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Abstract

Increasing evidence supports a major role for abiotic stress response in the success of plant polyploids, which usu-
ally thrive in harsh environments. However, understanding the ecophysiology of polyploids is challenging due to
interactions between genome doubling and natural selection. Here, we investigated physiological responses, gene
expression, and the epiphenotype of two related Dianthus broteri cytotypes—with different genome duplications (4x
and 12x) and evolutionary trajectories—to short extreme temperature events (42/28 °C and 9/5 °C). The 12x cyto-
type showed higher expression of stress-responsive genes (SWEET1, PP2C16, AI5L3, and ATHB?7) and enhanced
gas exchange compared with 4x. Under heat stress, both ploidies had greatly impaired physiological performance
and altered gene expression, with reduced cytosine methylation. However, the 12x cytotype exhibited remarkable
physiological tolerance (maintaining gas exchange and water status via greater photochemical integrity and prob-
ably enhanced water storage) while down-regulating PP2C16 expression. Conversely, 4x D. broteri was susceptible
to thermal stress despite prioritizing water conservation, showing signs of non-stomatal photosynthetic limitations
and irreversible photochemical damage. This cytotype also presented gene-specific expression patterns under heat,
up-regulating ATHB?7. These findings provide insights into divergent stress response strategies and physiological re-
sistance resulting from polyploidy, highlighting its widespread influence on plant function.
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Introduction

Polyploidy [the state of organisms that have undergone whole-  2021). Recent emerging evidence points out the connec-
genome duplication (WGD)] has long been recognized as a  tion between successful WGD events and periods of extinc-
major driver of plant evolution (Landis ef al., 2018; Stull et al., tion and drastic global change (Van De Peer ef al., 2021). In
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these scenarios, it has been widely argued that polyploids take
advantage of the phenotypic novelties associated with WGD
to either outcompete their diploid relatives (Rey et al., 2017;
Certner et al., 2019) or colonize restricted, unoccupied eco-
logical niches (Levin and Soltis, 2018). For both possibilities,
newly developed physiological traits that allow polyploids to
cope with harsh environmental conditions would be essential
(Maherali et al., 2009; del Pozo and Ramirez-Parra, 2015). In
fact, stress resistance is one of the most reported features of
polyploids and certainly relies on multiple physiological char-
acteristics. It is known that polyploidy can affect stomatal reg-
ulation (Greer et al., 2017), water use and storage (Liao et al.,
2018), hydraulic functioning (Hao ef al., 2013; Losada et al.,
2023), or photochemical apparatus efficiency (RakiC et al.,
2015). Strikingly, polyploids have been repeatedly found to
be not only more resistant but also more productive under
optimal conditions than diploids. Larger stomata as a direct
consequence of WGD frequently increase stomatal conduct-
ance and lead to higher photosynthetic rates in polyploids.
Considering the growth—defence (or productivity—stress resist-
ance) trade-off in plants (He et al., 2022), the mentioned find-
ings are counterintuitive but can be explained by the complex
evolution of traits in polyploids.

After WGD, some polyploid characteristics may be fur-
ther modified while others may return to a diploid-like state
(Bomblies, 2020), potentially causing contrasting physiological
behaviours/strategies in related polyploid cytotypes. In auto-
polyploids (those not involving hybridization prior to WGD),
trait evolution is driven by the interaction between increased
genetic diversity (via WGD and the recurrent formation of
polyploid lineages; Parisod et al., 2010) and epigenetic regu-
lation (such as DNA methylation; Wang et al., 2021), and are
ultimately enhanced by local adaptation processes (Maherali
et al., 2009; Dominguez-Delgado et al., 2021). Although gene
expression is thought to increase linearly in autopolyploids at
the cell level (transcripts per cell; Stupar et al., 2007), individual
gene dosage responses normally decrease this number (Doyle
and Coate, 2020). In addition, the aforementioned factors—
especially epigenetic regulation—are known to modify tran-
scription, and evidence of both minor gene expression changes
and large differences between diploids and autopolyploids have
been reported (Spoelhof et al., 2017). These transcriptome
alterations are proposed to be associated with the differential
expression of homoeologues under contrasting environmental
conditions (Madlung and Wendel, 2013), which often acts
through molecular mechanisms (e.g. transposable elements;
Baduel et al., 2019). However, changes in gene expression and
regulatory networks are largely unexplored in relation to ad-
ditive genome duplications such as those found in large poly-
ploid complexes with high-order ploidy levels.

Among the environmental factors shaping polyploid ev-
olution, temperature is probably the most influential one by
affecting fundamental processes such as the formation of unre-
duced gametes (Ramsey and Schemske, 1998), the superiority

of polyploids for niche colonization (Moura et al., 2021), and
their global biogeography (Rice et al., 2019). Thus, compar-
ing the response of related polyploid plants to extreme tem-
peratures is crucial for two reasons: (i) to shed light on the
functional drivers of the evolutionary adaptations that allowed
those lineages to establish and thrive; and (ii) to predict their
future performance under global change scenarios. This
second point becomes especially relevant in regions such as
the Mediterranean, where unprecedented extreme tempera-
ture events have been documented over recent years (both cold
and heat waves; Scaife and Knight, 2008; Garcia-Herrera ef al.,
2010; Sanchez-Benitez et al., 2018) and are predicted to occur
earlier as well as to be more frequent and intense throughout
the 21st century (Giorgi and Lionello, 2008; Grassi et al.,
2013; Lau and Nath, 2014), especially in the Iberian Peninsula
(Fonseca et al., 2016; Abaurrea et al., 2018).

Endemic to this area, the autopolyploid Dianthus broteri com-
plex (Caryophyllaceae) is an excellent system to investigate the
modification of physiological tolerances to temperature with
WGD and subsequent evolutionary changes. It comprises four
different cytotypes, namely 2X, 4X, 6X, and 12X, with non-
overlapping geographic distributions in Spain and Portugal
(Balao ef al., 2009). The two higher ploidies of this endemic
perennial herb (6X and 12X) inhabit divergent and narrow
environmental niches, whereas the lower cytotypes (2X and
4X) occur in broader areas with overall more benign condi-
tions (Lopez-Jurado ef al.,2019a). Tetraploids and dodecaploids
in particular appear in the most distant niches regarding their
environments and show alternative niche evolution patterns
(expansion and contraction, respectively). The 4X cytotype
showed the highest niche breadth, occupying three disjunct
distribution areas (Supplementary Fig. S1) and encompassing
many different bioclimatic and edaphic conditions. By con-
trast, Dianthus inoxianus (the 12X cytotype) has a single and
small distribution range in SW Spain (Supplementary Fig. S1),
characterized by an extreme Mediterranean climate with hot
summers and severe as well as prolonged drought events (Balao
et al., 2009; Lopez-Jurado et al., 2019a). Moreover, these op-
posed distribution patterns are ultimately explained by their
different evolutionary histories: the tetraploids originated from
two separate polyploidization events and the dodecaploids
from only one, and have independently evolved regarding the
other cytotypes (Balao et al., 2010).

In addition to their divergent origins and ecological niches,
D. broteri cytotypes also present variation in multiple morpho-
logical (Balao ef al., 2011) and functional traits (Lopez-Jurado
et al.,2022) as well as in the percentage of genome-wide cyto-
sine methylation that characterizes their epiphenotype (Alonso
et al.,2016a). Such multidimensional variance on the (epi)phe-
notype may explain previous results on shifts in stress phys-
iology among cytotypes. We have described immediate and
posterior effects of WGD on gas exchange and chlorophyll
fluorescence by comparing diploids, natural and synthetic tet-
raploids (Dominguez-Delgado et al., 2021), as well as marked
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divergent photochemical responses under severe heat in the 6x
and 12X cytotypes (Lopez-Jurado et al., 2020). Regarding the
highest order ploidy, previous studies indicate a distinct leaf ec-
onomics spectrum (Lopez-Jurado et al., 2022) and a high tol-
erance and recovery capacity to water shortage (Lopez-Jurado
et al., 2016) as well as to stresses associated with transplant
shock (Lopez-Jurado et al., 2019b).

Considering this background, our aim was to shed light on
the potential of polyploidy to promote different plant toler-
ance strategies to cope with temperature stress, particularly in
the 12X cytotype with a very narrow distribution range. Here,
we pursued this goal by unravelling the physiological responses
and their underlying gene expression and epigenetic shifts of
two D. broteri polyploid cytotypes to short heat and cold treat-
ments. To our knowledge, only a few studies have investigated
the impact of these extreme events on plant ecophysiology
(e.g. Duarte et al., 2015a, b; Pérez-Romero et al., 2019), but
none of them has compared their effects between polyploid
relatives, which will help to explain possible consequences of
WGD beyond duplication from a diploid to a tetraploid ge-
nome. Based on previous information, we hypothesize that the
12X cytotype has developed specific physiological responses
to heat stress (enabled by WGD and natural selection in harsh
environments) that allow it to better resist the imposed acute
climate events compared with its 4X counterpart, that has the
widest distribution within this complex.

Materials and methods

Plant material and experimental set-up

Tetraploid (4X) and dodecaploid (12X) Dianthus broteri cuttings and/or
seeds were collected from three natural populations of each ploidy level
(Supplementary Fig. S1). After seedling emergence and rooting of cut-
tings, D. broteri plants were sown in 2.5 litre pots containing organic com-
mercial substrate (Gramoflor GmbH und Co. KG) and perlite mixture
(3:1), and placed inside a glasshouse (University of Seville) until the be-
ginning of the experiment. Controlled conditions were air temperature
of 21-25 °C, relative humidity of 40-60%, and maximum photosynthetic
photon flux density (PPFD) incident on leaves of 1200 umol m™ s,

In February 2018, mature and well-irrigated plants of similar size were
acclimated to control temperature (20/18 °C) in controlled-environment
chambers (Aralab/Fitoclima 18.000EH, Lisbon, Portugal) for 1 week.
Then, they were randomly divided into three blocks of 10 individu-
als per ploidy level corresponding to three different temperature treat-
ments (day/night): cold (9/5 °C), control (20/18 °C), and heat (42/28
°C). Cold and heat treatments were selected based on short extreme
temperature events recorded in recent years along the southern Iberian
Peninsula, where natural populations of both D. broteri cytotypes occur
(Lopez-Jurado et al., 2019a). The climate chambers were programmed
with an alternating diurnal regime of 16/8 h day/night rhythm, 50 + 5%
relative humidity, and a maximum PPFD of 300 umol photon m™ s
Furthermore, the soil water content was maintained at field capacity
during the experiment.

Plants were exposed for 48 h to each temperature regime.
Measurements of leaf water status, gas exchange, chlorophyll fluorescence,
and concentration of photosynthetic pigments were taken immediately
after that to assess plant responses to stress. Estimates of long-term fitness

consequences of the treatments were not feasible because plants did not
reach the reproductive stage until ~1 year of growth, and it was not pos-
sible to keep them that long under homogeneous controlled conditions.

Leaf water status

Leaf water potential, W, osmotic potential, W, and relative water con-
tent, RWC, were measured at midday on random fully developed leaves
of both cytotypes subjected to each specific temperature range treatment
(n=5). W, is the simplest and most widely employed indicator of leaf hy-
dration and overall water status. W, is a component of the latter used to
check for osmotic adjustment in plants (W, drops under stress in response
to dehydration), a process caused by the accumulation of osmoprotectants
in cells in order to avoid irreversible turgor loss. RWC was included as
an integrated metric of water pools in plant tissues (accounting for water
supply and retention but also water demand; Martinez-Vilalta et al., 2019).

W, was measured using a pressure chamber (Model 1515 D; Pressure
Chamber Instruments, PMS), while W was determined by freezing small
segments of leaf tissue in liquid nitrogen, letting them thaw, and cen-
trifuging (12 000 g, 10 min) at 4 °C in 2 ml tubes. To separate a min-
imum of 10 pl of leaf sap, we inserted the top of the filter tips into these
tubes (Pérez-Romero ef al., 2020). W, was measured in the extracted sap
using the psychrometric technique with a vapour pressure osmometer
(5600 Vapro, Wescor, Logan, UT, USA). Finally, the RWC was calculated
as follows:

RWC (%) = [(FW — DW) / (TW — DW)] x 100

where FW was the leaf fresh weight, DW was the leaf dry weight after
drying at 60 °C until constant weight was reached, and TW was the leaf
saturated weight after 24 h rehydration in distilled water at 4 °C in dark-
ness to minimize respiration losses.

Leaf gas exchange

Instantaneous gas exchange measurements were taken in fully developed
and randomly selected leaves from each experimental combination of
temperature range and ploidy level (n=10), using an infrared gas anal-
yser in an open system (LI-6400XT, Li-Cor Inc., Lincoln, NE, USA)
equipped with a light leaf chamber (Li-6400-02B, Li-Cor Inc.). Net pho-
tosynthetic rate (Ay), stomatal conductance (g,), intercellular CO, con-
centration (C)), and intrinsic water use efficiency (WUE) were recorded
under the following leat chamber settings: PPFD of 1500, 1000, and 300
pmol m™ 57" (with 15% blue light to maximize stomatal aperture), air rel-
ative humidity of 50 + 2%, CO, concentration surrounding the leaf (C,)
of 400 pmol CO, mol™, and temperature of 9, 20, and 42 °C for plants
grown in low, medium, and high temperature ranges, respectively. Vapour
pressure deficit (VPD) inside the leaf chamber varied with the different
temperature regimes (cold, 0.9 £ 0.1 kPa; control, 1.7 + 0.2 kPa; heat, 5.7
+ 0.6 kPa). For all measurements, the leaf area enclosed in the chamber
was determined by scanning to obtain images, which were used for leaf
area evaluation and gas exchange measurement recalculation.

Chlorophyll fluorescence

Light- and dark-adapted chlorophyll fluorescence parameters were quan-
tified in leaves of each temperature range treatment and ploidy level
combination (n=10) at dawn (stable, 50 pmol m™ s~ ambient light) and
at midday (1400 pmol m™ s™). The saturation pulse method, as described
in Schreiber et al. (1986), was followed using a portable modulated fluo-
rimeter (FMS-2, Hansatech Instruments Ltd, UK). In short, leaves were
dark or light adapted for 30 min and then saturated by applying an actinic
light pulse of 10 000 wmol m™ 5™ for 0.8 s. The obtained fluorescence
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parameters were employed to calculate the maximum quantum efficiency
of PSII photochemistry (F,/F,,), quantum efliciency of PSII (Dpg;; Genty
et al., 1989), and non-photochemical quenching (NPQ). F,/F,, reflects
the efficiency of PSII if all reaction centres were open and can be used
as an index of temperature-induced injury in leaves; Dy, indicates the
proportion of absorbed energy that is used for photochemical processes;
and NPQ measures thermal dissipation of excess light energy as a pho-
toprotective mechanism. Additionally, chronic (PI.,) as well as dynamic
(Pl4y,) photoinhibition were calculated with the values obtained at dawn
and midday in accordance with Werner et al. (2002), as:

Fv Fm - Fv Fln
Pl = ( / )max ( / )d x 100
(FV/Fm)max
FV Fm - FV Fm i

(FV/Fm)rnax

where (F,/F,)q and (F,/F,)q are the dawn and midday F,/F,, values,

respectively. (F,/Fy)may 18 the maximum F,/F, value, which was calcu-
lated as the average of dawn measurements of the control treatment.

Leaf photosynthetic pigment concentrations

Leaf samples were randomly collected (n=5, for each temperature range
treatment and ploidy level combination), flash-frozen in liquid N,, and
freeze-dried for 48 h in darkness to prevent photodegradation processes
for photosynthetic pigment concentration analysis (Duarte et al., 2015a).
Leaves were then ground in pure acetone and pigments were extracted at
—20 °C for 24 h in the dark. These samples were centrifuged (2000 g, 15
min) at 4 °C and the resulting supernatant scanned in a dual beam spec-
trophotometer (DU-8800DS, Shanghai Drawell Scientific Instrument
Co., Ltd, China) from 350 nm to 750 nm in 1 nm steps. The consequent
absorbance spectrum was used for pigment quantification by introducing
it in a Gauss-Peak Spectra (GPS) fitting library, using SigmaPlot Software
(Kipper et al., 2007). The de-epoxidation state index (DES) was calcu-
lated as:

DES = ([Violaxanthin] 4 [Anteroxanthin]) /
([Violaxanthin} + [Anteroxanthin] + [Zeaxanthin})

Expression of stress-responsive genes and global cytosine
methylation

Gene expression analysis was conducted on D. broferi using quantitative
real-time PCRs (RT-qPCRs). We tested eight genes (AI5L3, ATHB7,
PP2C16, SWEET1, MYB39, SEP2, TIL, and PTR33) that were dif-
ferentially expressed in response to thermal stress in the related spe-
cies Dianthus spiculifolius (Zhou et al., 2017; Supplementary Table S1).
RNA was extracted from leaves and isolated using the Direct-zol RNA
Miniprep commercial kit (Zymo Research, Irvine, CA, USA), then re-
verse transcribed into ¢cDNA (three technical replicates per sample)
using the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, USA).
All qPCRs were carried out using a LightCycler® 480 Instrument II
(Roche Molecular System, Germany) as described in Kolouskova ef al.
(2017): denaturation step at 95 °C for 5 min, followed by 55 amplification
and quantification cycles at 95 °C for 10 s, 60 °C for 10 s, and 72 °C for
15 s.The efficiency of each primer was calculated by performing a qPCR.
analysis of a cDNA sample diluted through a series of 1:2 covering seven
dilution points with a starting cDNA amount of 50 ng.

For genes that showed enough efficiency (>85%) for qPCR differ-
ential expression analysis, differences in efficiency between ploidy levels
were analysed following an analysis of covariance (ANCOVA) approach.
We compared the slopes (which were used to calculate efficiency) be-
tween cytotypes, representing the variation of the crossing point (Cp) at
different concentrations of cDNA on a logarithmic scale. The resulting
P-values were corrected for false discovery rate (FDR). Additionally, the
TIF5A gene (Yu et al., 2021) was used as reference for normalization in
both cytotypes since it shows stable expression among ploidy levels in
D. broteri (Rodriguez-Parra ef al., 2022). After successfully passed the effi-
ciency test, three biological replicates per sample were analysed for each
studied gene and treatment in both cytotypes (4X and 12X).

Furthermore, the genome-wide percentage cytosine methylation was
estimated by HPLC (Alonso et al.,2016b) for the two cytotypes at 20/18 °C
and 42/28 °C (n=8 for each temperature range treatment and ploidy level
combination). Only the heat treatment was included as the extreme tem-
perature range because it showed the overall greatest differences between
cytotypes for most variables. Total genomic DNA from leaves of control and
high temperature treatments was extracted using a Qiagen DNeasy Plant
Mini Kit, and subsequently digested with DNA Degradase Plus™ (Zymo
Research, Irvine, CA, USA). Two independent replicates of digested DNA
per sample were processed to estimate global cytosine methylation. DNA
cytosine methylation was determined for each sample by reversed phase
HPLC with spectrofluorimetric detection. The percentage of total cyto-
sine methylation in each replicated sample was estimated at 100 X 5mdC/
(5mdC+dC), where 5mdC and dC are the integrated areas under the peaks
for 5-methyl-2'-deoxycytidine and 2'-deoxycytidine, respectively.

Statistical analyses

All statistical analyses were performed in R software v.4.0.3 (R Core Team,
2020). Generalized linear models (GLMs; two-way ANOVAs) were used
to analyse the interactive effects of temperature range and ploidy level (as
fixed categorical factors) on the different parameters (as response variables)
evaluated for D. broteri. Tukey’s post-hoc HSD tests (=0.05) were used to
detect pairwise differences between groups (i) whenever the interaction
ploidyXtemperature had a significant effect, or (ii) in cases where temper-
ature was significant but the interaction was not. The Shapiro—Wilk test
was used to check the normality of model residuals for each variable, and
no departure was observed for the reported models.

The gene expression data obtained from the RT-qPCR  experi-
ment were analysed using the MCMC.gpcr R package v.1.2.4. (Matz,
2020). This package implements a Poisson-lognormal generalized mixed
model using Markov chain Monte Carlo (MCMC; Matz et al., 2013).
Expression changes for the four genes were estimated from the joint pos-
terior distribution of parameters. Ploidy level and temperature treatments
were used as fixed factors, while TIF5A (Yu et al., 2021; Rodriguez-
Parra et al., 2022) was used as a reference gene for soft normalization
of gene expression prior to the model function to account for varia-
tions in cDNA, allowing up to 1.2-fold changes. Furthermore, the var-
iation in global cytosine methylation was analysed using linear mixed
models (LMMs) in the Ime4 R package v.1.1.27.1 (Bates et al., 2015),
employing the individual as random factor and ploidy and temperature
as fixed factors. Individual was entered as a random effect to account for
non-independence of the replicated analyses. The consistency of the rep-
licated analyses (i.e. the intraclass correlation coefficient) was 0.801.

Results
Leaf water status

There was a significant interaction between temperature treat-
ment and ploidy level for the RWC of D. broteri at the end
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of the experiment (GLM: temperatureXploidy, F,,,=4.83,
P<0.05; Fig. 1A). Theretore, RWC values tended to decrease in
plants exposed to 42/28 °C for both cytotypes, but this reduc-
tion was only significant for tetraploid individuals (from 80.61
* 5.80% under control conditions to 52.90 £ 5.24% under
heat treatment). In addition, W, decreased with heat and cold
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Fig. 1. Relative water content, RWC (A), leaf water potential, ¥,, (B), and
osmotic potential, ¥, (C), in 4x and 12x Dianthus broteri after exposure to
three different temperature range treatments (9/5, 20/18, and 42/28 °C)
for 48 h. Both raw data points and box plots are displayed. In the latter,
horizontal lines depict the median, and boxes and whiskers represent the
interquartile range and the non-outlier ranges, respectively (n=5). Different
letters indicate means that are significantly different from each other (GLM:
P<0.05, Tukey’s HSD test: a=0.05). Asterisks next to factors indicate their
level of significance in the model (*P<0.05, **P<0.01, ***P<0.001).

shocks independently of the ploidy level, exhibiting values
around —1.0 MPa (GLM: temperature, F, ;=35.38, P<0.001;
Fig. 1B). A similar trend was recorded for W, but only heat
significantly affected W, values compared with those of the
control treatment (GLM: temperature, F,,,=20.07, P<0.001;
Fig. 1C).

Leaf gas exchange

Both the temperature treatment and ploidy level affected gas
exchange in D. broteri, especially at high PPFD (i.e. 1500 pumol
photon m™ s7'; Fig. 2). Compared with plants in the control
temperature regime (20/18 °C), Ay tended to decrease in
plants subjected to both extreme temperatures. This effect was
especially marked under the heat treatment and particularly
for the 4X cytotype, which showed negative Ay values (GLM:
temperature, ’<0.001; ploidy, P<0.05; Fig. 2A; Supplementary
Fig.S2A, B) regardless of the PPFD used (i.e. 1500, 1000, or 300
pmol m™ s7'). Similarly, g, of tetraploid plants was negatively
affected by heat (GLM: temperature, P<0.05). However, this
extreme temperature range had no effect on g, of their dode-
caploid counterparts, which did not drop below the 50 mmol
H,O m s threshold (Fig. 2B). Temperature also severely af-
fected C; of D. broteri individuals (GLM: temperature, P<0.001).
Oppositely to Ay and g, C, was overall higher in plants exposed
to both extreme temperature ranges, with this effect again
being more marked in 4X individuals under 42/28 °C, which
showed the highest C; values at the three different PPFDs
(~400 umol CO, mol™; Fig. 2C; Supplementary Fig. S2E, F).
Finally, ;\WUE was only significantly affected by temperature
(GLM: temperature, P<0.001), under both cold and heat treat-
ments. Again, the reduction was more pronounced at 42/28
°C, given that no differences were detected between control
and cold temperature regimes for the 12X cytotype at high
PPED (Fig. 2D). It is noteworthy that ;WUE was not detected
in tetraploid plants subjected to the heat treatment due to the
negative Ay values recorded under this condition, as we stated
earlier (Fig. 2D).

Chlorophyll fluorescence

Dianthus broteri cytotypes exhibited significantly different
values of chlorophyll fluorescence parameters, which were
also affected by cold and heat treatments (Fig. 3). F./F,
showed higher average values in the 12X cytotype compared
with the 4X (GLM: ploidy, F;5=5.25, P<0.05) regardless
of temperature, but especially under heat and cold (Fig. 3A).
Nevertheless, both cytotypes experienced a decrease in
F,/F,, after exposure to the two extreme temperature ranges
(GLM: temperature, F, 5;=31.56, P<0.001; Fig. 3A). In a sim-
ilar fashion, @pg;; was higher in 12X D. broteri (GLM: ploidy,
Fi 4=20.02, P<0.001; Fig. 3B) and also decreased with both
extreme temperature ranges (GLM: temperature, F, 44=108.31,
P<0.001), but heat especially impaired @pg;; in 4X D. broteri
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Fig. 2. Net photosynthetic rate, Ay (A), stomatal conductance, g, (B), intercellular CO, concentration, C; (C), and intrinsic water use efficiency, WUE

(D), in 4x and 12x Dianthus broteri after exposure to three different temperature range treatments (9/5, 20/18, and 42/28 °C) for 48 h. Parameters

were recorded at a PPFD of 1500 pmol m~ s™". Both raw data points and box plots are displayed. In the latter, horizontal lines depict the median, and
boxes and whiskers represent the interquartile range and the non-outlier ranges, respectively (h=10). Different letters indicate means that are significantly
different from each other (GLM: P<0.05, Tukey’s HSD test: a=0.05). Asterisks next to factors indicate their level of significance in the model (*P<0.05,

*P<0.01, ***P<0.001).

(GLM: temperatureXploidy, F,,=9.79, P<0.001; Fig. 3B).
Oppositely to F,/F, and ®,g;, NPQ was higher in tetra-
ploids than in dodecaploids overall (GLM: ploidy, F 3,=10.02,
P<0.01; Fig. 3C). Although both cytotypes showed increased
NPQ under the temperature extremes (GLM: temperature,
F, 3,=19.61, P<0.001), the average rise compared with the con-
trol treatment was also higher for tetraploids (416.39% increase
versus 259.64% for dodecaploids). Comparing the impact of
heat and cold shocks, NPQ was more greatly enhanced by the
former in both ploidies. This was especially evident for 12X D.
broteri given that the cold temperature treatment did not even
alter its control values significantly (GLM: temperature X ploidy,
F, 3=2.59, P<0.1; Fig. 3C).

Compared with the control temperature range, the per-
centage of total photoinhibition increased with heat and cold
treatments in both tetraploid and dodecaploid D. broteri plants
(Fig. 3D). Overall, the 4X cytotype was more photoinhibited
after exposure to both temperature extremes than the 12X
cytotype. Chronic photoinhibition was higher in tetraploids,
whereas dynamic photoinhibition barely varied between ploi-
dies (Fig. 3D). Notably, the rise of chronic photoinhibition was
more pronounced under heat (average 13.24% increment at
42/28 °C versus 3.74% increment at 9/5 °C), but the opposite

trend was found for dynamic photoinhibition (average 5.40%
increment at 42/28 °C versus 21.50% increment at 9/5 °C).

Leaf photosynthetic pigment concentrations

Photosynthetic pigment contents in D. broteri leaves were
overall highly variable in both cytotypes, and temperature had
a weaker influence on them than on the previously described
parameters. A significant effect of ploidy was found for the
total content of chlorophylls (Chl a+b) and for Chl b, with the
12X cytotype being the one showing more elevated concentra-
tions over all temperatures (Chl a+b, GLM: ploidy, F; 44,=3.32,
P<0.1; Chl b, GLM: ploidy, F,,4,=4.60, P<0.05; Table 1).
Similarly, 12X D. broteri exhibited higher neoxanthin and zeax-
anthin concentrations compared with the 4X cytotype (GLM:
ploidy, P<0.001; Table 1). Also regarding xanthophylls, dode-
caploids were able to maintain violaxanthin stable at the three
temperature ranges, while average values decreased under tem-
perature extremes for tetraploids (GLM: temperatureXploidy,
F, ;3=2.97, P<0.1;Table 1).

Finally, the pigment DES index was higher for the 4X
cytotype compared with its 12X counterpart (GLM: ploidy,
F, ,4=13.51, P<0.001;Table 1).
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Expression of stress-related genes and epigenomic
changes

Moderate levels of qPCR cross-amplification were observed
in D. broteri for the eight stress-related genes obtained from
D. spiculifolius (Supplementary Table S1). Only four genes
(AI5L3, ATHB7, PP2C16, and SWEE'T) had sufficient effi-
ciency in both cytotypes (4% and 12X). All four genes demon-
strated comparable efficiencies between ploidy levels (P<0.05;
Supplementary Table S1). Inter-cytotype differences in relative
expression were detected for the four selected genes involved
in abiotic stress response (ploidy, Pyiepme<0.05).The 12X cyto-
type always showed a higher average transcript abundance
compared with the 4% (Fig. 4). In terms of temperature effect,
the 9/5 °C range did not change the expression of any gene
compared with control values. In turn, the direction of the
changes in gene expression under 42/28 °C was gene specific.
In SWEE'T1, the high temperature treatment decreased ex-
pression levels in both cytotypes (temperature, Pycpe<0.001),
while the transcripts of PP2C16 only decreased for the 12X
cytotype (temperatureXploidy, Pyicame<0.05; Fig. 4A, B). In
contrast, the expression of ATHB7 increased in 4X plants

exposed to heat (temperatureXploidy, Pycmc<0.01; Fig. 4D).
Finally, the expression of AI5L3 did not change with temper-
ature treatments (Fig. 4C).

Moreover, global cytosine methylation in D. broteri leaves
ranged between 23.75% and 38.42% (average 29.62 * 0.41%)
and did not vary between the two cytotypes (LMM: ploidy,
Fi 16=0.12, P=0.73). The heat treatment significantly decreased
the percentage of cytosine methylation to 2% (LMM: temper-
ature, F) 1,=19.22, P<0.001; Fig. 5), and that effect was similar
for the two cytotypes (temperatureXploidy, F; 1,=0.06, P=0.80).

Discussion

In this study, as expected, physiological performance was gen-
erally impaired for both D. broteri cytotypes immediately after
exposure to short extreme low and high temperatures events,
the latter affecting more traits and usually having stronger
short-term effects. Interestingly, the extent of this impact dif-
tered between 4X and 12X D. broteri, with the latter exhibiting
greater early tolerance through a suite of coordinated physio-
logical traits.
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Table 1. Leaf photosynthetic pigment concentrations (ug g') and de-epoxidation state (DES) in 4x and 12x Dianthus broteri after
exposure to three different temperature range treatments (9/5, 20/18, and 42/28 °C) for 48 h.

Temperature (°C) Ploidy Chl a Chib Total Chlis N v z DES

9/5 4x 511 £ 62 260 + 23 771 £ 83 248+39a 207+1.7a 29.3+832a 0.48 £ 0.04
12x% 662 + 93 285 + 30 948 + 121 448 + 4.8 A 22.8+£39ab 79.5+256b 0.29 £ 0.05

20/18 4x 728 + 115 292 + 48 1020 + 161 34.8+10.1a 37.9+9.6Db 40.6 +4.7 ab 0.46 + 0.06
12x% 639 + 162 315 £ 41 954 + 197 67.5 + 8.3B 18.3+8.1a 37.0+£5.1ab 0.24 £0.10

42/28 4x 497 + 55 227 £ 23 723 +£75 32.7+59a 221+32a 343+48a 0.45 + 0.05
12x 662 + 56 321 +28 982 + 79 55.5 + 8.8 AB 23.9+3.8ab 53.6 +10.0 ab 0.36 + 0.04

Significant effects Ploidy* Ploidye Ploidy*** Temp. x ploidye Ploidy* Ploidy***

Temperaturee Temp. x ploidye

N, neoxanthin; V, violaxanthin; Z for zeaxanthin.

Values represent the mean +SE error, n=5. Different letters indicate means that are significantly different from each other (GLM: P<0.1, Tukey’s HSD test:
a=0.1). In cases where there are significant individual effects of temperature and ploidy but not of their interaction temperaturexploidy, a different set of
letters (upper and lower case) is displayed for each cytotype. Symbols next to factors indicate their level of significance in the model (¢P<0.1, *P<0.05,

*P<0.01, **P<0.001).

Water relations and photosynthetic performance

Despite appropriate watering of plants during the experiment,
extreme temperatures are known to cause desiccation symp-
toms in plant function (Pinté-Marijuan and Munné-Bosch,
2013) and then lower leaf water potential (W) to maintain
water supply, which was experienced by both cytotypes under
heat and cold (Fig. 1). Such conditions also encourage water
retention, which was promoted by the drop in osmotic po-
tential (W,; i.e. osmotic adjustment) for plants exposed to the
heat treatment, so this temperature extreme impacted plant
water relations more severely in D. broteri. Although the trends
detected in W, and W, were similar for both cytotypes under
temperature stress, overall water status differed. Dodecaploid
D. broteri was able to maintain control values of RWC at high
temperatures, which would rely on a higher hydraulic capaci-
tance, allowing the plant to buffer water potential fluctuations.
This finding has been previously described in tetraploid apple
trees compared with diploid cultivars (De Baerdemacker ef al.,
2018) and could be explained by a greater ability of polyploids
to store water in a tissue (leaves in this case), an ultimate con-
sequence of WGD-driven increased cell size and lowered cell
surface area:volume ratio (Pacey et al., 2022).

Furthermore, 12X D. broteri was able to maintain stomatal
opening and keep positive assimilation rates under tempera-
ture extremes (Fig. 2). Contrary to empirical evidence suggest-
ing that stomatal conductance (g,) declines in response to high
VPD (temperature-driven in this experiment; Grossiord ef al.,
2020), this ploidy showed a remarkably tolerant behaviour
under these conditions by means of unaltered leaf water bal-
ance. This matches the resource-acquisitive functional strategy
described for this cytotype (Lopez-Jurado ef al., 2022), which
would benefit from the use of stored water to not decrease
photosynthesis if stress-induced damage is reversible (similarly
to results reported by Li ef al. (1996). Moreover, keeping sto-
mata open when experiencing thermal stress, especially heat,
could reduce physiological damage due to the evaporative

cooling of leaves (Schymanski et al., 2013), at least when water
is available. In contrast, tetraploids prioritized stomatal closure
to prevent water loss in response to thermal stress. Smaller,
more densely packed stomata in 4X (Balao et al.,2011) would
enable this behaviour by permitting their faster adjustment
to the changing environment (Lawson and Vialet-Chabrand,
2019). Nevertheless, our results do not support that decreased
g, was causing reduced assimilation rates (Ay) in 4% D. broteri,
since CO, was highly concentrated in the intercellular space
(C) after heat and cold treatments. Therefore, other limitations
to photosynthesis would be acting in 4X plants, namely mes-
ophyll or biochemical. Higher mesophyll resistance in tetra-
ploids would cause a drawdown of CO, from the intercellular
space to the chloroplast stroma and hence explain the decline
in Ay (Mizokami et al., 2019). Alternatively, thermal stress may
cause Rubisco deactivation and affect other enzymes related to
carbon assimilation, leading to impaired carboxylation capacity
(Hendrickson et al., 2004; Sage et al., 2008; Scafaro et al., 2016).
Although our experimental design does not allow us to ascer-
tain which possibility has a larger impact, the higher degree
of photoinhibition and loss of PSII efficiency in tetraploids
(see below) suggest significant damage to their photosynthetic
system.

Integrity of the photosynthetic system and
photochemical adaptations

High integrity of the photosynthetic machinery under
drought was demonstrated in a previous study for 12X D. broteri
(Lopez-Jurado et al.,2016). Here, greater photochemical integ-
rity compared with 4X D. broteri was confirmed in response to
thermal stress (Fig. 3). Although photosynthetic performance
was compromised for both cytotypes, particularly after the heat
shock, higher photochemical efficiency (F,/F,, and @) and
less photoinhibition explain the slightly lower drop in Ay for
dodecaploids. In line with that, the 12X cytotype also presented
greater concentrations of total chlorophylls (Table 1), which
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Fig. 5. Global cytosine methylation percentage in 4x and 12x Dianthus
broteri after exposure to control (20/18 °C) and heat wave (42/28 °C)
temperature ranges for 48 h. Both raw data points and box plots are
displayed. In the latter, horizontal lines depict the median, and boxes and
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may be a consequence or evidence of more robust photosyn-
thesis in this ploidy relative to 4X (Croft et al.,2017) and could
reflect higher biomass accumulation (Sherstneva ef al., 2022).

The 4% cytotype suffered higher photoinhibition than 12X
under both temperature extremes, but the impact of cold
shock was confirmed to be less severe than that of heat shock
due to the lower chronic relative to dynamic photoinhibition
recorded. Therefore, photochemical damage was mostly re-
versible in the short term (Osmond and Grace, 1995) after
exposure to cold stress. However, the heat treatment caused
greater chronic photoinhibition in both cytotypes, but again
tetraploids were more acutely affected. Surprisingly, the 4X
cytotype exhibited more marked photoprotection mecha-
nisms than 12X, with higher NPQ, which sharply increased
under heat. These results together show that dodecaploids use a
greater proportion of the excitation energy for photochemical
reactions without the need for heat dissipation, allowing them
to have a more efficient photosynthesis (Ghosh et al., 2023).
This result is undoubtedly indicative of tetraploids being more
temperature sensitive than dodecaploids, given that even higher
dissipation of excess energy was not able to lower photoinhibi-
tion, consequently decreasing photochemical quantum yields
and limiting photosynthesis (Haldimann and Feller, 2004).

The higher NPQ of 4X D. Broteri was accompanied by a
greater activation of the xanthophyll cycle under stress. This
cycle consists of the de-epoxidation of violaxanthin to zeax-
anthin driven by high energy reaching the thylakoids (which
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happens under conditions such as light or temperature stress;
Fernandez-Marin et al., 2021) and is known to greatly con-
tribute to NPQ in higher plants (Murchie and Ruban, 2020).
Tetraploids presented reduced epoxidized product (violaxan-
thin) under heat and cold shocks and, remarkably, a higher
DES (a proxy for the activity of the xanthophyll cycle) com-
pared with 12X regardless of temperature. Surprisingly, dode-
caploids had greater xanthophyll concentrations (specifically
neoxanthin and zeaxanthin) than tetraploids, although in this
case it was not supported by NPQ. Due to the high integrity
of the photochemical apparatus in 12X D. broteri, this result
suggests a different role for xanthophylls in photoprotection
than in promoting NPQ. Thus, we propose that neoxanthin
and zeaxanthin could be acting in dodecaploids as antioxi-
dants, an activity that has already been attributed to these pig-
ments (Havaux et al. 2007; Giossi et al., 2020). More elevated
neoxanthin concentrations also agreed with higher Chl b, the
presence of which seems to be a prerequisite for the stable
binding of neoxanthin (Voitsekhovskaja and Tyutereva, 2015).
In turn, higher Chl b in 12X D. broteri might be explained by
WGD-mediated antenna size enlargement (Kume ef al., 2018;
and references therein), given that all Chl b resides in antenna
complexes in land plants.

These complex physiological patterns under temperature
stresses are likely to be the intricate outcome of two contrib-
uting factors: the direct enlargement effects caused by ploidy
increase (additive duplications; as in Mo et al., 2020), and the
long-term evolutionary adaptation (Miinzbergova and Haisel,
2019) as evidenced in multiple functional traits observed in
D. broteri (Dominguez-Delgado ef al., 2021).

Gene expression and epigenetic changes

As observed in the related species D. spiculifolius (Zhou et al.,
2017), three out of four stress-related genes selected for
D. broteri in this study showed differential expression between
control and thermal-stressed plants (Fig. 4). Interestingly,
differential expression levels with respect to ploidy were
detected for all four genes regardless of the temperature
regime. Although gene expression should increase line-
arly after WGD (Stupar et al., 2007), post-polyploidization
processes, such as selection, sub- and neo-functionalization,
dosage compensation, or epigenetic repatterning, can alter
the expected gene expression in polyploids (Chen, 2007).
It is therefore remarkable in this study that 12X D. broteri
presented higher expression than 4X across the four genes,
but the absolute gene expression decreased according to the
triplication level. Altogether, no inter-cytotype divergence
was detected for global DNA methylation under the exper-
imental conditions assayed here (Fig. 5). However, the high
inter-population variation in natural levels of global DNA
methylation for the 12X cytotype probably due to the influ-
ence of specific ecological factors should be noted (Alonso
et al.,2016a; Tomczyk et al.,2022). Still, absence of significant

differences in this trait should not be interpreted as evidence
of similarity in methylation patterns at specific loci because
magnitude and patterns of cytosine methylation provide
complementary but not identical information (Alonso ef al.,
2016b). In contrast, the heat treatment significantly decreased
global DNA methylation in the two cytotypes, supporting
epigenome modulation as a key mechanism in stress response
and rapid adaptation to environmental change (Balao et al.,
2018; McCaw et al., 2020).

Similarly to gas exchange and water relations, 4X D. broteri
overall exhibited more marked responses to stress than 12X re-
garding gene expression. Under heat, tetraploids were able to
maintain and increase, respectively, the transcripts of PP2C16
and ATHB?7, the latter known to be involved in modulating
abscisic acid (ABA) signalling by regulating protein phospha-
tases such as the former (Valdés et al., 2012). Thus, 4X D. bro-
teri showed activated ABA metabolism at high temperatures, a
well-known mechanism of plant adaptation to different stresses
(Tuteja, 2007). The role of ABA in promoting stomatal closure
to reduce water loss aligns with the observed decrease in g, for
the 4X cytotype.

Despite lacking statistical significance, a comparable pat-
tern of up-regulation under heat was observed for AI5L3,
which is also involved in the ABA signalling pathway
(Jing et al., 2020). Dodecaploid D. broteri did not show
up-regulation of ABA-related genes with heat, but higher
basal levels of their transcripts would suggest greater stom-
atal closure, contrary to the g results. The answer to this
counterintuitive pattern might be in the responsiveness to
ABA. Dodecaploids would have lower ABA sensitivity than
tetraploids and hence a more passive control of stomatal
opening (Brodribb and McAdam, 2011), allowing them to
keep stomata open under stress. This behaviour would facili-
tate maintaining the photosynthetic activity under stress and
an increased capacity for dissipating excess energy through
evapotranspiration, as previously stated. Both ambiguous
results in polyploid cytotypes regarding ABA signalling and
responsiveness have been previously reported for different
strains of Arabidopsis thaliana (del Pozo and Ramirez-Parra,
2014; Monda et al., 2016).

The expression levels of SWEET1, which encodes a sugar
transporter, were observed to decrease in response to high tem-
peratures in both cytotypes. Heat stress adversely affects the
carbon fixation process and alters the distribution of carbon
among various plant organs. Previous studies have reported
varying expression patterns of SWEET transporters under
heat stress in different species (Gautam et al., 2022). For in-
stance, SWEET1 was found to be underexpressed in tomato
under high temperatures (Peng et al., 2023), whereas it showed
increased expression in Arabidopsis (Gautam et al., 2022).
Consequently, further investigations are necessary to elucidate
the specific role of SWEETT under thermal stress in D. broteri,
and to determine its temperature sensitivity through functional
gene studies.
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Additionally, the involvement of methylation in the regula-
tion of gene expression for SWEET6b (another member of the
same family of sugar transporters) under drought conditions
has been investigated in rice. It was found that the gene was
hypermethylated and up-regulated in response to stress (Wang
et al., 2020). While the changes in methylation under abiotic
stress such as drought and salinity have been shown to be com-
plex (Zhang et al., 2018), heat stress has been observed to in-
duce active demethylation in specific genes associated with
ABA signalling and stress response in Arabidopsis (Korotko
et al.,2021). Our study provides further support for the occur-
rence of widespread cytosine demethylation under heat stress
in both cytotypes of D. broteri, which is likely to be medi-
ated by enzymes with demethylase activity. This genome-wide
demethylation could potentially contribute to the observed
alterations in gene expression.

To sum up, our results indicate early divergent physiolog-
ical performance and resistance, together with altered gene ex-
pression and cytosine methylation, in two polyploid cytotypes
within the D. broteri complex under short thermal stress events.
For the higher order cytotype, the combined consequences of
ploidy increase (higher cell volume and tissue water storage),
and local adaptation (to its particularly stresstul environmental
niche) would explain its higher photosynthetic performance
and ability to cope with high and low temperature extremes.
Further research examining the physiological aspects of closely
related polyploid taxa will contribute to unravelling their ev-
olutionary dynamics, specifically in relation to factors such as
distribution range and competitive interactions. These investi-
gations play a crucial role in advancing our understanding of
how climate change may pose challenges to the persistence of

plant polyploids.

Supplementary data

The following supplementary data are available at JXB online.

Fig. S1. Distribution map of 4X and 12X Dianthus broteri,
specifying mean annual temperatures of the warmest and cold-
est quarters.

Fig. S2. Gas exchange parameters (recorded at 300 pmol m™>
s and 1000 umol m™= s™' PPED) in 4X and 12X Dianthus
broteri cytotypes after exposure to 9/5, 20/18, and 42/28 °C
temperature ranges.

Table S1. Description and primer sequences of the genes
tested in 4X and 12X Dianthus broteri.
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