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Research Article
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1. Heat waves are increasing in frequency and intensity globally with negative
consequences for biological function. Assessing the effect of extreme heat on
species requires an understanding of their adaptive capacity for mitigating
physiological damage. Where long-term exposure to extreme heat in natural
populations provides sufficient selection pressure, populations should exhibit
signals of adaptive thermotolerance to temperature extremes.

2. Using quantitative proteomics, we tested this idea in the widespread and
commercially-important tree species Eucalyptus grandis (Flooded Gum).
Seedlings from six natural populations of E. grandis spanning a 2000 km gradient
were exposed to a four-day extreme heat treatment (42-24°C day-night cycle) in
experimental growth chambers. Populations differed in their long-term exposure
to extreme heat conditions, defined both as the number of days annually ≥15°C
above mean annual temperature (MAT), and average number of days annually
with temperature maxima ≥ 35°C between 1960-1990.
3. Long-term exposure to extreme heat conditions in the field predicted the
protein-level response of E. grandis to experimental heat waves. Relationships
between long-term extreme heat exposure and protein increases were positive
and linear for all combinations of extreme heat (days ≥15°C above MAT, mean
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days with temperature maxima ≥35°C annually) and expression (all differentially
expressed proteins, isolated heat shock proteins, proteins involved in molecular
stress responses).
4. Although extreme climate events are typically rare (e.g. 1 day 15° ≥ MAT per 5
years in some populations in our study), E. grandis populations sampled from

across a 2000km range exhibit a clear capacity to increase expression of proteins
involved in heat stress in response to simulated heat wave exposure. Presumably
they respond similarly under natural heat wave conditions.

5. We show that a long-lived species with a broad environmental niche exhibits
adaptive variation in protein response to temperature extremes at the
population level. This implies that restoration, translocation and silvicultural
programs should consider the molecular response of source populations to
climatic extremes to maximise success under future climates.

6. Tree populations with low exposure to extreme heat conditions may be limited
in their ability to respond to heat wave events, potentially limiting their adaptive
capacity to withstand novel climate conditions.

Extreme climate events are increasing in frequency and severity as a result of climate
change (Seneviratne et al. 2012); this has potential for significant negative impacts on
many biological systems (Della-Marta et al. 2007; De Boeck et al. 2010; Fischer & Schär
2010; Smith 2011). In particular, the incidence of extreme heat conditions – both heat
waves (relatively short, but continuous periods of above average temperature) or
individual hot days – is increasing across many regions globally (Perkins, Alexander &
Nairn 2012). The proportion of the global land surface experiencing anomalous
temperatures – defined as more than three standard deviations warmer than baseline
(1951-1980) – increased by an order of magnitude between 2006 and 2011 (Hansen,
Sato & Ruedy 2012). Heat wave frequency and intensity is projected to continue
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increasing over coming decades (Meehl & Tebaldi 2004; Teskey et al. 2015).
Understanding the impact of extreme heat conditions on widespread plant species is
important for predicting vegetation responses to climate change (Easterling et al. 2000;
Jentsch, Kreyling & Beierkuhnlein 2007; Smith 2011; Drake et al. 2017; O'sullivan et al.
2017).
Plants respond to extreme heat using a range of physiological and phenological
adaptations but are ultimately limited in their capacity for leaf-cooling by the
availability of water (Gates 1965). Vital processes such as photosynthesis and
respiration are temperature dependent and their interruption may have serious flow-on
effects for growth (Ameye et al. 2012; Teskey et al. 2015). At the cellular level, many
biological processes undergo significant changes in response to high temperature
thresholds. Heat stress beyond these thresholds can impair cell functioning. For
example, proteins may become misfolded or aggregated, disrupting normal
physiological functioning, and membrane integrity may be compromised (Vierling
1991; Wahid et al. 2007). With sufficient heat damage, tissue and even whole-plant
death may result (Hasanuzzaman et al. 2013). Effects on plant growth, fecundity and
survivorship have potential to scale-up to shifts in species-level geographic distribution
and abundance and vegetation composition (Shriver 2016). Particularly for species
distributed along strong climatic gradients, one might expect population-level
differences in environmental tolerances (Bragg et al. 2015). Understanding this
variation will be key for predicting species responses to increases in both mean and
extreme temperatures.
All organisms have evolved molecular pathways to detect changes in ambient
temperature and elicit various responses to heat stress (Mittler, Finka & Goloubinoff
2012). For example, the expression of thermotolerance proteins may be increased to
maintain metabolic processes essential for normal cell function (Mittler, Finka &
Goloubinoff 2012; Pinheiro et al. 2014). Heat shock proteins (HSPs; (Schlesinger 1990)
are a key protein family in this regard. HSPs have been strongly conserved throughout
evolution and are increased in response to heat in many taxa, from bacteria to mammals
(Feder & Hofmann 1999). HSPs act as molecular chaperones, attaching to and refolding
denatured proteins, transporting proteins to correct locations within cells (preventing
abnormal protein aggregation), and disposing of degraded proteins (Wahid et al. 2007).
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Although this family of proteins is most strongly expressed in response to heat
stress, HSPs are fundamental to the general stress response and are induced to at least
some degree by many environmental stressors (Schlesinger 1990). A variety of other
proteins and protein classes (e.g. Pir proteins, ubiquitins, dehydrins) may also be
increased in response to heat stress, serving to counter the effects oxidative stress and
dehydration (Kosová et al. 2011; Bokszczanin et al. 2013). These proteins are rarely
included in studies seeking to understand the consequences of heat wave exposure in
populations arrayed along climatic gradients.
In this study we quantify the protein-level response of multiple populations of a
widespread Australian tree species (Eucalyptus grandis W. Hill ex Maiden) to
experimental heat wave conditions. Native populations of E. grandis are distributed
along a 2,000 km north-south gradient of decreasing mean annual temperature (MAT;
26-17°C gradient) in eastern Australia. Populations of E. grandis are likely to be adapted
to local climate regimes, conferring higher fitness to individuals relative to genotypes
from other habitats (Booth & Pryor 1991; Leimu & Fischer 2008). E. grandis is also
planted widely outside its native range in timber plantations in Australia, South Africa,
Brazil and other regions globally (Slee 2006).
Using quantitative proteomics, we characterized and compared differences in
protein expression to simulated heat wave conditions in seedlings from six E. grandis
populations. We focus on the impact of heat waves on seedlings because a successful
seedling phase is crucial for the establishment of plant populations, affecting overall
population demography (Orsenigo et al. 2014). We hypothesized that changes in
protein expression, relative to controls, would vary systematically in relation to the
long-term level of exposure to extreme heat conditions that each population naturally
experiences. We expected that seedlings from populations with greater long-term
exposure to extreme heat in the field would show greater changes in protein expression
in response to experimental heat treatments than those from less-exposed populations.
Seedlings were grown in growth cabinets under benign conditions, then non-control
plants were treated to a 42°C exposure for four days. Changes in protein profiles were
considered across: (1) the entire complement of proteins expressed under experimental
heat waves; (2) HSP expression alone; and (3), known functional groupings of proteins,
for example ‘stress’, ‘signaling’, and ‘secondary metabolism’ proteins.
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Eucalyptus grandis is distributed along the east coast of Australia from near Newcastle
in New South Wales (33° S, 152° E) to Cairns in Queensland (17° S, 146° E). It occurs as
a series of disjunct populations that are largest at the southern extent of the range (Slee
2006). The species is a dominant member of plant communities on fertile alluvial soils,
reaching between 45-55m at maturity.

From seed held at the Australian Tree Seed Centre
(https://www.csiro.au/en/Research/Collections/ATSC ), we selected six seed-lots
(populations) from across the distributional and climatic range of E. grandis for
experimental manipulations (Fig. 1; Table 1). These populations were assumed to be
connected via gene flow, though no formal genetic analyses were conducted. Climate
data for the period 1960-1990 (Australian Water Availability Project:
www.csiro.au/awap/) were compiled for each of the six locations. Long-term extreme
heat exposure at each location was calculated using two complementary metrics based
on average exposure in each year: (1) the average number of days where temperatures
were 15°C above the mean annual temperature (MAT)(Barua, Heckathorn & Coleman
2008), and (2) the average number of days per year with a maximum temperature
above 35°C (i.e. approximately 15 degrees warmer than MAT experienced by each
provenance tested; Table 1). These analyses were completed in R using the ‘raster’ and
‘sp’ packages.

The experiment was run at the Macquarie University Plant Growth Facility, New South
Wales, Australia. Seedlings from each population were raised in flat trays (15cm depth)
in glasshouses for 86 days under the following conditions: temperature 28° day (13
hours)/22° night (11 hours) ± 2°C; supplementary lighting on a daily 12-hour cycle
(6am to 7pm) (Philips Green Power LED lights) at an illumination of 600 μmol m2s1 ;
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constant access to water; soil was a standard mineral soil potting mix (Debco product
number 71178 – containing 20-30% coir and sand, and 70% screened, composted pine
bark) with Yates Nutricote slow-release plant fertilizer containing no phosphorus
(N:P:K = 19:0:12; Yates Australia, Padstow, NSW, Australia) applied at the rate
recommended by manufacturers for our pot size. Glasshouse conditions were chosen to
minimise any plant stress effects prior to heat wave treatments. Potential variation in
growth conditions within glasshouses was managed by random weekly shuffling of
seedlings.
On day 87, six replicate seedlings from each population were transplanted to
individual 800ml pots and allowed to grow for a further 50 days. Three replicate
seedlings were then randomly assigned to either a four-day heat treatment (42°C
day/24°C night) or a four-day control treatment (28°C day/24°C night) in growth
cabinets (model PG.15.18.9 TD.5x100R; Thermoline Scientific, Wetherill Park, NSW,
Australia). The 42°C heat treatment represents the upper end of extreme summer
temperatures experienced across the extent of E. grandis, whereas the control
approximates the midpoint of average daily maximum temperatures in summer
experienced by all provenances, which range between 25-30°
(http://www.bom.gov.au/jsp/ncc/climate_averages/temperature/index.jsp?maptype=
6&period=sum#maps). Seedlings had constant access to water and fertilizer so as not to
induce a drought response. On day four, leaf material was harvested from each replicate
plant and immediately stored in liquid nitrogen at -20°C for subsequent proteomic
analysis. Temperature data from growth cabinets during heat wave and control
treatments is available in Figure S1.

Proteins from 1 g freeze-dried leaf samples were extracted using an optimised phenolammonium acetate extraction protocol (Wessel & Flügge 1984; Saravanan & Rose
2004). Protein samples were then reduced, alkylated and digested in solution followed
by cleaning before being labelled with tandem mass tags (TMT) isotopic labelling
reagents (Thermo Scientific, USA). Once labelled, samples were pooled and fractionated
by high-pH reversed phase liquid chromatography before analysis via nanoflow
reversed phase liquid chromatography-tandem mass spectrometry (nanoLC–MS/ MS)
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using a Q Exactive Orbitrap mass spectrometer (Thermo Scientific, USA). The complete
protocols for protein extraction, in-solution digestion, TMT labelling and Nano-LCMS⁄MS are detailed in Appendix S1 and Mirzaei et al. (2017a, b).

Protein identity and quantity were determined using Proteome Discoverer V1.3

software (Thermo Scientific, United States) run from a local MASCOT server (Matrix
Science, London, U.K.). The E. grandis protein sequences available through UniProt
(http://www.uniprot.org, n = 44,150 proteins; October 2016) were used as a reference
search database. The following parameters were used for peptide to spectrum matching
in MASCOT: MS tolerance, ±10 ppm; enzyme, trypsin with one missed cleavage;
fragment mass error, 0.1 Da; static modifications, carbamidomethylation of cysteine and
10-plex TMT tags on lysine residues and peptide N-termini; variable modifications,
oxidation of methionine and deamidation of asparagine and glutamine. Spectra were
also searched against a reversed-sequenced decoy database to determine false
discovery rates (FDR) and filtered at a maximum FDR cut-off of 1% at the protein level.
Only peptides below the MASCOT significance threshold filter of p = 0.05 were included
in the final dataset, and proteins with at least two unique peptides were regarded as
confident identifications. Relative quantification of proteins was achieved by pairwise
comparison of TMT intensities, using the ratio of the labels for each of the treatment
replicates (numerator) versus the labels of their corresponding pooled control
reference (denominator). These values are henceforth known as the protein ratios.

Differential protein expression describes variation in protein content through up- or
down-regulation of synthesis pathways and is typically calculated as a comparison
between different stimuli; in this case, heat wave and control treatments. The number of
significantly differentially expressed proteins (DEPs) was calculated separately for each
population and this metric was used to test our hypotheses about protein expression in
relation to heat stress exposure in the field.
To determine if each protein was significantly differentially expressed between
heat and control treatments we used one-way analysis of variance (ANOVA) where
replicates were protein ratios derived from leaf samples from individual plants (n = 3
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replicates for each treatment). Specifically, ANOVA was performed on log-transformed
protein ratios (i.e. the ratio of proteins identified relative to a reference, where the
reference was the pool of protein control ratios across all samples) using the
TMTPrepPro package in R (Mirzaei et al. 2017). We checked the overall distribution of
the log-transformed protein ratios relative to the common reference using kernel
density plots and boxplots prior to statistical analysis (Fig. S2).
Proteins were considered differentially expressed between control and heat
treatments if the P-value associated with the ANOVA was < 0.05 (Pascovici et al. 2016)
and there was at least a 1.5-fold change in protein quantity (Wu et al. 2016). The
number of DEPs in each population was separated into those which increased and
decreased under heat treatments relative to controls. In all analyses, both measures of
extreme heat exposure in natural populations (mean days ≥15°C above MAT, mean days
≥35°C) were square-root transformed to reduce skew. We used a combination of
Pearson correlation coefficients and ordinary least squares regression to test for

relationships between exposure to heat stress in natural populations and DEPs under
heat stress in glasshouse manipulations (relationships deemed significant when P <
0.05). Pearson correlations were calculated using a leave-one-out procedure to evaluate
the potential effect of outliers on estimates of r. We tested for differences in DEPs
between populations across (i) the entire suite of proteins quantified, (ii) a subset of
only heat-shock proteins, and (iii) a subset of other stress response proteins which were
grouped by functional categories.
Functional categories of DEPs were classified using the online annotation tool
Mercator (Lohse et al. 2014); http://mapman.gabipd.org/web/guest/app/Mercator).
DEPs were assigned to functional categories – termed BINs – based on the MapMan BIN
ontology which has been purpose-built for functionally annotating plant ‘omics data.
The Mercator classification procedure runs searches of gene sequence information
against reference databases and calculates the most probable functional categories (e.g.
photosynthesis, glycolysis, stress) for each protein sequence being queried.
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In all six populations there were changes in protein abundance (relative to controls) in
response to the 42°C heat wave treatment (Table 2; Figs. 2, S3-4). Some proteins
increased in abundance and others decreased. Population-average increases ranged
from 2.6 to 3.9-fold. Population-average decreases were somewhat smaller, ranging
from 1.6 to 1.8-fold (equivalent to 0.56 – 0.62-fold increases).
As predicted, average relative abundance of DEPs was higher in populations with
greater exposure to extreme heat conditions under natural conditions (Fig. 3). This was
true using either metric of heat exposure in linear regressions (annual days ≥15°C

above MAT: R2 = 0.91; p = 0.003; annual days ≥35°C: R2 = 0.74; p = 0.03) and Pearson
correlations (annual days ≥15°C above MAT: r = 0.98 (range 0.89-0.98); p = 0.001;
annual days ≥35°C: r = 0.90 (range 0.73-0.96); p = 0.01). The highest increases in

protein expression ratios were seen in populations 4 and 6 (orange and pink symbols in
Fig. 2). A relatively small number of proteins drove this difference; these proteins
exhibit sequence similarities to the small heat shock protein family, HSP20.
We observed no relationship between degree of exposure to heat wave
conditions under natural conditions and population-average decreases in the relative
abundance of DEPs (Figs. 3a-c; both p > 0.05 for regressions and correlations).

Expression of 42 HSPs across four classes (small HSPS (sHSPs), HSP60, HSP70, HSP90)
were significantly increased in one or more provenances of E. grandis in response to
heat wave treatments (see Appendix S2 for full protein expression dataset). Increases
were higher in populations with greater heatwave exposure under natural conditions in
linear regressions (days ≥15°C MAT: R2 = 0.94, p = 0.001; days ≥35°C annually: R2 =

0.78, p = 0.02; Fig. 4) and Pearson correlations (annual days ≥15°C above MAT: r = 0.98

(range 0.92-0.99); p = 0.001; annual days ≥35°C: r = 0.92 (range 0.77-0.95); p = 0.01).
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Seventy-two per cent of DEPs were classified into 35 Mercator categories (BINS). Seven
BIN categories contained more than 2% of the DEPs identified in this study (Fig. 5):
‘stress’ (12% of total proteins expressed), ‘secondary metabolism’ (9%), ‘hormone
metabolism’ (4%), RNA (3%), ‘redox’ (3%), ‘photosynthesis’ (3%), and ‘signaling’ (3%).
We excluded the BINS ‘protein’, ‘miscellaneous’ and ‘not assigned’ from this analysis.
We tested for relationships between expression in each of the seven functional
categories and long-term extreme heat exposure. Figure 5 shows protein expression for
each combination of population and functional category.
Populations with greater exposure to natural heat waves showed significant
increases in ‘stress’ proteins under experimental treatments (days ≥15°C MAT: F1,4 =

10.89; R2 = 0.73; p = 0.03). This relationship was not significant for our second metric of
extreme heat exposure (days ≥35°C annually). There were also no significant

relationships between the expression of any of the six other functional classes of
proteins under experimental heat waves and exposure to heat wave conditions in
natural populations (p > 0.05).

In this study, E. grandis populations with greater long-term, natural exposure to
extreme heat conditions showed higher capacity to increase expression of protective
proteins under short-term heat stress. This relationship was seen for both metrics of
extreme heat exposure (annual number of days ≥15°C above MAT; annual number of

days ≥35°C), and considering all DEPs together, or just heat shock proteins, or just those
identified as ‘stress’ proteins. Our findings imply that extreme heat response at the

molecular level may be adaptive, related to the selective pressure to respond to longterm heat stress exposure. Evidence of an adaptive basis for extreme heat response at
the molecular level is relevant to provenance selection for ecological restoration or
translocation under future climates. For example, matching the long-term exposure to
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climatic extremes between source populations and recipient sites may increase
survivorship and, in forestry applications with E. grandis, increase yield (Broadhurst et

al. 2008; Kreyling et al. 2011).
Increases in abundance of proteins involved in heat stress response, particularly
heat shock proteins (HSPs), have been documented in a wide range of organisms and
contexts, from ecological gradient studies to agriculture (Sørensen, Dahlgaard &
Loeschcke 2001; Somero 2002; Barua, Heckathorn & Coleman 2008; Gammulla et al.
2010; Pinheiro et al. 2014). The energetic costs of ameliorating heat stress, which
include protein production and turnover, damage repair and acclimation of key
processes such as photosynthesis, make significant contributions to the energy budgets
of organisms (Somero 2002) and can manifest as basal or acquired thermotolerance
mechanisms. Basal thermotolerance describes the inherent ability to survive excess
heat via adaptations such as increased protein stability; acquired thermotolerance
describes the acclimation ability provided by the accumulation of induced molecular
mechanisms such as HSPs in response to stress. In populations from regions with
higher, year-round mean annual temperatures (e.g. populations 1 and 2 from the tropics
in this study; purple and green locations in Figs. 2-5) basal thermotolerance may be a
more effective means for limiting heat stress, supporting the finding that increases in
protein expression were typically lower in these populations (Fig. 3). By contrast,
populations which experience lower MAT but greater fluctuations in temperature (e.g.
populations 3 and 6; pink and orange locations in Figs. 2-5) seemingly rely on the
increases of constitutive heat stress defenses, primarily in the form of HSPs (Table 2;
Fig. 3). Notably, we see no evidence that proteins associated with photosynthesis
decreased under our experimental heat wave conditions, indicating increases in HSP
abundance (and ‘stress’ proteins in general) may be protecting plants from having to
significantly decrease key metabolic processes.
The idea that basal and acquired thermotolerance are traded-off along gradients
of extreme heat exposure, whilst not tested explicitly here, has been explored in
previous studies (Sørensen, Dahlgaard & Loeschcke 2001; Zatsepina et al. 2001; Barua,
Heckathorn & Coleman 2008; Dong et al. 2008). Evidence in support of lower acquired
thermotolerance in more stable environments is mixed. For example, HSP expression
was more pronounced in high-intertidal sea snail populations subject to wider
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fluctuations in heat stress relative to low-mid intertidal populations (Dong et al. 2008).
By contrast, lower HSP abundance has been documented in populations of both plants
and insects from more fluctuating climates (Sørensen, Dahlgaard & Loeschcke 2001;
Barua, Heckathorn & Coleman 2008). Resolving the contributions of basal and acquired
thermotolerance to heat wave response therefore remains an important part of
predicting species response under future climates.
The common garden design employed in this study has been used to assess the
relationship between population differences in HSP upregulation and home climate in
previous studies (Barua, Heckathorn & Coleman 2008; Zhang et al. 2015). We imposed a
consistent control temperature regime (28°C day, 24°C night) across all experimental
provenances, however we recognize that the populations tested do not share a common
thermal environment in the field. However, Drake et al. (2017) showed that
temperature responses of photosynthesis, growth and respiration in multiple
populations of another widespread eucalyptus species do not significantly vary across
its distributional range. Growth cabinet resources did not permit the use of bespoke
control temperatures matched to the thermal environment at the seed source for each
population in this experiment, though we did standardize the size (height) of plant
experimental replicate plants across populations to reduce the impact of differences in
growth resulting from control conditions. Similarly, the 42°C heat treatment
temperature is regularly experienced at the geographic location where each population
was sourced making this a reasonable estimate of extreme heat tolerated by E. grandis
individuals. At this temperature we expect clear evidence of expression of heat
resistance proteins between populations as seen in previous studies (Ferreira et al.
2006; Lee et al. 2007). There is potential for maternal effects and/or phenotypic
plasticity to contribute to the patterns detected, though this was not formally tested
here.
Water availability plays a key role in mitigating heat wave conditions in natural
plant populations (De Boeck et al. 2010; Hoover, Knapp & Smith 2017; Hoffman et al.
2018). An ability to cool the leaf surface via transpiration buffers leaf temperatures,
allowing key processes such as respiration and photosynthesis to proceed (Gates 1965).
Plants in our experimental manipulations had constant access to water during
experimental heat wave conditions so as not to induce a drought response at the
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molecular level. At the same time, high transpiration rates (facilitated by this constant
access to water) could have reduced leaf temperatures during the ambient 42°C
treatment, potentially by as much as 6-7°C (Linacre 1967; Michaletz et al. 2016). We
have not explored the relationship of molecular level responses to plant performance
responses using physiological measurements here. It is however possible that different
populations of E. grandis seedlings differ in their stomatal responses to high
temperatures as seen in other taxa (Li 2000). This could result in higher capacity for
transpirational cooling between populations leading to differences in leaf temperatures
during heat wave conditions which may have influenced our results. However, previous
studies on this genus show that during an imposed heat stress transpiration increases
resulting in no changes in stomatal response (Drake et al. 2018). Zhang, Zang and Li
(2004) also demonstrated no significant differences in transpiration rate between
populations of Populus davidiana seedlings under well-watered conditions during heat
stress. Therefore, it may be unlikely that our study populations underwent differences
in stomatal responses to high temperatures.

Transcriptomic studies which characterise variation in gene expression by measuring
mRNA levels are commonly used to decode expression of pathways important to stress
tolerance (Diz & Calvete 2016). However, transcript abundance may correlate poorly
with protein abundance (Papakostas et al. 2012), largely because post-transcription
mechanisms influence protein abundance (Plomion et al. 2006). By contrast, variation
in expressed proteins may offer a more accurate representation of an individual’s
phenotype, which is the basis of selection (Diz & Calvete 2016). Using quantitative
proteomics we have shown evidence for differences in acquired thermotolerance
through the increased expression of proteins involved in heat stress response. We show
that populations with greater long-term exposure to heat wave conditions in the field
have increased capacity to express protective proteins under short-term heat stress.
These findings may affect seedling survival and wider demographic processes in E.

grandis and related eucalypt species under projected increases in extreme heat events.
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Studies which do not explicitly consider molecular protections against extreme
heat exposure risk underestimating adaptive capacity of plants to extreme climate
conditions. Similarly, assumptions about the utility of latitudinal gradients in climate as
a proxy for climate change response may not hold when considering exposure to
extreme events. Our findings should inform the selection of provenances for active
conservation interventions like restoration and translocation, as well as sourcing of
resilient genotypes for global silviculture of E. grandis.
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1 Complete protocols for protein extraction, in-solution digestion, TMT
labelling and Nano-LC-MS ⁄MS.

2 Protein expression data for six populations of Eucalyptus grandis under

control and heat-wave treatments. DataDryad; 10.5061/dryad.8717pg9
Logged temperature data (°C) from growth cabinets during heat wave and
control treatments.
2 Kernel density plots and boxplots of log-transformed protein ratios relative to
the common reference.
3. PCA scores in three dimensions of across all differentially expressed proteins.
4 Heat map of protein expression in Eucalyptus grandis for significantly
differentially expressed (p < 0.05 and a 1.5-fold in protein quantity) in one or more
provenances under a 42°C heat wave treatment relative to the 28°C control.
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Details of six Eucalyptus grandis populations used in experimental heat wave manipulations. Seed lot numbers

correspond to those held within the Australian Tree Seed Centre. Mean annual temperature (MAT; °C), mean number of days
≥15°C above MAT annually, and mean number of days with maximum temperature ≥ 35°C annually were calculated from the

Australian Water Availability Project (www.csiro.au/awap) for the reference period 1960-1990. QLD = Queensland, NSW =
New South Wales.
Population

1
2
3
4
5
6

Seed lot
number

Collection site

Latitude/Longitude Mean annual
temperature
(MAT; ◦C)

Mean days ≥15°C above Mean days ≥35°C anually
MAT annually
(1960-1990)
(1960-1990)

17563

Gadgarra National Park, QLD

17°18' S, 145°44' E

21.3

0.3

1.1

19307

Finch Hatton Gorge, QLD

21°04' S, 148°37' E

20.4

0.1

0.2

16893

Brooweena State Forest, QLD

25°33' S, 152°16' E

19.2

6.4

3.6

15875

Baroon Pocket, Maleny, QLD

26°42' S, 152°53 E

18.8

1.4

0.5

20678

Orara West State Forest, NSW 30° 20' S, 153°00' E

18.1

2.6

1.0

19313

Bulahdelah State Forest, NSW

17.4

13.8

5.1

32°20' S, 152°15' E

Summary of protein expression profiles in six populations of Eucalyptus grandis seedlings subjected to a four-day

experimental heat wave (42°C day, 24°C night). Expressed proteins are the total number of proteins quantified under both
control and heat wave conditions in each provenance. Differentially expressed proteins (DEPs) under heat wave and control
conditions (28°C day, 24°C night) were determined using ANOVA of the level of protein expression between replicate plants (n
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= 3). ANOVA was performed for each identified protein and the total number of significantly DEPs (p <0.05 and a 1.5-fold

Author Manuscript

change in protein expression) was counted. DEPs were further split into those increased and decreased in response to
experimental heat stress treatments.
Population

1
2
3
4
5
6

Expressed proteins

Down-regulated differentially expressed proteins

(n )

(n )

3284
2933
3208
3171
3051
3180

50
46
82
72
66
70
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Mean relative abundance
(control vs heat wave)
0.62
0.59
0.59
0.56
0.57
0.61

Up-regulated differentially expressed proteins
(n )
73
51
76
61
75
94

Mean relative abundance
(control vs heat wave)
2.57
2.49
3.00
2.82
2.83
3.89
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Seed collection locations for six experimental populations of Eucalyptus grandis

(red circles) relative to the broader species distribution (black circles). Two metrics of heat
wave exposure are displayed for each provenance: the average number of days ≥15°C

above mean annual temperature (MAT) and the average number of days with temperature
maxima ≥35°C annually. Extreme heat exposure was calculated from daily climate data in

the Australian Water Availability Project (AWAP www.csiro.au/awap/) across a reference
period (1960-1990).
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Differentially expressed proteins in six populations of Eucalyptus grandis

seedlings exposed to a four-day experimental heat wave. Protein expression ratios
compare the response of six populations (in-set map) under four-day heat wave (42°C day,
24°C night) and control conditions (28°C day, 24°C night). Ratios were determined using
ANOVA on the level of protein expression between replicate plants (n = 3). ANOVA was
performed for each identified protein and the total number of significantly DEPs (p <0.05
and a 1.5-fold change in protein expression) was counted. Expression ratios > 1 = proteins
increased under heat treatment relative to control; < 1 = proteins decreased under heat
treatment relative to control.
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Relationship between molecular response to experimental heat wave conditions

(differentially expressed proteins (DEPs)) and extreme heat exposure in natural
populations of Eucalyptus grandis. Extreme heat exposure was measured in (A) as the
mean number of days ≥ 15°C above mean annual temperature, and in (B) as the mean

number of days annually with maximum temperatures ≥ 35°C calculated from daily climate
data from the Australian Water Availability Project (AWAP www.csiro.au/awap/) across a
reference period (1960-1990). x-axis values are square-root transformed to reduce skew.
Increases and decreases in protein abundance (circles and triangles, respectively) were
measured between a four-day 42°C experimental heat wave treatment in growth chambers
and a 28°C control treatment in seedlings sourced from six E. grandis populations
(coloured circles on the map of Australia). The dashed line is the line-of-best-fit from a
linear model.
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Relationship between molecular response to experimental heat wave conditions

(differentially expressed heat shock protein (HSPs)) and extreme heat exposure in natural
populations of Eucalyptus grandis. Differential HSP expression was measured between a
four-day 42°C experimental heat wave treatment in growth chambers and a 28°C control
treatment in seedlings sourced from six provenances (coloured circles on the map of
Australia). Extreme heat exposure was measured in (A) as the mean number of days ≥ 15°C
above mean annual temperature, and in (B) as the mean number of days annually with
maximum temperatures ≥ 35°C calculated from daily climate data from the Australian

Water Availability Project (AWAP www.csiro.au/awap/) across a reference period (1960-

1990). x-axis values are square-root transformed to reduce skew. The dashed line is the
line-of-best-fit from a linear model.
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Breakdown of heat responsive proteins into the top seven Mercator categories,

across seedlings sourced from six Eucalyptus grandis populations (inset map). The six
categories represent all top-level Mercator categories with more than 2% annotation
present on average in the runs. DEPs are measured as the total log-ratios of expression
between heatwave and control conditions. *denotes functional classification categories for
which a significant positive relationship was found between DEPs under heat wave
experimental conditions and exposure to extreme heat in natural populations (mean days ≥
15°C above mean annual temperature (1960-1990)).
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