as in the control treatment.
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Heat stress (H). The heat stress treatment was modelled to represent an Australian heat
wave located within the temporal coastal climatological context of southern New South Wales,
Australia. The simulation heatwave was modelled on the Bureau of Meteorology’s definition of
a heatwave as three or more days of unusually high maximum and minimum temperatures.
Plants experienced a single four day heat wave event commencing on Day 8 and ending on
Day 11. The heat stress commenced with day and night-time temperatures of 32˚C and 25˚C
respectively (Day 8). This was followed by three consecutive days and nights at 39˚C and 25˚C
respectively (Days 8–11). Temperature ramp rates were set at 1.75˚C/h for the first night & day
and 3.5˚C/h for the three subsequent days. Heat stress plants received equal water volumes to
control plants for the duration of the 11 days.
Heat + Drought stress (HD). This treatment was performed by subjecting a group of
drought-treated plants to the heat stress treatment. The drought stress was applied for the full
11 days and the heat stress was applied on days 8–11, as described above. This enabled a combined heat and drought stress, simulating a heat wave under drought conditions.

Physiological and morphological stress measurements
Plant chlorophyll fluorescence (Fv/Fm) was used to measure photosynthetic efficiency
(PAM2100; Heinz-Walz, Effeltrich, Germany). Measurements were taken on Day 0 prior to
the stress treatments and on Day 11, directly after the completion of treatments. Plants were
given 1 h of dark adaptation prior to all measurements. Three separate measurements were
taken on the healthiest leaves and the average of these measurements was designated as the
plant’s overall fluorescence reading.
To compare the proportional leaf senescence amongst treatments, living and dead material
for each plant was separated at the end of the experiment, oven dried (Contherm Series Five
Oven, Petone) at 60˚C for five days and reweighed. A ratio of dead biomass relative to total
biomass (living plus dead) was calculated. For LWC, living plant material was weighed separately at the time of sampling (fresh weight) and directly after being oven-dried (dry weight).
From this we calculated (FW-DW)/FW, where FW = fresh weight, and DW = subsequent dry
weight of the plant material.

Measurements of Hsp70 and Hsp17.6 expression
Leaf samples for analysis of Hsp expression were taken directly after fluorescence measurements. Approximately 500 mg of healthy living leaf material per plant was weighed and then
snap frozen in liquid nitrogen and stored at -80˚C. Protein extraction was performed using a
modified method of the SDS-buffer extraction protocol from Knight and Ackerly (2001) [34].
Briefly, soluble proteins were extracted from the leaf samples using SDS-buffer (100 mM Tris,
2.5% w/v SDS, 5 mM EDTA, 0.2 mM PMSF, pH 8.0) with 1 mL of SDS-extraction buffer added
per 100 mg of freeze-dried plant material prior tissue lysing (TissueLyser II, Qiagen, Melbourne,
Australia). Samples were boiled at 95˚C for 5 min and left to stand at room temperature for 1 h
before centrifuging (20,000 x g, 10 min, 4˚C). Following centrifugation, the supernatant was
retained, mixed with SDS-PAGE loading buffer (final concentrations 50 mM Tris-HCl, 2% w/v
SDS, 10% v/v glycerol, 0.1% w/v bromophenol blue and 2% v/v β-mercaptoethanol, pH 6.8) and
10 μL of each protein sample subjected to SDS-PAGE using Mini-PROTEAN TGX Stain-Free
Gels (Bio-Rad, Hercules) for 1 h at 120V. A sample of leaf material from an individual E. elongata previously found to express both Hsp70 and Hsp17.6, was used as a positive control and
molecular weight markers (Precision plus protein dual standards; Bio-Rad, Hercules) were also
loaded onto all gels. Gels were imaged using a Bio-Rad ChemiDocMP imager (Bio-Rad, Hercules) in order to quantify the relative protein content in each lane of the gel.
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Samples were then transferred from gels to polyvinylidene difluoride (PVDF) membranes
(Bio-Rad, Hercules) at 100 V for 1 h using standard cold wet blotting techniques [35]. Membranes were blocked with 5% (w/v) skim milk in Tris-buffered saline (TBS; 10 mM Tris HCL,
150 mM NaCl, pH 7.5) for 1 h at room temperature (23˚C). Membranes were cut in half at the
37 kDa marker, rinsed and incubated with primary antibodies diluted 1:2000 with 5% (w/v)
skim milk in TBS-T (TBS containing 0.1% Tween-20) over night at 4˚C. Primary antibodies
used were mouse anti-Hsp70 monoclonal antibody (N27F3-4; ENZO Life Sciences Inc., Farmingdale) and rabbit anti-Hsp17.6 polyclonal antibody (ab80183) (Abcam, Cambridge, UK).
Membranes were washed (3 x 10 min washes in TBS-T) before being incubated with peroxidase conjugated secondary antibodies. Secondary antibodies (rabbit anti-mouse for Hsp70 or
goat anti-rabbit for Hsp17.6) (Sigma-Aldrich Co., St. Louis, USA) were diluted 1:2000 in
TBS-T containing 5% (w/v) skim milk and incubated for 1 h at room temperature. Antibodies
were previously found to detect a band of the correct molecular mass (~70 kDa for the antiHsp70 antibody and ~17 kDa for the anti-Hsp17.6 antibody) in leaf samples from each species
used in this work that had been subjected to an acute heat stress of 45˚C for 6 h in a drying
oven (Contherm Series Five Oven, Petone).
Protein bands were detected using western ECL blotting detection reagents (GE Healthcare,
Parramatta, N.S.W, Australia) and exposure of the membrane to film (Amersham Hyperfilm,
GE Healthcare, Parramatta, N.S.W, Australia) according to the manufacturer’s instructions.
The film was imaged using a Gel Logic 2200 Pro system with Carestream Molecular Imaging
Software 5.0 (Carestream, Rochester), and analysis was performed via densitometry on the
resulting images using Image Studio Lite (LI-COR, Lincoln).
We used the relative amount of protein (normalized to a control sample that was run on
every gel) to compare expression levels of the Hsps between species and treatments. We used
this approach rather than the expression of a housekeeping protein, such as GADPH, as these
levels likely vary between species and with treatment. We therefore considered total protein
content as a more reliable measure of relative loading as it does not depend on the expression
of a single protein [36,37].Densitometry values were normalised between immunoblots by
dividing the intensity of the protein signal (density) in each sample by the density of the positive control (E. elongata). To standardise protein expression by the amount of protein loaded,
each density value was then normalised by the relative loading of its corresponding lane from
the previously imaged gel (Fig 1). The equation used to calculate relative expression of Hsps
was therefore: (Si/Ci) / (Sg/Cg) = Relative protein expression,
where:
Sg = Density of total protein in sample lane from SDS-PAGE gel
Cg = Density of total protein in control lane from SDS-PAGE gel
Si = Density of protein in sample lane from immunoblot
and
Ci = Density of protein in control lane from immunoblot

Data analysis
Restricted maximum likelihood analyses (REML) were conducted using JMP 11.0 (JMP,
Raleigh, USA) to determine differences amongst heat treatments and species for each physiological plant response; photosynthetic efficiency, dead biomass and LWC. Treatment and photosynthetic pathway were fixed factors with species included as random and nested within
photosynthetic pathway. Multiple comparisons were undertaken using Tukey’s HSD test. The
proportion of leaf senecscence was transformed using a square root function to allow the data
to be normally distributed. The assumptions of normality and homogeneity of variance could
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Fig 1. Leaf protein extracts from Microlaena stipoides and Eragrostis elongata after a heat stress treatment. Lane ‘Mk’ = Weight marker (kDa), lane ‘+ve’ = positive
control used to calculate relative protein expression within the immunoblots as well as allow for standardised comparison across immunoblots. Lanes 1–5 = biological
replicates of protein extract samples of Microlaena stipoides after a heat stress treatment. Lanes 6–10 = biological replicates of protein extract samples from Eragrostis
elongata after a heat stress treatment. a) SDS-PAGE gel, b) Immunoblot for Hsp70 and smHsp 17.6 corresponding to the above SDS-PAGE gel.
https://doi.org/10.1371/journal.pone.0204906.g001

not be met for other response variables despite trying a range of transformation options, however, the REML method is robust with regard to non-normally distributed data. To test if there
were differences in the protein extraction efficiency of our method between C4 plants and C3
plants, we analyzed the total amount of protein present in each sample (i.e. densitometry values relative to the control protein from the SDS-PAGE gels) using a REML with photosynthetic pathway as a fixed factor and species as random and nested within pathway.
Variability in individual plant responses was seen as a natural measure of the response of
plant populations to extreme stress. Thus, the variances for each set of biological replicates
(n = 6) for treatment and species were investigated for each of the physiological stress
responses to highlight where replicate plants were responding in a highly variable manner.
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Variances were categorised as low, moderate and high, which were the bottom 25%, middle
50% and top 25% of variances respectively. While species were considered as random factors
in the above analysis, the variation in responses by different species made it interesting to
investigate species-specific responses to heat waves. The data for individual species was also
found to be heterogeneous between treatments and was unable to be transformed to provide
homogeneous variances. To account for the heterogeneity of our data a non-parametric analysis using the Wilcoxon signed-rank test was used for each individual species. Because analysis
of the individual C3 and C4 species showed highly variable changes in the significant differences of all stress responses it was considered that the influence of the non-parametric analysis
using ranking methods instead of computing variance may have extrapolated significant differences where most common parametric analyses would not [38]. As such, comparisons
between individual species were interpreted with some caution.
Due to the unknown affinity of the antibodies to the different Hsp isoforms in the various
grasses used in this work, direct analysis of relative Hsp expression between species was not
possible. Expression of Hsp70 across stress treatments was analysed within each species using
the Wilcoxon signed-rank test to account for heterogeneity of variance. Similar comparisons
of Hsp17.6 amongst treatments were only undertaken in two species, Microlaena and Poa, as
these were the only species where Hsp17.6 was consistently detected.

Results
Responses of C3 and C4 species to different stress treatments
C3 and C4 grasses did not differ in leaf senescence (F1,4 = 3.60, p = 0.127), however leaf senescence varied with heat and drought stress (F3,12 = 19.93, p < 0.0001; Fig 2). Overall, the HD
treatment showed a significantly greater amount of leaf senescence than all other treatments
losing 60% of biomass. The D treatment also showed a significant increase in leaf senescence
with plants losing 31% of biomass. Greatest variance in leaf senescence was seen in the HD
treatment for all species, although variation in responses for Poa were equivalent across all

Fig 2. Relative leaf senescence in six native grass species after four different heat wave treatments. Leaf death was
calculated as the ratio of dead dry biomass after treatment to the total dry biomass of each plant. Means are of pooled
species (n = 36) with standard error. Treatments are C = control, H = heat, D = drought and HD = heat + drought.
Bars not connected by the same letter denote a significant difference (p < 0.05).
https://doi.org/10.1371/journal.pone.0204906.g002
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treatments (Table 1). Austrostipa was highly variable, relative to all other species across the
three stress treatments.
The effect of heat and drought stress on leaf water content varied between C3 and C4 plants
(F3,12 = 6.103, p = 0.009, Fig 3). C3 species showed a significant decline in LWC under D treatments losing about 50% of water compared with the control. C3 plants subjected to the HD
treatments had the lowest LWC at 12%. For C4 species, although declines in LWC were noted
for both the D and HD treatments, no significant decrease occurred. LWC was similar between
the C3 and C4 species under both the C and H treatments, however, the C3 species displayed a
significant lower LWC under both D and HD treatments when compared with the C4 species.
For individual species the greatest variance in LWC was seen within the HD treatment
(Table 1).
As expected, the effect of heat and drought stress on photosynthetic efficiency varied
between the C3 and C4 groups (F3,12 = 5.505, p = 0.013). C3 and C4 species did not differ in
photosynthetic efficiency under C or H treatments, however, C3 species displayed significantly
lower photosynthetic efficiency under the D and HD treatments (Fig 4). The C4 species
showed no significant change in photosynthetic efficiency in response to any of the stress treatments. For individual species the greatest variance in Fv/Fm was seen within the HD treatment
(Table 1).
While species were treated as random variables in these analyses, we nevertheless provide
averages for each species for each treatment in the supplementary files, using Tukeys tests to
identify differences amongst treatments for each species (S1, S2 and S3 Figs).

Table 1. Variances of proportion of dead biomass to total biomass (leaf senescence), leaf water content and FvFm for 6 species exposed to 4 different stress treatments. For each characteristic, variances are ordered by shading with the top 25% of values in dark shading, the middle 50% in light shading and the bottom 25%
unshaded.
Species

Control

Heat

Drought

Heat + Drought

Austrostipa

0.0020

0.0310

0.0147

0.0611

Poa

0.0032

0.0042

0.0026

0.0031

Microlaena

0.0012

0.0023

0.0035

0.0201

Eragrostis

0.0010

0.0081

0.0026

0.0635

Imperata

0.0024

0.0049

0.0024

0.0863

Themeda

0.0049

0.0100

0.0021

0.0142

Austrostipa

0.0026

0.0015

0.0028

0.0311

Poa

0.0003

0.0002

0.0136

0.0002

Microlaena

0.0002

0.0001

0.0496

0.0337

Eragrostis

0.0004

0.0003

0.0002

0.0196

Imperata

0.0001

0.0001

0.0010

0.0515

Themeda

0.0006

0.0003

0.0032

0.0087

0.0006

0.0459

0.0002

0.0740

Leaf Senescence
C3

C4
Leaf water content
C3

C4

Photosynthetic efficiency (FvFm)
Austrostipa
C3

C4

Poa

0.0001

0.0073

0.0010

0.0000

Microlaena

0.0001

0.0864

0.0002

0.1042

Eragrostis

0.0001

0.0002

0.0001

0.0152

Imperata

0.0004

0.0051

0.0093

0.0881

Themeda

0.0003

0.0090

0.0001

0.0024

https://doi.org/10.1371/journal.pone.0204906.t001
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Fig 3. Mean leaf water content (fresh weight–dry weight, as a proportion of fresh weight) after four differing stress treatments, for Australian native grasses.
Grasses are grouped by photosynthetic type (C3 or C4; n = 18+/-SE). Treatments are labelled as C = control, H = heat, D = drought and HD = heat + drought. Tukeys
tests distinguished differences between means within each treatment where asterisks identify a significant difference between C3 and C4 plant types within that
treatment (p < 0.05).
https://doi.org/10.1371/journal.pone.0204906.g003

Expression of Hsp70 and Hsp17.6 in stressed plants
The results of HSP expression were not influenced by differences in protein extraction efficiency between different photosynthetic pathways, (F1,3.989 = 0.073, p = 0.800). The amount of
Hsp70 in leaf samples across each treatment showed a similar pattern for both C3 and C4 species (Fig 5). The amount of Hsp70 increased under both H and HD treatments in most species
indicating Hsp70 responded largely to heat rather than drought stress. Compared to the control, Hsp70 expression increased significantly under HD treatment in all species except Imperata whereas under H alone it only increased significantly in three species (Microlaena,
Themeda and Poa). Poa was the only species where Hsp70 was significantly higher in the D
treatment.
Hsp17.6 was only consistently detected in two of the six species under experimental conditions, Microlaena and Poa both C3 species (Fig 6). In Eragrostis and Imperata Hsp17.6 was not
detected within any of the treatments (data not shown). Some Hsp17.6 expression was seen in
Austrostipa (two individuals for H and HD treatments) and in Themeda, combined HD treatment (data not shown).
Heat stress increased expression of Hsp17.6 in Microlaena and Poa. In Poa, H treatment
induced a significantly greater increase in the amount of Hsp17.6 than HD treatment,
although many plants in the HD treatment suffered extreme leaf damage which may have
halted Hsp expression (Fig 6). In Microlaena, H and D treatments induced an increase in the
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Fig 4. Mean maximum photosynthetic efficiency (Fv/Fm) after four differing stress treatments, for Australian native grasses. Grasses are grouped by
photosynthetic type (C3 or C4; n = 18 +/-SE). Treatments are labelled as C = control, H = heat, D = drought and HD = heat + drought. Tukeys tests distinguished
differences between means within each treatment where asterisks identify a significant difference between C3 and C4 plant types within that treatment (p < 0.05).
https://doi.org/10.1371/journal.pone.0204906.g004

amount of Hsp17.6 but the H treatment resulted in a much greater amount of Hsp17.6 being
detected than the D treatment. Importantly, the HD treatment resulted in the highest amount
of Hsp17.6 which was almost double that of H treatment alone (Fig 6).

Discussion
Physiological responses to heat stress
Combined heat and drought stress was far more stressful for plants than either stress alone
suggesting that ecologically relevant heat waves that are usually associated with dry periods in
spring and summer will be deleterious to these species. Leaf senescence showed a significantly
greater increase and LWC showed a significantly greater decrease under the combined HD
stress than either stressor alone. While trees are known to suffer during heat waves [39], our
results suggest that native understorey grass species from warm climates will also suffer under
extreme heat events associated with periods of low rainfall.
C3 plants were far less tolerant to drought stress and were particularly susceptible to the
combination of affected by heat and drought. While leaf senescence did not appear to differ
between photosynthetic groups, there was a significant decrease in both LWC and photosynthetic efficiency in C3 plants. When water was readily available, all species were tolerant of
heat stress, however when associated with low water availability, C4 species were more tolerant
than C3 species. C3 species showed significantly lower levels of LWC compared to the C4
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Fig 5. Mean relative Hsp70 expression from leaf samples of six Australian native grass species subjected to four differing stress
treatments (bars made up from n = 6 biological replicates). Relative Hsp70 signal is given as a proportion of relative signal compared
with the positive immunoblotting control. Grasses ordered with the top three species are C3 and the bottom three species are C4 (C3 or
C4; n = 18 +/-SE). Treatments are labelled as C = control, H = heat, D = drought and HD = heat + drought. Bars within the same species
not connected by the same letter denote significant difference according to the nonparametric Wilcoxon signed-rank test (p < 0.05).
https://doi.org/10.1371/journal.pone.0204906.g005

Fig 6. Mean relative Hsp17.6 expression, given as a value of relative signal proportional to the immunoblotting
positive control. Expression is grouped for each individual species under 4 differing stress treatments for Australian
native grass species Microlaena stipoides and Poa labillardierei (bars made up from n = 6 biological replicates +/-SE).
Treatments are labelled as C = control, H = heat, D = drought and HD = heat + drought. Bars within the same species
not connected by the same letter denote significant difference according to the nonparametric Wilcoxon signed-rank
test (p < 0.05).
https://doi.org/10.1371/journal.pone.0204906.g006
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species under combined heat and drought stress. C4 plants are able to fix more carbon with
reduced water loss and are thus often better suited to hot dry environments [40–42]. This
experiment provided further evidence for C4 species having a greater tolerance to some of the
predicted extreme climatic shifts in the coming years [2].
It is unclear whether the leaf senescence that occurred was due to functional tolerance
mechanisms or due to intolerance to the imposed stress. An argument could be made for C4
species being more tolerant to hot-dry conditions as they may simply be better able to control
water loss, while the C3 species may be undergoing increased leaf senescence due to an intolerance of the leaves to high stress [43]. Given our understanding of the short-term responses
developed in this work, future investigation of these plants’ ability to recover from imposed
stress would contribute to understanding the functionality of this stress response and the
degree to which it is being used to tolerate the stress of heat waves and droughts.
Interestingly, differences in photosynthetic pathways were not a strong predictor of
response with considerable variation seen amongst species within both groups. Variation
within photosynthetic groups has been identified in other studies [44, 45] and suggests that
that there are factors outside of photosynthetic pathways that have a strong influence on tolerance to heat and drought stress [45]. The considerably lower tolerance observed in Poa, and to
a lesser extent Imperata, under the drought and combined heat and drought stress, raises questions as to why these differences are occurring.
High variability in responses of individual plants, suggests that individuals within a species
show differential heat tolerance, suggesting that some individuals will survive a heat wave
while others are likely to die when the multiple stresses of a heat wave are experienced. During
heat waves, high variability in leaf senescence, leaf water content and photosynthetic efficiency
associated were experienced in most species. One species, Poa, however had low variability in
these physiological measurements during heat and drought stress. Poa had very high levels of
leaf senescence (D 81% and HD 93%) (S1 Fig). Similarly LWC (D 11% and HD 10%) and photosynthetic efficiency (D 0.06 and HD 0.007) were much lower than for all other species and
clearly at the limits of survival (S2 Fig). As such individuals were all probably functionally
dead, reducing the overall variability.

Expression of Hsp70 and Hsp17.6 in stressed plants
This was the first experiment to our knowledge that compared the expression of Hsps present
in leaf samples between plants of differing photosynthetic pathways. Hsp expression was generally seen to be far more responsive to heat stress than drought stress with little to no increase
in Hsp70 expression seen under the drought treatments. These findings suggest that the signalling pathways for Hsp70 expression are influenced largely by heat stress and only marginally
by drought stress in these native Australian grasses. In contrast, Hsp70 expression has been
seen to confer tolerance for both heat stress and drought stress in a range of agricultural species [8, 21, 33] and in studies that have looked at both heat and drought stress, drought stress
has played a more important role in the expression of Hsp70 [8, 33]. However, these studies
have concentrated on the response to acute heat treatments and have not accounted for heat
stress in the form of an ecologically relevant heat wave. Furthermore, these grass species are
associated with a very dry temperate climate, where species may have evolved other mechanisms to cope with drought stress (e.g. sclerophylly where cell walls are structurally strong and
unlikely to wilt). Further work is needed to elucidate if this response is seen in other native
species.
The expression of Hsp17.6 was only evident in two of the C3 species (Microlaena and Poa)
under the imposed stress treatments. We considered that this may be due to three possibilities:
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the antibodies used in the laboratory may have a higher binding affinity for the Hsp17.6 isoforms of Microlaena and Poa, the C4 species were not adequately stressed or perhaps a combination of the two. We were able to eliminate that it was due to differences in the ability to
extract proteins between C3 and C4 plants by analyzing the relative amount of protein present
following SDS-PAGE. Preliminary trials under acute heat stress did suggest that C4 species
could express Hsp17.6, indicating that C4 species may not have been induced to express these
proteins under the imposed heat regime. Barua et al. (2008) [46] has noted a highly diverse utilisation of Hsp expression across native Californian shrubs under heat stress. Our results add
weight to the suggestion that HSP expression exhibits a highly complex and variable stress
response under heat and drought stress treatments and further work is needed to identify the
range of small Hsps operating in native plants.

Conclusion
With the increasing relevance of studying the effects of climate change on plant adaptability
[2], this study was unique in a number of ways. Studies on the effects of these extreme weather
events have mostly been done on agricultural species with a strong emphasis on plant growth
and yield. Our study is part of a growing literature which attempts to balance the emphasis of
research towards better understanding the capacity of native species to tolerate the effects of
increasing extreme weather events, in particular the stress imposed by heat stress, drought
stress, and their combined occurrence during a heat wave. Our results have shown that if
increased heat waves and drying occurs during the spring and summer months, then the detrimental effects could influence the distributions, abundances and even survival of many plant
species [47, 48]. Our study investigated variation in Hsp expression within and between C3
and C4 species and was innovative in measuring the influence of heat waves with temperatures
and durations that mimic natural situations, on Hsp expression of plants, rather than heat
stress under shorter term laboratory regimes.
We provide additional evidence that C4 species will likely exhibit higher stress tolerance to
the predicted impacts of increasing heat waves and droughts, however, much variation in
stress tolerance was also observed between species of the same photosynthetic groups. More
investigation of native species responses to heat and drought stress is required in order to
assess species resilience under a future climate.
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S1 Fig. Relative leaf senescence (as a proportion of total biomass) in six individual native
Australian grass species (Poaceae family) after four different heat wave treatments. Means
are of pooled biological replicates (n = 6) with standard error. Treatments are labelled as
C = control, H = heat, D = drought and HD = heat + drought. Letters represent results from
Tukeys tests undertaken on each species separately, where the same letter represents no significant difference (p < 0.05).
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S2 Fig. Mean leaf water content (measured as in Fig 4) of six individual native Australian
grass species (Poaceae family, after four different treatments. Means are of pooled biological replicates (n = 6) with standard error. Treatments are labelled as C = control, H = heat,
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S3 Fig. Mean maximum photosynthetic efficiency, (Fv/Fm) for six individual native Australian grass species (Poaceae family) after four different treatments. Means are of pooled biological replicates (n = 6) with standard error. Treatments are labelled as C = control, H = heat,
D = drought and HD = heat + drought. Letters represent results from Tukeys tests undertaken
on each species separately, where the same letter represents no significant difference
(p < 0.05).
(DOCX)

Acknowledgments
We thank Evi Watts for help in running the experiment.

Author Contributions
Conceptualization: Heath Ecroyd, Sharon A. Robinson, Kristine French.
Data curation: Kristine French.
Formal analysis: Kristine French.
Investigation: Michael Davies, Kristine French.
Methodology: Heath Ecroyd, Sharon A. Robinson, Kristine French.
Supervision: Heath Ecroyd, Sharon A. Robinson, Kristine French.
Validation: Kristine French.
Writing – original draft: Michael Davies.
Writing – review & editing: Heath Ecroyd, Sharon A. Robinson, Kristine French.

References
1.

Rogelj J, Meinshausen M, Knutti R. Global warming under old and new scenarios using IPCC climate
sensitivity range estimates. Nat Clim Chang 2012; 2:248–253.

2.

IPCC Climate Change 2013: The physical science basis: Working group I contribution to the fifth
assessment report of the Intergovernmental Panel on Climate Change. Cambridge University Press.
2014.

3.

Fischer E, Knutti R. Anthropogenic contribution to global occurrence of heavy-precipitation and hightemperature extremes. Nat Clim Chang 2015; 5, 560–564

4.

Mittler R. Abiotic stress, the field environment and stress combination. Trends Plant Sci 2006; 11: 15–
19. https://doi.org/10.1016/j.tplants.2005.11.002 PMID: 16359910

5.

Smillie RM, Hetherington SE. Stress tolerance and stress-induced injury in crop plants measured by
chlorophyll fluorescence in vivo chilling, freezing, ice cover, heat, and high light. Plant Physiol 1983; 72:
1043–1050. PMID: 16663118

6.

Rizhsky L, Liang H, Mittler RH. The combined effect of drought stress and heat shock on gene expression in tobacco. Plant Physiol 2002; 130: 1143–1151. https://doi.org/10.1104/pp.006858 PMID:
12427981

7.

Rizhsky L. When defense pathways collide. The response of Arabidopsis to a combination of drought
and heat stress. Plant Physiol 2004; 134:1683–1696. https://doi.org/10.1104/pp.103.033431 PMID:
15047901

8.

Grigorova B, Vaseva I, Demirevska K et al. Combined drought and heat stress in wheat: changes in
some heat shock proteins. Biologia Plantarum 2011; 55: 105–111.

9.

Lipiec J, Doussan C, Nosalewicz A et al. Effect of drought and heat stresses on plant growth and yield:
a review. Int Agrophys 2013; 27, 463–477.

10.

De Boeck HJ, Dreesen FE, Janssens IA et al. Climatic characteristics of heat waves and their simulation
in plant experiments. Glob Chang Biol 2010; 16: 1992–2000.

PLOS ONE | https://doi.org/10.1371/journal.pone.0204906 October 11, 2018

14 / 16

Stress in grasses under heat waves

11.

Cao Z, Wang Q, Zheng C. Best hyperspectral indices for tracing leaf water status as determined from
leaf dehydration experiments. Ecol Indic 2015; 54: 96–107.

12.

Allen CD, Macalady AK, Chenchouni H et al. A global overview of drought and heat-induced tree mortality reveals emerging climate change risks for forests. For Ecol Manage 2010; 259: 660–684.

13.

Filewod B, Thomas SC. Impacts of a spring heat wave on canopy processes in a northern hardwood forest. Glob Chang Biol 2014; 20, 360–371. https://doi.org/10.1111/gcb.12354 PMID: 24038752

14.

French K, Robinson S, Lia J. Thermotolerance capacities of native and exotic coastal plants will lead to
changes in species composition under increased heat waves. Conserv Physiol 2017; https://doi.org/10.
1093/conphys/cox029

15.

Djanaguiraman M, Prasad PVV, Al-Khatib K. Ethylene perception inhibitor 1-MCP decreases oxidative
damage of leaves through enhanced antioxidant defense mechanisms in soybean plants grown under
high temperature stress. Environ Exp Bot 2011; 71, 215–223.

16.

Lim PO, Kim HJ, Gil Nam H. Leaf senescence. Annu Rev Plant Biol 2007; 58: 115–136. https://doi.org/
10.1146/annurev.arplant.57.032905.105316 PMID: 17177638

17.

Berry J, Bjorkman O. Photosynthetic response and adaptation to temperature in higher plants. Annu
Rev Plant Physiol 1980; 31: 491–543.

18.

Maxwell K, Johnson GN. Chlorophyll fluorescence—a practical guide. J Exp Bot 2000; 51: 659–668.
PMID: 10938857

19.

Curtis EM, Knight CA, Petrou K, et al. A comparative analysis of photosynthetic recovery from thermal
stress: a desert plant case study. Oecologia 2014; 175:1051–1061. https://doi.org/10.1007/s00442014-2988-5 PMID: 24958368

20.

Curtis EM, J, Murray BR et al. Native microhabitats better predict tolerance to warming than latitudinal
macro-climatic variables in arid-zone plants. J Biogeog 2016; 4:1156–1165.

21.

Wang W, Vinocur B, Altman A. Plant responses to drought, salinity and extreme temperatures: towards
genetic engineering for stress tolerance. Planta 2003; 218: 1–14. https://doi.org/10.1007/s00425-0031105-5 PMID: 14513379

22.

Richter K, Haslbeck M, Buchner J. The heat shock response: life on the verge of death. Mol Cell 2010;
40: 253–266. https://doi.org/10.1016/j.molcel.2010.10.006 PMID: 20965420

23.

Lindquist S. The heat-shock response. Annual Review of Biochemistry 1986; 55: 1151–1191. https://
doi.org/10.1146/annurev.bi.55.070186.005443 PMID: 2427013

24.

Vierling E. The roles of heat shock proteins in plants. Annu Rev Plant Biol 1991; 42: 579–620.

25.

Kotak S Larkindale J Lee U et al. Complexity of the heat stress response in plants. Curr Opin Plant Biol
2007; 10: 310–316. https://doi.org/10.1016/j.pbi.2007.04.011 PMID: 17482504

26.

Waters ER. The evolution, function, structure, and expression of the plant sHSPs. J Exp Bot 2013; 64:
391–403. https://doi.org/10.1093/jxb/ers355 PMID: 23255280

27.

Knight CA, Ackerley DD. Small heat shock protein responses of a closely related pair of desert and
coastal Encelia. Int J Plant Sci 2003; 164: 53–60.

28.

Hamilton EW III, Heckathorn SA, Joshi P, et al. Interactive effects of elevated CO2 and growth temperature on the tolerance of photosynthesis to acute heat stress in C3 and C4 species. Journal of Integrative
Plant Biol 2008; 50: 1375–1387.

29.

Feder ME, Hofmann GE. Heat-shock proteins, molecular chaperones, and the stress response: evolutionary and ecological physiology. Annu Rev Physiol 1999; 61, 243–282. https://doi.org/10.1146/
annurev.physiol.61.1.243 PMID: 10099689

30.

Hartl FU, Bracher A, Hayer-Hartl M. Molecular chaperones in protein folding and proteostasis. Nature
2011; 7356: 324–332.

31.

Treweek TM, Meehan S, Ecroyd H, et al. Small heat shock proteins: important players in regulating cellular proteostasis. Cell Mol Life Sci 2015; 3: 429–451

32.

Waller S, Lewis J. Occurrence of C3 and C4 photosynthetic pathways in North American grasses. J
Range Manage 1997; 32: 12–28.

33.

Augustine SM, Narayan JA, Syamaladevi DP et al. Erianthus arundinaceus HSP70 (EaHSP70) overexpression increases drought and salinity tolerance in sugarcane (Saccharum spp. hybrid). Plant Sci
2015; 232: 23–34. https://doi.org/10.1016/j.plantsci.2014.12.012 PMID: 25617320

34.

Knight AC, Ackerly DD. Correlated evolution of chloroplast heat shock protein expression in closely
related plant species. Am J Bot 2001; 88: 411–418. PMID: 11250818

35.

Towbin H, Staehelin T, Gordon J. Electrophoretic transfer of proteins from polyacrylamide gels to nitrocellulose sheets: procedure and some applications. Proc Natl Acad Sci 1979; 76: 4350–4354. PMID:
388439

PLOS ONE | https://doi.org/10.1371/journal.pone.0204906 October 11, 2018

15 / 16

Stress in grasses under heat waves

36.

Aldridge GM, Podrebarac DM Greenough WT et al. The use of total protein stains as loading controls:
An alternative to high-abundance single-protein controls in semi-quantitative immunoblotting. J Neurosci Methods 2008; 172: 250–254. https://doi.org/10.1016/j.jneumeth.2008.05.003 PMID: 18571732

37.

Gomes A, Gosh R, Gilda J et al. The necessity of and strategies for improving confidence and accuracy
of western blots. Expert Rev Proteomics 2014; 11: 549–560. https://doi.org/10.1586/14789450.2014.
939635 PMID: 25059473

38.

Darai C, Simar L. Advanced robust and nonparametric methods in efficiency analysis: Methodology
and applications. Springer Science & Business Media. 2007.

39.

Warren JM, Norby RJ, Wullschleger SD. Elevated CO2 enhances leaf senescence during extreme
drought in a temperate forest. Tree Physiol 2011; 31: 117–130. https://doi.org/10.1093/treephys/tpr002
PMID: 21427157

40.

Ehleringer JR, Cerling TE, Helliker BR. C4 photosynthesis, atmospheric CO2, and climate. Oecologia
1997; 112, 285–299. https://doi.org/10.1007/s004420050311 PMID: 28307475

41.

Forseth I. The ecology of photosynthetic pathways. Nature Education Knowledge 2010; 3: 4.

42.

Sage RF, Christin PA, Edwards EJ. The C4 plant lineages of planet Earth. J Exp Bot 2011; 62: 3155–
3169. https://doi.org/10.1093/jxb/err048 PMID: 21414957

43.

Vile D, Pervent M, Belluau M et al. Arabidopsis growth under prolonged high temperature and water deficit: independent or interactive effects? Plant Cell Environ 2012; 35, 702–718. https://doi.org/10.1111/j.
1365-3040.2011.02445.x PMID: 21988660

44.

Evans L. Beyond photosynthesis-the role of respiration, translocation and growth potential in determining productivity. In: Cooper JP ed. Photosynthesis and productivity in different environments, 501–507.
1975.

45.

Pearcy R, Ehleringer J. Comparative ecophysiology of C3 and C4 plants. Plant Cell Environ 1984; 7: 1–
13.

46.

Barua D, Heckathorn SA, Coleman J. Variation in heat-shock proteins and photosynthetic thermotolerance among natural populations of Chenopodium album L. from contrasting thermal environments:
Implications for plant responses to global warming. J Integr Plant Biol 2008; 50: 1440–1451. https://doi.
org/10.1111/j.1744-7909.2008.00756.x PMID: 19017131

47.

Hughes L. Climate change and Australia: trends, projections and impacts. Austral Ecol 2003; 28: 423–
443.

48.

Thuiller W. Patterns and uncertainties of species’ range shifts under climate change. Glob Chang Biol
2004; 10: 2020–2027.

PLOS ONE | https://doi.org/10.1371/journal.pone.0204906 October 11, 2018

16 / 16

