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Adaptive divergence generates distinct
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The evolution of plastic responses to external cues allows species to maintain fitness in response to the environmental variations
they regularly experience. However, it remains unclear how plasticity evolves during adaptation. To test whether distinct patterns
of plasticity are associated with adaptive divergence, we quantified plasticity for two closely related but ecologically divergent
Sicilian daisy species (Senecio, Asteraceae). We sampled 40 representative genotypes of each species from their native range on
Mt. Etna and then reciprocally transplanted multiple clones of each genotype into four field sites along an elevational gradient that
included the native elevational range of each species, and two intermediate elevations. At each elevation, we quantified survival
and measured leaf traits that included investment (specific leaf area), morphology, chlorophyll fluorescence, pigment content, and
gene expression. Traits and differentially expressed genes that changed with elevation in one species often showed little changes
in the other species, or changed in the opposite direction. As evidence of adaptive divergence, both species performed better at
their native site and better than the species from the other habitat. Adaptive divergence is, therefore, associated with the evolution
of distinct plastic responses to environmental variation, despite these two species sharing a recent common ancestor.

=
S
=
=
=
>
=
S
2,
=
=
A
(e}
=
S

KEY WORDS: adaptation, adaptive divergence, differential gene expression, environmental sensitivity, evolutionary history,
phenotypic plasticity.

Z
S
>
S
>
[}

INTERNAT

The persistence of species in novel or changing environments genotype depending on the environment (Via et al. 1995; Sultan
often relies on their ability to adjust their phenotype to cope 2000; de Jong 2005). The ability for plasticity to allow species
with environmental variation (Chevin et al. 2010). Such phe- to cope with environmental variation is shaped by selection
notypic plasticity generates different phenotypes from the same within environments routinely or historically experienced by
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Figure 1. Conceptual diagram depicting the change in a phenotypic trait (Z) across an environmental gradient for two species (A in

orange and B in blue) adapted to environments at either end of the gradient. (a) Species differ in their magnitude of plasticity: compared

to species A, species B shows lower plasticity as little to no change in phenotype across environments, which could be driven by lower
variability or predictability in the native environment of species A. (b) Species differ in the direction of plasticity and whether plasticity
is adaptive: if adapative divergence creates differences in plasticity between two species, then we would expect that the two species
will respond differently when exposed to the same environmental variation. In the environment of species B (blue), plasticity moves

the phenotype of species A toward the phenotype of species B, suggesting plasticity is somewhat adaptive in that novel environment.

By contrast, in the environment of species A (orange), plasticity moves the phenotype of species B away from the native phenotype of

species A, suggesting that plasticity in species B is nonadaptive in environment A.

populations of that species (Ghalambor et al. 2007). Plastic-
ity is therefore only likely to buffer environmental variation
by maintaining fitness when exposed to familiar environmen-
tal regimes (Bradshaw 1965; Schlichting 1986; Baythavong
and Stanton 2010), which may mean that plastic responses
in novel environmental conditions are little help, or are even
maladaptive (Chevin and Hoffmann 2017; Hoffmann and Bri-
dle 2021). Understanding how plasticity evolves is therefore
important for understanding how species can respond to novel
environmental variations (Bradshaw 1965; Baythavong and
Stanton 2010).

Plasticity can be thought of as a property of a genotype, in-
dividual, and population, as well as at the species level (de Jong
2005; Ghalambor et al. 2007). At the population level, a review
of plant reciprocal transplant experiments found that populations
often showed no plasticity (i.e., canalised phenotypes were com-
mon), and that where plasticity was found, nonadaptive plasticity
was more common than adaptive plasticity, suggesting that local
adaptation often fails to generate appropriate forms of plasticity
(Palacio-Lopez et al. 2015). It is therefore difficult to understand
how or why plasticity evolves during local adaptation. By quan-
tifying how plasticity differs between closely related species that
have recently become adapted to contrasting habitats, it is possi-
ble to identify how adaptive divergence is associated with differ-
ences in plasticity at the species level (Sultan 2001; Murren et al.
2014).
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The effect of adaptive divergence on plasticity will depend
on how selection interacts with plasticity (de Jong 2005; Rader-
sma et al. 2020). In general, phylogenetic relatedness (Pigliucci
et al. 1999; Kellermann et al. 2018), ecology (Kulkarni et al.
2011), and the predictability of the environment (Oostra et al.
2018; Leung et al. 2020) determine the nature and amount of
variation in plastic responses, as well as the range of environ-
ments within which plastic responses are adaptive (Hoffmann and
Bridle 2021). Although contrasting environments are expected to
select for differences in plasticity (Schlichting 1986; Donohue
et al. 2001; de Jong 2005; Murren et al. 2014), we still have a rel-
atively poor understanding of how plasticity evolves during adap-
tation. This is because fitness and plasticity are rarely quantified
for closely related species from contrasting habitats that are re-
ciprocally transplanted into their native habitats.

At the species level, plasticity evolves when genotypes
vary in their sensitivity to environmental variation, and selec-
tion favours genotypes with a particular magnitude or direction
of plastic changes in phenotype (Via and Lande 1985; Thompson
1991; Oostra et al. 2018). During adaptive divergence, if selection
is strong and one environment is invariable or unpredictable, plas-
ticity should be reduced because any variation in phenotype will
reduce fitness (species B in blue, Fig. 1a). By contrast, if selec-
tion is variable or predictable in space or time, we expect greater
plasticity to evolve (species A in orange, Fig. 1a). Given that the
plasticity displayed by a given species reflects past selection for
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SPECIES DIVERGENCE IN PLASTICITY
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Figure 2. (a) Senecio chrysanthemifolius occupies disturbed habitats below approximately 1000 m a.s.l, and has thin, dissected leaves.
(a) Senecio aethnensis inhabits lava flows and has thicker, smooth-margined leaves with a thick waxy cuticle. (c) Map of sampling locations

(S. chrysanthemifolius: green circles; S. aethnensis: blue circles) and transplant sites (yellow squares). Sampling locations for S. aethnensis
and the transplant sites are labelled by their elevation. Inset map shows the location of the study system within Europe.

particular plastic responses, we could also expect differences in
plasticity to evolve between species if they are adapted to con-
trasting habitats that select for opposite changes in the phenotype
(Fig. 1b). Adaptive divergence should, therefore lead, not only
to phenotypic divergence between species, but also divergence in
plasticity when different environments favour differences in the
direction or magnitude of plasticity (de Jong 2005; Ghalambor
et al. 2007).

In addition to considering phenotypic traits, estimating vari-
ation in gene expression across environments reveals key as-
pects of the genomic basis of plasticity, and how it differs across
ecologically divergent species. Where different allelic (sequence
changes in regulatory genes) or epiallelic (e.g., DNA methyla-
tion, chromatin remodelling, post-transcriptional modifications)
variants underlying trait plasticity are favoured in different en-
vironments, differences in plasticity will arise between species
adapting to contrasting environments (Gibson and Wagner 2000;
Shaw et al. 2014). If selection varies among environments, di-
vergence in phenotypic plasticity at the gene expression level is
expected to occur (Akman et al. 2016).

In this study, we first use a common garden experiment
to identify physiological differences between two closely re-
lated species of Senecio that inhabit contrasting elevations on
Mt. Etna, Sicily. We then quantify variation in survival and
phenotypic plasticity across an elevation gradient that includes
the native habitats of both species. Senecio chrysanthemifolius

(Fig. 2a) is a short-lived perennial (individuals generally live for
less than 2 years) with highly dissected leaves that occupies dis-
turbed habitats (e.g., vineyards, abandoned land, and roadsides)
in the foothills of Mt. Etna about 400-1000 m a.s.l (above sea
level) and at similar elevations throughout Sicily. By contrast,
Senecio aethnensis (Fig. 2b) is a longer-lived perennial with en-
tire glaucous leaves and is endemic to lava flows about 2000—
2600 m a.s.l on Mt. Etna that are covered by snow each winter.
Vagrant individuals are often observed at intermediate elevations,
suggesting that their distribution can extend to intermediate el-
evations. These two species are proposed to have diverged re-
cently, possibly about 150,000 years ago, around the same time
that the uplift of Mt. Etna created the high elevation environment
in which S. aethnensis is found (Chapman et al. 2013; Osborne
et al. 2013). Their recent shared ancestry is reflected by very low
genetic divergence across the genome, despite large differences
in habitat, phenotype, and life history (Chapman et al. 2016). In
particular, rapid divergence in leaf shape and dissection is a key
feature of adaptive divergence between these species (Brennan
et al. 2009), as well as in adaptive radiations of other Senecio
species (Walter et al. 2018; 2020a).

We predicted that (1) the occupation of contrasting habitats
by these species would be reflected by differences in physiology
in a common garden. Specifically, we would observe greater
water use efficiency and lower leaf pigment content for UV
light defence in the low elevation species (S. chrysanthemifolius)
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compared to the high elevation species (S. aethnensis). (2) As
evidence of adaptive divergence, each species would perform
better at their native elevations than beyond their existing range,
and better than the other species within their native habitat.
(3) Despite their recent common ancestry, as a consequence of
adaptive divergence, the two species would show differences in
the direction and magnitude of plastic changes in phenotype and
gene expression across the elevational gradient. (4) Given that S.
aethnensis is restricted to high elevations on Mt. Etna while S.
chrysanthemifolius is distributed throughout lowland Sicily, we
expected that S. chrysanthemifolius would show greater plasticity
across the elevational range than S. aethnensis (Fig. 1a); and (5)
compared to S. chrysanthemifolius, plasticity in S. aethnensis
would be less adaptive in a novel environment because it would
fail to a greater extent to move its phenotype toward the native
phenotype when transplanted in the habitat of the other species
(Fig. 1b).

To test these hypotheses, we sampled c40 genotypes of
S. chrysanthemifolius and S. aethnensis from natural popula-
tions and conducted extensive reciprocal transplant experiments
in 2017 and 2019. Propagating genotypes of both species from
cuttings allows us to control for genetic variation by assaying
the same genotypes at multiple sites using multiple clones per
genotype, providing biological replication of phenotypic traits
and gene expression profiles. Both experiments involved trans-
planting cuttings of each genotype to four transplant sites across
an elevational range that included the native habitats of both
species, and two intermediate elevations where vagrant individu-
als of both species are often observed. In each transplant experi-
ment, we quantified survival, growth, and leaf traits including leaf
shape, gene expression, photosynthetic activity, pigment content,
and leaf investment.

Materials and methods

SAMPLING NATURAL POPULATIONS

We sampled achenes, referred to hereafter as “seeds,” and took
cuttings from naturally growing individuals of both species after
plants started flowering. Sampling was conducted in May—June
2017 for S. chrysanthemifolius and July 2017 for S. aethnensis
because S. aethnensis grows more slowly and flowers later than
S. chrysanthemifolius, given its higher elevation habitat. For S.
chrysanthemifolius, we sampled 37 individuals from five sites be-
tween 500 and 800 m a.s.l (Fig. 2¢, Supporting information Table
S1). For S. aethnensis, we sampled 42 individuals at four different
elevations (2600, 2500, 2400, and 2300 m a.s.l) on both the North
and South slopes of Mt. Etna (Fig. 2¢, Supporting information
Table S1). Although this species occurs at 2000 m, we avoided
sampling below 2300 m to avoid the risk of sampling hybrids
associated with a stable hybrid zone present at 1500-1700 m
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(Brennan et al. 2009). To minimise the risk of sampling close
relatives, most plants sampled were more than 10 m apart.

We then used the seeds and cuttings sampled from the indi-
viduals in the natural populations for three separate experiments.
First, to test whether the two species have evolved differences
in physiology under common garden conditions, we germinated
seeds and grew plants in the laboratory to measure a suite of phys-
iological traits. Second, to test for differences in plasticity, we
conducted two field experiments (in 2017 and 2019) that trans-
planted multiple cuttings of genotypes of both species across an
elevational gradient on Mt. Etna.

Genotypes that were propagated for use in the 2017 experi-
ment were sampled directly from natural populations as cuttings,
while genotypes propagated for the 2019 experiment were raised
in a common garden from seeds collected from natural popula-
tions. We used these two different approaches because in 2017,
cuttings of each species could only be sampled, propagated, and
transplanted at different times due to the delayed growth of S.
aethnensis at high elevations. This meant that the 2017 experi-
ment did not fully replicate natural growing conditions because
we could only transplant both species in the middle of summer,
after they finished growing in natural environments. We there-
fore conducted the 2019 experiment to transplant both species at
the same time and during the natural growing period (spring). In
2019, we used plants propagated from seed under common gar-
den conditions to better control for environmental effects.

PHYSIOLOGICAL DIFFERENCES BETWEEN SPECIES
UNDER COMMON GARDEN CONDITIONS

To assess differences in physiology between the species, we grew
plants from field-collected seeds from a representative site of
each species (Fig. 2¢: Spina for S. chrysanthemifolius, 2500 m
South Etna for S. aethnensis) in a growth cabinet (see Support-
ing information Methods S1). From eight maternal families of
S. chrysanthemifolius, we grew 34 individuals, and from ten ma-
ternal families of S. aethnensis we grew 41 individuals (about
four individuals/family). Seeds were scarified mechanically and
placed in petri dishes containing moist filter paper. Seedlings
were transplanted into 640 mL pots with standard potting mix.
After 2 months of growth, we measured ecophysiology traits
known to be associated with elevational gradients (Mierziak et al.
2014; Berardi et al. 2016): leaf pigment content and mechanisms
of light defence, which are important as UV becomes stronger
at high elevations, and water use efficiency, which is likely to be
more important at lower (hot and dry) elevations.

We used a Dualex+ instrument (ForceA, France) to mea-
sure the leaf contents: chlorophyll, anthocyanin, and flavonol pig-
ments. Using an LCpro gas analyser (ADC BioScientific, UK),
we measured photosynthetic gas exchange. Intrinsic water use
efficiency was calculated as the ratio between photosynthesis
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and stomatal conductance. Chlorophyll fluorescence was mea-
sured using an IMAGING-PAM M-series chlorophyll fluorom-
eter (Heinz Walz GmbH, Germany). Using output from the flu-
orometer, we quantified two mechanisms of physiological light
defence of leaves (Supporting information Methods S1): the un-
regulated [Y(NO)] and regulated [Y(NPQ)] dissipation of heat.
To analyse these data, we used a linear model to test for differ-
ences in mean between species by calculating a t-statistic and
multiplying the p value by the number of tests to account for mul-
tiple comparisons.

FIELD TRANSPLANT SITES

Field transplant sites were at four elevations (500, 1000, 1500,
and 2000 m a.s.l) along a transect on the south-eastern side of
Mt. Etna (Fig. 2¢). The 500 m site was in a garden among fruit
trees, the 1000 m site in an abandoned vineyard among Quercus
ilex, the 1500 m site was located in an apple and pear orchard,
and the 2000 m site was on a lava flow from 1983 (with pine
trees present). Both sites defined as “native elevations” (500 m for
S. chrysanthemifolius and 2000 m for S. aethnensis) were located
less than 1 km from natural populations. Plants of both species
were regularly observed at intermediate elevations (above 500 m
and below 2000 m), but were never observed within the native
range of the other species. There is an elevational transition in
soil type from a silty sand at elevations between 500 and 1500 m,
to volcanic sand at 2000 m. At each transplant site, four data
loggers (Tinytag Plus, Gemini Data Loggers, UK) recorded the
temperature hourly. We took three soil samples at each trans-
plant site, which were analysed for 21 variables that included
nutrients, salts, and ions (Nucleo Chimico Mediterraneo Labo-
ratories, Catania, Italy). To analyse the soil data, we used Multi-
Dimensional Scaling (MDS) to calculate the scaled distance be-
tween the soil samples taken at all transplant sites.

FIELD TRANSPLANT PROTOCOLS

In the glasshouse (Giarre, Italy), cuttings from all individuals
(hereafter, genotypes) were cut into 5 cm stem segments, each
possessing two to three leaf nodes. Each smaller cutting was then
dipped in rooting plant growth regulator for softwood cuttings
(Germon Bew., Der. NAA 0.5%, L. Gobbi, Italy) and placed in a
compressed mix of coconut coir and per liter (1:1) in one cell
of an 84-cell tray. All cuttings from each genotype were kept
together in one half of a tray and tray positions were randomised
regularly. Trays were kept moist and checked regularly for cut-
tings that successfully produced roots extending out of the bottom
of tray. Rooted cuttings of each genotype were randomised into
experimental blocks and then transplanted at all four elevations.
Cuttings were transplanted into grids of 20 x 7 plants, with 40 cm
separating each cutting. The position of cuttings was randomised
with respect to genotype (and source population). To prepare the

field sites, we cleared the soil of vegetation and debris, and we
turned the soil 30 cm deep immediately prior to the transplant.

2017 FIELD TRANSPLANT EXPERIMENT

We transplanted 37 S. chrysanthemifolius genotypes (n = 109
plants/block; n = 327 plants/elevation; N = 1308 plants) and
42 S. aethnensis genotypes (n = 130 plants/block; n = 390
plants/elevation; N = 1560 plants) into three experimental blocks
at all four elevations. Depending on the number of cuttings
that successfully produced roots, we transplanted 6—15 cuttings
per genotype at each transplant site (see Supporting information
Table S1). The two species were transplanted at different times
(8. chrysanthemifolius in June—July 2017; S. aethnensis in August
2017) because seasonal constraints meant that sampling from
natural populations of S. aethnensis was only possible a month
after S. chrysanthemifolius had been sampled. Following each
transplant, cuttings were watered daily for 3 weeks to encour-
age establishment. We removed 104 cuttings of S. aethnensis that
died within 3 days due to transplant shock, which meant 2764
plants were included in the experiment (Supporting information
Table S2). To prevent death during high temperatures in July—
August (consistently >35°C), we watered cuttings daily during
this period, which allowed us to assess the phenotypic responses
of genotypes to what were still stressful conditions. We recorded
mortality approximately every 2 weeks and measured the pheno-
typic traits of all plants at a single time point when both species
showed substantial post-transplant growth (November 2017).

2019 FIELD TRANSPLANT EXPERIMENT

In 2019, we repeated the 2017 experiment, but transplanted
cuttings of genotypes of both species that were grown (from
field-collected seeds) in the glasshouse at the same time, and
then transplanted into the same experimental blocks. Using the
protocols outlined above, we germinated and grew five seeds
collected from multiple genotypes (S. aethnensis n = 25; S.
chrysanthemifolius n = 21) that were sampled from the nat-
ural populations in 2017. After 1 week, one seedling from
each maternal genotype was chosen at random and placed
in 14 cm pots containing standard potting media and left to
grow under supplemental lighting (145 wmol m?/s 25 W LED
tubes; TSA Technology, Italy). When plants reached at about
30 cm high, we removed all branches and propagated cut-
tings for the transplant using the same protocol as the 2017
experiment. Plants were left to regrow, and we then took a second
round of cuttings to increase replication in the transplant exper-
iment. We transplanted the first round of cuttings on 16th April
2019 into three experimental blocks (3 cuttings/genotype/block;
n = 139 plants/block; N = 1668 plants), and the second round
of cuttings on 24th May into one additional experimental block
(2 cuttings/genotype/block; n = 92 plants/block; N = 368 plants).

EVOLUTION JUNE 2022 1233

35US01 SUOLLIOD BANER.D) 3|ea!jdde au) Aq PaUBAOB 312 SO YO 88N J0 S3INI 10} AZRIGIT BUIIUO AB]IM UO (SO IPUOO-PLE-SLLLS}WOD" A | ARG B |UO//:SIL) SUOIIPUOD PUE SLLB L 3U1 885 *[£202/60/62] U0 ARIQIT3UIIUO AB1IM ‘1591 AQ 80T 0RS/TTTT OT/I0P/W0D" S| ARG [BU U0/ SAIY W01 PpRO|UMOQ ‘9 ‘Z20Z [oraG8asT



G. M. WALTER ET AL.

Overall, we transplanted 2036 plants. Initial watering occurred
daily for 3 weeks, after which it was reduced to once per week
to maintain a more natural watering regime than the 2017 exper-
iment.

CHARACTERIZING LEAF MORPHOLOGY AND
PIGMENT CONTENT

To characterise leaf morphology, we sampled and pressed young
but fully expanded leaves from each cutting once they showed
extensive growth (at least 3 months after transplantation). For
the 2017 experiment, we sampled three to five leaves per cut-
ting in November, and for the 2019 experiment, we sampled two
leaves in September. Leaves were weighed, and then scanned and
morphology quantified using the program Lamina (Bylesjo et al.
2008), which generates estimates of leaf area, perimeter, and the
number of indentations (leaf serrations and lobes). To estimate
the density of indentations along the leaf margin, we standard-
ised the number of indentations by the perimeter. To estimate
the leaf complexity, we calculated perimeter’ per area, where
lower numbers indicate less complex (i.e., more entire) leaves.
As a measures of leaf investment, we weighed leaves and calcu-
lated Specific Leaf Area (SLA = %) where greater val-
ues represent larger leaves per unit of dry mass. For the 2019 field
experiment, we used a Dualex Scientific + instrument (Force-
A, France) to quantify the concentration of leaf chlorophyll and
flavonol pigments. Flavonols are secondary metabolites that help
to reduce oxidative stress caused by abiotic (e.g., temperature or
light) and biotic (e.g., herbivory) stressors (Mierziak et al. 2014).

QUANTIFYING CHLOROPHYLL FLUORESCENCE (2017
FIELD EXPERIMENT)

To quantify photosynthetic capacity across elevation for both
species, we measured chlorophyll a fluorescence, which esti-
mates the efficiency of the photosynthetic response to intense
light. We selected five genotypes at random from each species,
which were from three sites for S. chrysanthemifolius (Fig. 2c:
Spina, Trecastagni, and Cacciola) and three elevations for S. aeth-
nensis (2400, 2500, and 2600 m). For each genotype, we mea-
sured chlorophyll fluorescence on four cuttings at each elevation
(n = 40 plants/transplant site, total N = 160). We took measure-
ments at two transplant sites each day, completing all four sites
within 1 week in October 2017. For each cutting, we measured
four leaves, and to temporally replicate measurements, we mea-
sured the same cuttings at each site on a second day. To take mea-
surements, we put leaf clips on four leaves of each plant and dark-
adapted the plants for 30 min by covering them with large black
plastic containers. We then took fluorescence induction curve
measurements for 2 s at 3500 pwmol/s/m> photosynthetic pho-
ton flux density from each leaf (clip) using a Handy PEA instru-
ment (Hansatech Instruments Ltd., UK). We calculated Pl,,, the
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total performance of photosystem I and II (Supporting informa-
tion Methods S1).

STATISTICAL ANALYSES OF SURVIVAL AND
UNIVARIATE PLASTICITY

We first tested for significant differences in survival across ele-
vation using mixed effects cox proportional hazards models from
the coxme version 2.2-14 (Therneau 2012) package in R version
3.6.1 (R Core Team 2019). Survival at the end of the experiment
was used as the response variable (censored at the last point of
data collection), and we included transplant elevation and species
as fixed effects, and genotype and experimental block as random
effects (see Eq. [1]).

We then quantified plasticity as the change in leaf morphol-
ogy, pigment content, and chlorophyll fluorescence across eleva-
tion (all leaf traits were first averaged for each clone) using the
linear mixed model within the R package Ime4 version 1.1-23
(Bates et al. 2015)

Vijum = T; +8; +T; x S; + T; x Gr(jy + Biiy + emijiny- (1)

Changes in the response variable across transplant elevation were
modelled by the jth species (S;) in the ith transplant elevation
(T;) and their interaction (7; x S;), which were all included as
fixed effects. Random effects included the interaction between
transplant elevation and genotype T; x Gy(;), which accounted
for differences among genotypes at each elevation, and exper-
imental block within each environment (B;(;)). The residual er-
ror variance was captured by e, ji/). Separate implementations
of Eq. (1) were used for each (normally distributed) univari-
ate response variable of interest (y;jx,). For each implementa-
tion of Eq. (1), we tested the significance of the interaction be-
tween transplant site and species using likelihood ratio tests. To
correct for multiple comparisons, we adjusted the p value by
multiplying by the number of tests and keeping o = 0.05. To
test whether differences in morphology between transplant sites
were significant for each species, we used emmeans version 1.4
(Lenth 2019) to conduct pairwise f-tests adjusted for multiple
comparisons.

ESTIMATING MULTIVARIATE PLASTICITY

To quantify multivariate plasticity across elevation, we mean
standardised each morphological trait (divided by its mean). We
then used a multivariate analysis of variance (MANOVA) to test
for significant differences in multivariate mean phenotype across
elevation and between species. We analysed each experiment sep-
arately by including the morphological traits as a multivariate re-
sponse variable. We included species, transplant elevation, and
their interaction as main effects. We included the interaction be-

tween transplant site and genotype as the error term, which is the
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SPECIES DIVERGENCE IN PLASTICITY

appropriate denominator to calculate F-ratios for the main effects
because it tests whether differences among species and transplant
elevations are significantly greater than differences among geno-
types. To visualise multivariate differences, we used the output of
the MANOVA to calculate the D-matrix (Supporting information
Methods S1), which represents differences in mean multivariate
phenotype across species and elevation. We also quantified how
the two species differed in their direction of plasticity in response
to elevation by calculating the vector of plasticity (AxX) for each
species using

Aiplaslicily = -’Enalive - inovel ) (2)

where AX is the vector (standardized to unit length) that rep-
resents the change in multivariate phenotype from the native
site (¥,41ive) to the novel elevation (¥,,.;), for each species
separately (Noble et al. 2019; Radersma et al. 2020). Cal-
culating the angle that separates AX.uiciiy for each species
quantifies the difference in the direction of plasticity be-
tween species. To test whether each species showed adaptive
plasticity, we used Eq. (2) to calculate the differences in
phenotype between the two species in their native habitats
(AX givergence = X5. chrysanthemi folius at 500m — XS, aethnensis at 2,000m )-
We predicted that if plasticity of a given species was adaptive,
then plasticity would move the phenotype in the direction of the
native phenotype, which would mean that the vector of plasticity
would align with the vector representing phenotypic differences
between the species (Radersma et al. 2020).

SAMPLING OF PLANT TISSUE AND RNA EXTRACTION
To quantify gene expression variation across elevation and be-
tween species, we sampled young leaves from 12 genotypes
of each species. For each genotype, we collected three to four
newly emerged leaves (15-20 mm in length) from three cut-
tings at each transplant site (2 species x 12 genotypes x 3
clones x 4 elevations; total N = 288) in summer (22-26 July
2019), 86-90 days after the initial transplant. Young leaves were
selected to standardise developmental stage across samples, and
because high-quality RNA is difficult to extract from older tis-
sue. All leaves for a cutting were placed in an Eppendorf tube
and stored in RNAlater at —20°C. We extracted RNA from
each sample using QIAgen RNeasy kits. Library preparation
and 3’ QuantSeq RNA sequencing was performed at the Oxford
Genomics Centre on an Illumina NextSeq platform, producing
75 bp single-end reads.

QUANTIFYING DIFFERENTIAL EXPRESSION ACROSS
TRANSPLANT SITES, GENOTYPES, AND SPECIES

A reference transcriptome was assembled for each species (Sup-
porting information Methods S1). Trimmed reads were mapped

to each species’ reference transcriptome using Salmon version
0.13.1 (Patro et al. 2017). Quantified read counts were imported
using txImport (Soneson et al. 2015). Transcripts were initially
filtered such that those with <5 mapped reads in 50% of sam-
ples were discarded. This, however, excludes transcripts that may
have high expression in one species but very low in the other. In-
stead, if the low mapping rates were predominantly found within
a single species (>75%), they were retained. All estimates were
repeated using DESeq?2 (Love et al. 2014) and limma/voom (Law
et al. 2014) according to

Counts ~ Species + Transplant Site + Species  (3)

x Transplant Site + Genotype.

In limma/voom, the genotype was modelled as a random effect.
For comparisons within species, each treatment was compared
with the home transplant site of each species, with differentially
expressed genes determined based on an adjusted p value <0.01
(Benjamini and Hochberg 1995).

Reference transcriptomes were annotated (Supporting infor-
mation Methods S1), and to identify functional categories of
differentially expressed genes, gene ontology (GO) enrichment
analyses were performed using fopGO version 2.3.6 (Alexa and
Rahnenfiihrer (2019). Enrichment was determined using Fisher’s
exact test using genes that were significantly differentially ex-
pressed (adjusted p values < 0.01) between the native elevation
and the furthest transplant site.

WEIGHTED NETWORK CONSTRUCTION OF
DIFFERENTIALLY EXPRESSED GENES

Weighted Gene Coexpression Network Analysis identifies corre-
lations of expression among all genes and then forms modules
of coexpressed genes within that network. Consensus modules
were constructed for each species and visualised using Cytoscape
(Shannon et al. 2003), with the expression state of the genes in-
cluded as metadata (Supporting information Methods S1). Each
module was then summarized using its first principal compo-
nent as a module eigengene, which represents the expression
profile of the module. We tested for a correlation between each
module eigengene in each species and transplant elevation. Each
module was tested for GO enrichment in topGO, using Fisher’s
exact test.

Results

PHYSIOLOGICAL DIFFERENCES BETWEEN SPECIES
UNDER COMMON GARDEN CONDITIONS

Under common garden conditions, both species show a similar
ability to regulate heat dissipation from their leaves [Y(NPQ)]
(Fig. 3a; t(65) = 0.0116, adj. p = 1.000), while S. aethnensis

EVOLUTION JUNE 2022 1235

35US01 SUOLLIOD BANER.D) 3|ea!jdde au) Aq PaUBAOB 312 SO YO 88N J0 S3INI 10} AZRIGIT BUIIUO AB]IM UO (SO IPUOO-PLE-SLLLS}WOD" A | ARG B |UO//:SIL) SUOIIPUOD PUE SLLB L 3U1 885 *[£202/60/62] U0 ARIQIT3UIIUO AB1IM ‘1591 AQ 80T 0RS/TTTT OT/I0P/W0D" S| ARG [BU U0/ SAIY W01 PpRO|UMOQ ‘9 ‘Z20Z [oraG8asT



G. M. WALTER ET AL.

(a) (b) (©) 150 (d) 5] (e)

~os{ ‘T & 3 o

& Z 0, =) 40 4

z =1 2 =

= = I = - 101

= k=] ©' 100 4 = -

g E 5 2 5 E
= =% B3y 5 301 =

= 041 2 2 I S g

2 = Q z = I
S s 3 = g

= < i § 9 20 4 >

b5 < 0.14 2 ° =

= o) < = i, 054

=l =] z 501 @)

£ 021 = 9

- =1)] @

= ] £

g = =] 10 A

[ :czb £

0.0 1 0.0 4 0 0 0.0
S.ae S.ch S.ae S.ch S.ae S.ch S.ae S.ch S.ae S.ch

Species

Figure 3. Physiological differences between species grown from seeds under common garden conditions in the laboratory. Filled cir-
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Figure 4. Differences in environment for the four transplant sites at four elevations. (a) Average daily maximum (solid lines) and min-
imum (dashed lines) temperature for three data loggers at each site, for the duration of the transplant. Grey shading represents one
standard error in estimating the curves. Higher elevations remained below 40°C in the summer and dropped well below zero in the

winter. (b) Differences in soil composition for 21 soil variables captured by a multidimensional scaling analysis (Supporting information

Table S3 presents the soil data).

showed a greater (but nonsignificant ability for nonregulated heat
dissipation [Y(NO)] (Fig. 3b; t(65) = 2.351, adj. p = 0.1085).
Senecio chrysanthemifolius showed evidence of higher intrinsic
water use efficiency than S. aethnensis (Fig. 3b; t(69) = 3.875,
adj. p = 0.0010). Senecio aethnensis showed slightly greater
(but nonsignificant) leaf concentrations of chlorophyll (Fig. 3c;
t(143.8) = 2.085, adj. p = 0.1940), and greater concentrations
of flavonols (Fig. 3d; t(200.9) = 4.399, adj. p < 0.0001) than S.
chrysanthemifolius.
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CHARACTERIZING ENVIRONMENTAL DIFFERENCES
ACROSS ELEVATION

The transplant sites experience contrasting climatic conditions
associated with elevation, with extreme heat (regularly exceeding
40°C) at 500 and 1000 m during summer, and extreme cold (reg-
ularly below 0°C) at 1500 and 2000 m during winter (Fig. 4a).
Soil profiles roughly separated the four transplant sites in a lin-
ear fashion along the first axis (MDS1), which represented a
transition in soil type as a reduction in nutrients (amount of
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Figure 5. Differences in survival between species across all transplant elevations, for (a) 2017 and (b) 2019. Solid lines represent S.
chrysanthemifolius and broken lines represents S. aethnensis. Grey shading represents the 95% confidence interval around the mean

survival of each species. Shading represents the timing of summer (red) and winter (blue). Senecio chrysanthemifolius showed the lowest
survival at the highest elevation in both experiments, while S. aethnensis showed lower survival at all three lower elevations.

organic material, total nitrogen, cation exchange capacity, and
exchangeable ions) at higher elevations (Fig. 4b; Supporting in-
formation Table S3). The second axis (MDS?2) characterised dif-
ferences between the 1000 m site and the other sites, associ-
ated with greater concentrations of various salts at 1000 m (sol-
uble nitrates, calcium, and magnesium; Supporting information
Table S3).

SURVIVAL OF TRANSPLANTED CUTTINGS REFLECTS
ADAPTIVE DIVERGENCE BETWEEN SPECIES

Both experiments showed strong evidence for adaptive di-
vergence between species, in which each species survived
consistently better at their home (“native”) site than the species

from the other elevation extreme (Fig. 5a,b). Evidence of
adaptive divergence was supported by a significant species x el-
evation interaction for both experiments (2017: x°(3) = 27.58,
p < 0.00001, and 2019: x*>(3) = 237.55, p < 0.00001). Senecio
chrysanthemifolius showed significantly greater mortality at
higher elevations away from its native 500 m site (Fig. Sa,b; Sup-
porting information Table S4). By contrast, S. aethnensis showed
significantly greater mortality at lower elevations away from its
native 2000 m site (Fig. 5a,b; Supporting information Table S4).
Furthermore, S. aethnensis showed greater mortality in summer
immediately following the initial transplant, whereas S. chrysan-
themifolius only showed greater mortality at the highest elevation
and only toward the end of the experiment after the winter snow.
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of all cuttings for each genotype. Traits include: (a-b) leaf area, (c-d) leaf complexity, (e-f) number of indents, (g-h) specific leaf area,
(i) total photosynthetic performance, (j) chlorophyll content, and (k) flavonol content. Results are consistent across the 2017 and 2019
experiments, and show that the two species display distinct plastic responses across elevation for leaf complexity, number of indents,

specific leaf area, photosynthetic performance, and flavonol content.

One exception to this is that in 2019, S. chrysanthemifolius suf-
fered about 35% greater mortality at 500 m (its native site) than
at 1000 m (which is within the native range). This is likely to be
due to newly planted cuttings suffering under intense heat with-
out well-developed root systems, especially given they received
less supplemental water compared to 2017. However, mortality
in 2019 was still about 20% greater at the novel elevation
(2000 m) than at 500 m, indicating better performance at the
native site.

SPECIES DIFFERENCES IN PLASTICITY: UNIVARIATE
TRAIT CHANGES ACROSS ELEVATION

As evidence of phenotypic divergence, the two species showed
differences in mean phenotype for most traits, regardless of ele-
vation (Fig. 6). Both species also showed phenotypic plasticity as
a change in trait mean with elevation for most leaf morphology
traits, with patterns of plasticity that were consistent across the
2017 and 2019 experiments (Fig. 6). A significant species x el-
evation interaction provides strong evidence that the two species
change their mean phenotype differently across elevation, and
therefore, that they show differences in plasticity. The two species
differed in plasticity across elevation, but the extent of differences
in plasticity depended on the trait. Both species showed a similar
response in leaf area, whereby leaves were larger at lower ele-
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vations (Fig. 6a,b; species x elevation in 2017: x?>(3) = 8.94,
adj. p = 0.1202, and 2019: x*(3) = 42.08, adj. p < 0.0001).
Senecio chrysanthemifolius showed a reduction in leaf complex-
ity at higher elevations, contrasting with no change across ele-
vation in S. aethnensis (Fig. 6c,d; species x elevation in 2017:
%%(3) = 29.09, adj. p< 0.0001, and 2019: x*>(3) = 83.87, adj.
p < 0.0001). By contrast, S. aethnensis showed a reduction in
leaf indentation at higher elevations, while S. chrysanthemifolius
showed no significant change in leaf indentation across elevation
in 2017, but a significant increase in leaf indentation at 2000 m
in 2019 (Fig. 6e,f; species x elevation in 2017: x?(3) = 29.07,
adj. p < 0.0001, and 2019: x*(3) = 66.68, adj. p < 0.0001). Both
species also showed a similar increase in SLA at lower elevations,
but S. aethnensis showed a much greater increase at 500 and 1000
m (Fig. 6g,h; species x elevation in 2017: x>(3) = 21.95, adj.
p = 0.00027, and 2019: x*(3) = 37.71, adj. p < 0.0001), sug-
gesting that S. aethnensis produced larger leaves per unit mass
than S. chrysanthemifolius at lower elevations (and at all eleva-
tions in 2019).

In 2017, we measured chlorophyll fluorescence to calculate
the total performance index (Pl ), which estimates the capac-
ity of the photosynthetic machinery. Although S. chrysanthemi-
folius showed no change in Pl across elevation, S. aethnen-
sis showed a steady decline at lower elevations and about 50%
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reduced photosynthetic activity at the lowest elevation (Fig. 6i;
species x elevation x°(3) =24.59, p < 0.0001). In 2019, we mea-
sured the concentration of chlorophyll and flavonols in leaves.
Compared to S. chrysanthemifolius, S. aethnensis showed higher
concentrations of both pigments. Both species showed the high-
est concentration of chlorophyll at 1000 m, which decreased at
higher elevations (and at 500 m for S. aethnensis) (Fig. 6j; species
x elevation: x?>(3) = 64.23, adj. p < 0.0001). However, the two
species show contrasting patterns of plasticity in flavonol content
across elevation (Fig. 6k; species x elevation: x°(3) = 98.57, adj.
p < 0.0001): although both species show similar values at 500 m,
flavonol content in S. chrysanthemifolius decreases at higher ele-
vations, while in S. aethnensis it increases at higher elevations.

SPECIES DIFFERENCES IN PLASTICITY: CHANGES IN
MULTIVARIATE PHENOTYPE ACROSS ELEVATION

To estimate multivariate plasticity, we quantified variation in leaf
morphology between species and across elevation by analysing
all leaf traits using a MANOVA. For both experiments, we found
significant species x elevation interactions (Fig. 7; 2017: Wilks’
h = 0.375, F3203 = 29.19, p < 0.0001; 2019: Wilks’ » = 1.330,
Fi3176 = 22.97, p < 0.0001). In both experiments, the first axis
of D (dp.x) described >75% of the difference in multivariate
phenotype, which primarily separated the two species, generated
mainly by a negative correlation between leaf area and complex-
ity (larger, simple leaves versus smaller, more complex leaves).
The second axis (d5) described 15-19% of the difference in mul-
tivariate phenotype, which captured differences across elevation
as reductions in most traits at higher elevations. The vectors
representing elevational plasticity (AX pagiciry) differed between
species by 66.5° and 69.4°, respectively for the 2017 and 2019 ex-
periments (black lines in Fig. 7), which suggests the two species
showed plastic responses to elevation that differ consistently in
direction across both years. For S. aethnensis outside its native
range (i.e. at 500 m), the vector representing plasticity was in a
different direction to that of the native phenotype of S. chrysan-
themifolius (2017 = 89.2°; 2019 = 82.7°; Fig. 7). By contrast,
for S. chrysanthemifolius at the novel 2000 m elevation, plastic-
ity aligned quite closely with the native phenotype of S. aethnen-
sis in both experiments (2017 = 33.3°; 2019 = 31.8°; Fig. 7).
This suggests that S. chrysanthemifolius showed strong evidence
of adaptive plasticity, while S. aethenensis showed more evidence
of nonadaptive plasticity.

DIFFERENTIAL GENE EXPRESSION BETWEEN SPECIES
Gene expression patterns for the 2019 transplant revealed strong
differences in gene expression between species as well as across
elevation (Supporting information Figs. S1-2). At any given
transplant site, more than 200 genes were differentially expressed
between the species (Fig. 8a). A total of 1849 genes were differ-

entially expressed between species at all transplant sites, which
represents 43—-58% of the total number of differentially expressed
genes at each site. Therefore, almost half the genes that were dif-
ferentially expressed between species were consistent across el-
evation. More genes were differentially expressed between the
species at higher elevations (1500 m = 639 genes; 2000 m =
957 genes) compared to lower elevations (500 m = 461 genes;
1000 m = 233 genes) (Fig. 8a). Similarly, functional enrichment
of differentially expressed genes between the species shows that
more significantly enriched GO terms were unique to 2000 m
(12 terms), compared to 500 m (6 terms) (Fig. 8b). Only one
GO term was significantly enriched between species at all trans-
plant sites (Fig. 8b), which suggests that although many genes
are consistently differentially expressed between the two species,
they are not enriched for specific functions.

DIFFERENTIAL GENE EXPRESSION ACROSS
ELEVATION WITHIN SPECIES

Both methods of estimating differential expression (DESeg2 vs.
limma/voom) produced similar patterns, which showed more
genes were differentially expressed as genotypes of both species
were moved further from their native elevations (Supporting in-
formation Fig. S2). Senecio chrysanthemifolius differentially ex-
pressed more loci between the extreme elevations (4725 out of
¢.19,000 loci) compared to S. aethnensis (3609 loci). In ad-
dition, roughly half of the genes that were differentially ex-
pressed between the native site and the most novel environment
(i.e., the elevational extremes) were unique to each species (Fig.
8c,d), providing evidence that the two species show distinct pat-
terns of plasticity in gene expression. Compared to S. aethensis,
S. chrysanthemifolius both overexpressed (Fig. 8c) and underex-
pressed (Fig. 8d) more genes.

Although most of the differentially expressed genes showed
responses to elevation that were in a similar direction for both
species, 121 (of ¢.4000) genes showed responses that differed in
direction between the species: strong overexpression or under-
expression in one species contrasted with relatively unchanged
expression across elevation in the other species (Fig. 9a, genes
in orange quadrants). Furthermore, about 50% of all differen-
tially expressed genes showed differences between the species in
the magnitude of gene expression response to elevation (Fig. 9a,
genes away from red line in blue quadrant). Functional enrich-
ment analyses of differentially expressed genes between the el-
evational extremes revealed 11 significant GO terms in both
species. Only two functional categories of these genes were
shared between species, again suggesting species-specific re-
sponses on a functional level (Supporting information Tables S5
and S6).

Network reconstruction generated 13 network mod-

ules ranging in size from 185 to 3345 genes (Supporting
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Figure 7. Multivariate analysis (MANOVA used to calculate the D-matrix) of leaf morphology across elevation for both species measured
in (a) 2017 and (b) 2019. For both experiments, dmax represents a trade-off between leaf size and complexity, and separates both species.
By contrast, d, represents similar elevational changes in most traits. Small, filled circles represent genotypes of S. chrysanthemifolius,

and unfilled circles represent S. aethnensis. Large circles represent the multivariate mean at each elevation. Table inset shows the trait

loadings for both multivariate axes. Inset leaf images represent a genotype of each species with a value close to the multivariate mean at
the elevational extremes (500 and 2000 m). Black lines represent the vector of plastic responses (Ax) across elevation for each species. The
angle between plasticity vectors show that the two species differ in the direction of plasticity by 66-69°. If plasticity in novel environments

was adaptive, we would expect plasticity to occur in the direction of the phenotype of the native species, represented by the vector of

phenotypic divergence between the species (grey lines). Angles in grey show that plasticity in S. chrysanthemifolius was in a similar
direction to phenotypic divergence (31-33°), whereas plasticity in S. aethnensis was in a different direction (82-89°).

information Table S7, Fig. S3). In six modules, the module
eigengene correlated with elevation in both species (Fig. 9b),
while two modules (Supporting information Table S7 and
Fig S3: GN3 and GNS8) showed a correlation with elevation
unique to S. aethnensis (Fig. 9¢). No gene modules that cor-
related with elevation were specific to S. chrysanthemifolius.
The two modules that changed in S. aethnensis but not in S.
chrysanthemifolius were associated with functions related to
pathogen detection and responses to light intensity and UV.
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Discussion

Given that the two Senecio species on Mt. Etna are the result of
recent ecological divergence (Chapman et al. 2013), we predicted
that (1) the two species would show differences in physiology
when grown in common garden conditions. (2) They would per-
form better at their native elevations than beyond their existing
range, and better than the other species within their native habitat.
(3) They would display differences in plasticity at the phenotypic
and gene expression levels. (4) As a more widespread species,

85U801 SUOLLILIOD BAIRRID) 3|ced! [dde au) Aq peusenoB ae SapILe WO ‘8N J0 I 10§ AXIq1T 8UIUO AB|IM UO (SUOTIPUD-PU.-SULBYWI00 B 1M ARe.q1jou 1 JU0//SaL) SUORIPUOD Pue SLL | 8U) 885 *[£202/60/62] Uo AfiqiTauluO ABIIM ‘S Ad 8L7T 0B TTTT OT/I0P/LI0Y A 1M AReIq 1 jou1|UO//SAIY WOJ} Papeo|umod ‘9 ‘Z20z [or9s8ssT



SPECIES DIVERGENCE IN PLASTICITY

(a) 2000
1849
-
$
5 1500
=
2
g
o
5
m
Z1000{ 957
E
=
2
&
fQ: 639
500 461 )
8 408 376
15 299
265
233 229 T
124
102 70
0
2000m . [
1500m . I
1000m L I
500m O
S. chrysanthemifolius
(c)

809 1228 488

S. aethnensis

Overexpression 500m vs 2000m

(b)

10

Enriched GO Terms

0

2000m o
1500m O
1000m L l

500m Q [

S. chrysanthemifolius

(d)

1136 1552 341

S. aethnensis

Underexpression 500m vs 2000m

Figure 8. Contrasting patterns of gene expression plasticity between species. (a) Total numbers of differentially expressed genes be-
tween species at each transplant site. Bars represent the total number of genes in each elevation or set of elevations, which are denoted

by the dots below. Many genes that were differentially expressed between the species were unique to each elevation. (b) Total numbers
of significantly enriched (Fisher's exact test, p < 0.05) GO terms between species at each transplant site. Bars represent the total number
of GO terms in each elevation or set of elevations, which are denoted by the dots below. Most significant functional categories were
specific to each elevation, which were rarely shared across elevations. (c) Overlapping overexpressed and underexpressed genes between
the home and furthest transplant site in each species. Across elevation, S. chrysanthemifolius underexpressed and overexpressed more

genes than S. aethnensis.

S. chrysanthemifolius would show plasticity of a greater magni-
tude compared to S. aethnensis (Fig. 1a); and (5) compared to
S. chrysanthemifolius, plasticity in S. aethnensis would be less
adaptive because it would struggle to a greater extent to approach
the phenotype of the native species when transplanted at the novel
elevation (Fig. 1b).

Consistent with our first prediction, the two species showed
distinct behaviour in the common garden experiment (Fig. 3),
indicating that adaptation to contrasting habitats has generated
substantial differences in physiology. Supporting our second pre-
diction, both species performed better at their native site than the
other species. Each species also tended to perform best at their
native site compared to other elevations, with substantial reduc-
tions in survival observed at the elevation furthest from their na-
tive site (i.e., at the native site of the other species; Fig. 5). This

provides strong evidence that these two species are each adapted
to their different habitats, which is consistent with another field
experiment that demonstrated adaptive divergence between these
two species when transplanted as seeds (Walter et al. 2021). Con-
sistent with our third prediction, we found different patterns of
plasticity in phenotype (Figs. 6, 7) and gene expression profiles
(Figs. 8, 9) between the two species. In support of our fourth
prediction, S. chrysanthemifolius over- and underexpressed more
genes across elevation than S. aethnensis (Fig. 8c,d), suggesting
a greater magnitude of plasticity for S. chrysanthemifolius. For
the leaf traits, however, we found that the extent of differences in
plasticity between the two species depended on the trait (Fig. 6).
Consistent with our fifth prediction, plasticity was more adaptive
in S. chrysanthemifolius than S. aethnensis: Plasticity moved the
phenotype of S. aethnensis away from the native phenotype of
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Figure 9. Species differed in their gene expression responses to elevation. (a) For most genes, strong over- or underexpression across
elevational extremes typically showed the same response in both species (blue quadrants). However, for about 50% of differentially
expressed genes, the two species differed in the magnitude of gene expression change (blue quadrants: genes that deviate from the

red line), and for 121 genes, they showed opposite responses in expression (orange quadrants). (b-c) Normalized expression profiles of

module eigengenes across all elevations for S. chrysanthemifolius (solid lines and circles) and S. aethnensis (dashed lines and unfilled

circles). This includes the eigengenes (represented by different shapes) that were: (b) strongly correlated with elevation in each species;

and (c) were significantly correlated with elevation in S. aethnensis, but not in S. chrysanthemifolius.

S. chrysanthemifolius at 500 m, whereas plasticity moved the
phenotype of S. chrysanthemifolius closer to the native pheno-
type of S. aethnensis at 2000 m (Fig. 7).

ADAPTIVE DIVERGENCE TO ELEVATIONAL
EXTREMES

In the common garden and field experiments, the two species
show large differences in mean phenotype, which is likely as-
sociated with adaptation to their contrasting environments. In the
common garden experiment, greater flavonol content (also ob-
served in the field experiment) and unregulated light defence in
S. aethnensis are likely to reflect a more constant need for light
defence in the high elevation habitat where UV levels are greater
(Mierziak et al. 2014; Berardi et al. 2016). Glaucous leaves with
large smooth margins is also likely to be an adaptation that
helps S. aethnensis to cope with the harsh high-elevation habitat,
whereas more complex leaves, such as those of S. chrysanthemi-
folius, are associated with greater heat tolerance that will likely
be required at low elevations (Royer et al. 2009).

ADAPTIVE DIVERGENCE CREATES DIFFERENCES IN
PLASTICITY

It remains possible that genetic drift rather than adaptive diver-
gence could cause the species-specific differences in plasticity
that we observed. However, given substantial divergence in leaf
form and physiology under common garden conditions, the dif-
ferences in plasticity of these same traits among species, and
the higher fitness of each species at their native versus novel
habitats, it seems much more likely that adaptive divergence be-
tween S. aethnensis and S. chrysanthemifolius is responsible for
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their distinct plastic responses (Taylor and Aarssen 1988; Emery
et al. 1994; Donohue et al. 2001; Ho and Zhang 2018).

Different species can show differences in plasticity in labo-
ratory or glasshouse experiments (Murren et al. 2014), but such
differences are often difficult to connect to ecological divergence.
For example, differences in plasticity between closely related
species of Phlox could not be explained by ecology or relatedness
(Schlichting and Levin 1984). However, by assaying plasticity for
two closely related species using field transplant across the eleva-
tional gradients that include their natural habitats, we show that
adaptive divergence, demonstrated by greater survival of the na-
tive species in their native habitats (Fig. 5), is associated with the
evolution of differences in plasticity. We also show that the mag-
nitude and direction of plasticity in response to elevation depends
on the trait being considered: the two species showed differences
in the magnitude of plasticity across elevation in some traits (e.g.,
leaf complexity and SLA), but a contrasting pattern of plastic-
ity in other traits (e.g., leaf indents and flavonol content). This
suggests that adaptive divergence, even between closely related
species, can change both the magnitude and direction of plastic-
ity, which will depend on how selection varies in its effect on
different traits (Via 1993).

Whether differences in plasticity promote adaptive diver-
gence or arise during or after adaptive divergence remain a crit-
ical focus of research aiming to understand speciation, and also
how populations will persist in novel environments (Hoffmann
and Bridle 2021). If different populations of the common ances-
tor possessed differences in plasticity, then plasticity associated
with local adaptation to the high elevation habitat could have
created adaptive divergence, which then led to speciation (Reger
et al. 2018). Alternatively, if the common ancestor possessed a
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large amount of genetic variation in plasticity, the high elevation
habitat could have been colonised by genotypes with forms of
plasticity better suited for survival there (the plasticity-first hy-
pothesis), with selection for them resulting in divergence in plas-
ticity (West-Eberhard 2005; Corl et al. 2018; Walter et al. 2020b).

Adapting to contrasting elevations is likely to maintain plas-
ticity only in genes and traits important for coping with varia-
tion in the native environments of each species. Plasticity will
therefore be reduced (or lost) for genes and traits that need to be
continually expressed in their native habitat compared to their an-
cestral habitat. For example, S. aethnensis produces less complex
(and glaucous) leaves that are, in contrast with S. chrysanthemi-
folius, effectively invariable across elevation (Fig. 6¢,d). How-
ever, adaptive divergence has likely favoured greater plasticity in
traits critical for coping with the stressors experienced in each en-
vironment. For example, S. chrysanthemifolius has more complex
leaves that show greater plasticity in leaf complexity across eleva-
tion (Fig. 6¢,d), probably to cope with extreme high temperatures
at low elevation, as well as large daily and monthly fluctuations
in temperature.

ADAPTIVE AND NONADAPTIVE PLASTICITY IN
NOVEL ENVIRONMENTS

When exposed to novel environments, each species is restricted
to the plasticity that evolved in their native habitats, even if such
plasticity is nonadaptive and reduces fitness. Our results suggest
that although plasticity in S. chrysanthemifolius remains adap-
tive (at least to some extent) at novel high elevations, existing
plasticity in S. aethnensis is nonadaptive at novel low elevations
(Fig. 7). This is consistent with the observation that S. aethnen-
sis suffered greater mortality over summer immediately after the
initial transplant, while S. chrysanthemifolius only suffered dur-
ing winter and only at the highest elevation (Fig. 5). Reduced
survival at lower elevations in S. aethnensis was also associated
with stronger reductions in leaf investment (Fig. 6g,h) and lower
photosynthetic activity (Fig. 6i). Our results therefore suggest
that S. aethnensis is specialised to the high-elevation habitat and
that rapid evolution will be necessary for this species to persist
in novel environments created by climate change. These results
are consistent with studies in other species that showed reduced
plasticity in flowering time (Schmid et al. 2017) and morphol-
ogy (Emery et al. 1994) in high-elevation populations compared
to low-elevation populations. Such potential limits to adaptive
plasticity could threaten the persistence of populations exposed
to novel environments unless genotypic variation in plasticity
(genotype x environment interactions) can allow rapid adapta-
tion (Lande 2009; Chevin et al. 2010; Walter et al. 2020b). Fur-
ther work needs to quantify genetic variation in plasticity, identify
how selection (and changes in allele frequencies) affects the evo-

lution of plasticity in different traits and environmental regimes
(Schmitt et al. 1999; Pratt and Mooney 2013; McLean et al. 2014;
Forsman 2015), and determine whether selection on plasticity
could promote adaptation to novel environments (Lande 2009;
Walter et al. 2020b).

SPECIES DIFFERENCES IN GENE EXPRESSION
WITHIN AND ACROSS ELEVATION
The native conditions experienced by any given species can de-
termine how gene expression will change in response to envi-
ronmental variation (Akman et al. 2016). We observed both dif-
ferential expression between species as well as differences be-
tween species in gene expression changes along the elevational
gradient. A large proportion of genes that differed in expres-
sion between the two species were differentially expressed across
all elevations, suggesting inherent differences in gene expression
that have evolved during speciation (Fig. 8a). However, 7-23%
(233-957 genes) of all genes that were differentially expressed
between the two species were unique to any given elevation,
which suggests that these two species show distinct patterns of
gene expression even when exposed to the same environments.
Within a species, plasticity in gene expression in this experi-
ment is represented by genes that are differentially expressed be-
tween their native elevation and other elevations. We found that
about 50% of genes that were differentially expressed across ele-
vational extremes showed strong changes in one species that were
weaker or absent in the other species, again providing strong ev-
idence that the two species have evolved substantial differences
in plasticity (Fig. 9a). However, only 121 genes (of about 4000)
showed highly divergent patterns of gene expression between the
species, characterized by strong overexpression in one species,
but underexpression in the other species. This result suggests that
species differences in expression profiles were dominated by dif-
ferences in the magnitude of the response, rather than responses
in opposite directions. Gene (co)expression networks were also
broadly similar between the species (Fig. 9b), although one net-
work module was unique to S. aethnensis (Fig. 9¢) and was asso-
ciated with responses to biotic stressors and changes in light con-
ditions, which is consistent with evidence showing that changes
in plasticity for specific gene networks can underlie adaptation
(Kenkel and Matz 2016).

AUTHOR CONTRIBUTIONS

JB, SH, GW, SCo, AC, and DF designed the study. GW, AC, DT, and SCa
conducted the glasshouse and fieldwork. JC and BN extracted RNA and
handled the transcriptome data. MP measured chlorophyll fluorescence,
and VV grew plants and measured physiological differences between the
two species. GW and JC analysed the data and wrote the manuscript with
important contributions from all authors. All authors gave final approval
for publication.

EVOLUTION JUNE 2022 1243

35US01 SUOLLIOD BANER.D) 3|ea!jdde au) Aq PaUBAOB 312 SO YO 88N J0 S3INI 10} AZRIGIT BUIIUO AB]IM UO (SO IPUOO-PLE-SLLLS}WOD" A | ARG B |UO//:SIL) SUOIIPUOD PUE SLLB L 3U1 885 *[£202/60/62] U0 ARIQIT3UIIUO AB1IM ‘1591 AQ 80T 0RS/TTTT OT/I0P/W0D" S| ARG [BU U0/ SAIY W01 PpRO|UMOQ ‘9 ‘Z20Z [oraG8asT



G. M. WALTER ET AL.

ACKNOWLEDGMENTS

We thank Matthew Walsh and two anonymous reviewers for their help in
improving the manuscript. We are very grateful to Piante Faro (Giarre,
Italy) for providing us with the facilities to propagate plants, and to G.
Riggio and P. Maugeri for providing access to transplant sites. We thank
Enrico la Spina, Maria G. Majorana, and Giuseppe Pepe for their help
with data collection. This research was supported by joint NERC grants
NE/P001793/1 and NE/P002145/1 awarded to JB, SH, and DF.

CONFLICT OF INTEREST
The authors declare no conflict of interest.

DATA ARCHIVING

Data from the common garden experiment and the 2017 and 2019 field
transplants are found at https://doi.org/10.5061/dryad.9wOvt4bhb. Raw
RNA reads from sequencing experiments have been uploaded to the Se-
quence Reads Archive (SRA) under the project number PRINA603521.

LITERATURE CITED

Akman, M., Carlson, J.E., Holsinger, K.E. & Latimer, A.M. (2016) Tran-
scriptome sequencing reveals population differentiation in gene expres-
sion linked to functional traits and environmental gradients in the South
African shrub Protea repens. New Phytologist, 210, 295-309.

Alexa, A. & Rahnenfiihrer, J. (2019) Gene set enrichment analysis with
topGO. R package version 2.38.1.

Bates, D., Machler, M., Bolker, B.M. & Walker, S.C. (2015) Fitting linear
mixed-effects models using lme4. Journal of Statistical Software, 67,
1-48.

Baythavong, B.S. & Stanton, M.L. (2010) Characterizing selection on phe-
notypic plasticity in response to natural environmental heterogeneity.
Evolution, 64, 2904-2920.

Benjamini, Y. & Hochberg, Y. (1995) Controlling the false discovery rate:
a practical and powerful approach to multiple testing. Journal of the
Royal Statistical Society. Series B (Methodological), 57, 289-300.

Berardi, A.E., Fields, P.D., Abbate, J.L. & Taylor, D.R. (2016) Elevational di-
vergence and clinal variation in floral color and leaf chemistry in Silene
vulgaris. American Journal of Botany, 103, 1508-1523.

Bradshaw, A.D. (1965) Evolutionary significance of phenotypic plasticity in
plants. Advances in Genetics, 13, 115-155.

Brennan, A.C., Bridle, J.R., Wang, A.L., Hiscock, S.J. & Abbott, R.J. (2009)
Adaptation and selection in the Senecio (Asteraceae) hybrid zone on
Mount Etna. Sicily. New Phytologist, 183, 702-717.

Bylesjo, M., Segura, V., Soolanayakanahally, R.Y., Rae, A.M., Trygg, J.,
Gustafsson, P., Jansson, S. & Street, N.R. (2008) LAMINA: a tool for
rapid quantification of leaf size and shape parameters. BMC Plant Biol-
ogy, 8. https://doi.org/10.1186/1471-2229-8-82

Chapman, M.A., Hiscock, S.J. & Filatov, D.A. (2013) Genomic divergence
during speciation driven by adaptation to altitude. Molecular Biology
and Evolution, 30, 2553-2567.

Chapman, M.A., Hiscock, S.J. & Filatov, D.A. (2016) The genomic bases of
morphological divergence and reproductive isolation driven by ecologi-
cal speciation in Senecio (Asteraceae). Journal of Evolutionary Biology,
29, 98-113.

Chevin, L.M. & Hoffmann, A.A. (2017) Evolution of phenotypic plasticity in
extreme environments. Philosophical Transactions of the Royal Society
of London Series B-Biological Sciences, 372, 20160138.

Chevin, L.M., Lande, R. & Mace, G.M. (2010) Adaptation, plasticity, and
extinction in a changing environment: towards a predictive theory. PLoS
Biology, 8, €1000357.

1244 EVOLUTION JUNE 2022

Corl, A., Bi, K., Luke, C., Challa, A.S., Stern, A.J., Sinervo, B. & Nielsen,
R. (2018) The genetic basis of adaptation following plastic changes in
coloration in a novel environment. Current Biology, 28, 2970-2977.

de Jong, G. (2005) Evolution of phenotypic plasticity: patterns of plasticity
and the emergence of ecotypes. New Phytologist, 166, 101-117.

Donohue, K., Pyle, E.H., Messiqua, D., Heschel, M.S. & Schmitt, J. (2001)
Adaptive divergence in plasticity in natural populations of Impatiens
capensis and its consequences for performance in novel habitats.
Evolution, 55, 692-702.

Emery, R.J.N., Chinnappa, C.C. & Chmielewski, J.G. (1994) Specialization,
plant strategies, and phenotypic plasticity in populations of Stellaria
longipes along an elevational gradient. International Journal of Plant
Sciences, 155, 203-219.

Forsman, A. (2015) Rethinking phenotypic plasticity and its consequences
for individuals, populations and species. Heredity, 115, 276-284.
Ghalambor, C.K., McKay, J.K., Carroll, S.P. & Reznick, D.N. (2007) Adap-
tive versus non-adaptive phenotypic plasticity and the potential for con-
temporary adaptation in new environments. Functional Ecology, 21,

394-407.

Gibson, G. & Wagner, G. (2000) Canalization in evolutionary genetics: a sta-
bilizing theory? Bioessays, 22, 372-380.

Ho, W.C. & Zhang, J.Z. (2018) Evolutionary adaptations to new environments
generally reverse plastic phenotypic changes. Nature Communications,
9,1-11.

Hoffmann, A.A. & Bridle, J.R. (2021) The dangers of irreversibility in an
age of increased uncertainty: revisiting plasticity in invertebrates. Oikos,
2022, e08715.

Kellermann, V., Hoffmann, A.A., Overgaard, J., Loeschcke, V. & Sgro, C.M.
(2018) Plasticity for desiccation tolerance across Drosophila species is
affected by phylogeny and climate in complex ways. Proceedings of the
Royal Society B-Biological Sciences, 285, 20180048.

Kenkel, C.D. & Matz, M.V. (2016) Gene expression plasticity as a mecha-
nism of coral adaptation to a variable environment. Nature Ecology &
Evolution, 1, 0014.

Kulkarni, S.S., Gomez-Mestre, 1., Moskalik, C.L., Storz, B.L. & Buchholz,
D.R. (2011) Evolutionary reduction of developmental plasticity in
desert spadefoot toads. Journal of Evolutionary Biology, 24, 2445—
2455.

Lande, R. (2009) Adaptation to an extraordinary environment by evolution of
phenotypic plasticity and genetic assimilation. Journal of Evolutionary
Biology, 22, 1435-1446.

Law, C.W., Chen, Y., Shi, W. & Smyth, G.K. (2014) voom: precision weights
unlock linear model analysis tools for RNA-seq read counts. Genome
Biology, 15, R29.

Lenth, R.V. (2019) emmeans: Estimated Marginal Means, aka Least-Squares
Means. R Package, https://CRAN.R-project.org/package=emmeans.

Leung, C., Rescan, M., Grulois, D. & Chevin, L.M. (2020) Reduced pheno-
typic plasticity evolves in less predictable environments. Ecology Let-
ters, 23, 1664-1672.

Love, M.I., Huber, W. & Anders, S. (2014) Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome Biol-
ogy, 15, 550.

McLean, E.H., Prober, S.M., Stock, W.D., Steane, D.A., Potts, B.M.,
Vaillancourt, R.E. & Byrne, M. (2014) Plasticity of functional traits
varies clinally along a rainfall gradient in Eucalyptus tricarpa. Plant,
Cell & Environment, 37, 1440-1451.

Mierziak, J., Kostyn, K. & Kulma, A. (2014) Flavonoids as important
molecules of plant interactions with the environment. Molecules, 19,
16240-16265.

Murren, C.J., Maclean, H.J., Diamond, S.E., Steiner, U.K., Heskel, M.A.,
Handelsman, C.A., Ghalambor, C.K., Auld, J.R., Callahan, H.S.,

85U801 SUOLLILIOD BAIRRID) 3|ced! [dde au) Aq peusenoB ae SapILe WO ‘8N J0 I 10§ AXIq1T 8UIUO AB|IM UO (SUOTIPUD-PU.-SULBYWI00 B 1M ARe.q1jou 1 JU0//SaL) SUORIPUOD Pue SLL | 8U) 885 *[£202/60/62] Uo AfiqiTauluO ABIIM ‘S Ad 8L7T 0B TTTT OT/I0P/LI0Y A 1M AReIq 1 jou1|UO//SAIY WOJ} Papeo|umod ‘9 ‘Z20z [or9s8ssT


https://doi.org/10.5061/dryad.9w0vt4bhb
https://doi.org/10.1186/1471-2229-8-82
https://CRAN.R-project.org/package=emmeans

SPECIES DIVERGENCE IN PLASTICITY

Pfennig, D.W., et al. (2014) Evolutionary change in continuous reac-
tion norms. American Naturalist, 183, 453-467.

Noble, D.W.A., Radersma, R. & Uller, T. (2019) Plastic responses to novel
environments are biased towards phenotype dimensions with high addi-
tive genetic variation. Proceedings of the National Academy of Sciences,
116, 13452-13461.

Oostra, V., Saastamoinen, M., Zwaan, B.J. & Wheat, C.W. (2018) Strong phe-
notypic plasticity limits potential for evolutionary responses to climate
change. Nature Communications, 9, 1-11.

Osborne, O.G., Batstone, T.E., Hiscock, S.J. & Filatov, D.A. (2013) Rapid
speciation with gene flow following the formation of Mt. Etna. Genome
Biology and Evolution, 5, 1704-1715.

Palacio-Lépez, K., Beckage, B., Scheiner, S. & Molofsky, J. (2015) The ubig-
uity of phenotypic plasticity in plants: a synthesis. Ecology and Evolu-
tion, 5, 3389-3400.

Patro, R., Duggal, G., Love, M.L, Irizarry, R.A. & Kingsford, C. (2017)
Salmon provides fast and bias-aware quantification of transcript expres-
sion. Nature Methods, 14, 417.

Pigliucci, M., Cammell, K. & Schmitt, J. (1999) Evolution of phenotypic
plasticity a comparative approach in the phylogenetic neighbourhood
of Arabidopsis thaliana. Journal of Evolutionary Biology, 12, 779-791.

Pratt, J.D. & Mooney, K.A. (2013) Clinal adaptation and adaptive plasticity
in Artemisia californica: implications for the response of a foundation
species to predicted climate change. Global Change Biology, 19,2454—
2466.

R Core Team. (2019) R: A language and environment for statistical comput-
ing. Vienna, Austria: R Foundation for Statistical Computing.

Radersma, R., Noble, D.W.A. & Uller, T (2020) Plasticity leaves a phenotypic
signature during local adaptation. Evolution Letters, 4, 360-370.

Reger, J., Lind, MLL., Robinson, M.R. & Beckerman, A.P (2018) Predation
drives local adaptation of phenotypic plasticity. Nature Ecology & Evo-
lution, 2, 100-107.

Royer, D.L., Meyerson, L.A., Robertson, K.M. & Adams, J.M (2009) Phe-
notypic plasticity of leaf shape along a temperature gradient in Acer
rubrum. PLoS One, 4, €7653.

Schlichting, C.D. (1986) The evolution of phenotypic plasticity in plants.
Annual Review of Ecology and Systematics, 17, 667-693.

Schlichting, C.D. & Levin, D.A. (1984) Phenotypic plasticity of annual
Phlox: tests of some hypotheses. American Journal of Botany, 71, 252—
260.

Schmid, S.F., Stocklin, J., Hamann, E. & Kesselring, H. (2017) High-
elevation plants have reduced plasticity in flowering time in response
to warming compared to low-elevation congeners. Basic and Applied
Ecology, 21, 1-12.

Schmitt, J., Dudley, S.A. & Pigliucci, M (1999) Manipulative approaches to
testing adaptive plasticity: phytochrome-mediated shade-avoidance re-
sponses in plants. American Naturalist, 154, S43-S54.

Shannon, P., Markiel, A., Ozier, O., Baliga, N.S., Wang, J.T., Ramage, D.,
Amin, N., Schwikowski, B. & Ideker, T. (2003) Cytoscape: a soft-
ware environment for integrated models of biomolecular interaction net-
works. Genome Research, 13, 2498-2504.

Shaw, J.R., Hampton, T.H., King, B.L., Whitehead, A., Galvez, F., Gross,
R.H., Keith, N., Notch, E., Jung, D., Glaholt, S.P., et al. (2014) Natu-
ral selection canalizes expression variation of environmentally induced
plasticity-enabling genes. Molecular Biology and Evolution, 31, 3002—
3015.

Soneson, C., Love, M.I. & Robinson, M.D. (2015) Differential analyses
for RNA-seq: transcript-level estimates improve gene-level inferences.
F1000Research, 4, 1521.

Sultan, S.E. (2000) Phenotypic plasticity for plant development, function and
life history. Trends in Plant Science, 5, 537-542.

Sultan, S.E. (2001) Phenotypic plasticity for fitness components in Poly-
gonum species of contrasting ecological breadth. Ecology, 82, 328—
343.

Taylor, D.R. & Aarssen, L.W. (1988) An Interpretation of phenotypic plastic-
ity in Agropyron repens (Graminae). American Journal of Botany, 75,
401-413.

Therneau, T. (2012) Mixed Effects Cox Models. Mayo Clinic, Mayo Founda-
tion for Medical Education and Research.

Thompson, J.D. (1991) Phenotypic plasticity as a component of evolutionary
change. Trends in Ecology and Evolution, 6, 246-249.

Via, S. (1993) Adaptive phenotypic plasticity: target or by-product of selec-
tion in a variable environment? American Naturalist, 142, 352-365.

Via, S., Gomulkiewicz, R., de Jong, G., Scheiner, S.M., Schlichting, C.D. &
Van Tienderen, P.H. (1995) Adaptive phenotypic plasticity: consensus
and controversy. Trends in Ecology and Evolution, 10, 212-217.

Via, S. & Lande, R. (1985) Genotype-environment interaction and the evolu-
tion of phenotypic plasticity. Evolution, 39, 505-522.

Walter, G.M., Abbott, R.J., Brennan, A.C., Bridle, J.R., Chapman, M.A.,
Clark, J., Filatov, D., Nevado, B., Ortiz-Barrientos, D. & Hiscock, S.J.
(2020a) Senecio as a model system for integrating studies of genotype,
phenotype and fitness. New Phytologist, 226, 326-344.

Walter, G.M., Aguirre, J.D., Blows, M.W. & Ortiz-Barrientos, D. (2018) Evo-
lution of genetic variance during adaptive radiation. American Natural-
ist, 191, E108-E128.

Walter, G.M., Clark, J., Terranova, D., Cozzolino, S., Cristaudo, A., Hiscock,
S.J. & Bridle, J.R. (2020b) Hidden genetic variation in plasticity in-
creases the potential to adapt to novel environments. bioRxiv. https:
//doi.org/10.1101/2020.10.26.356451

Walter, G.M., du Plessis, S., Terranova, D., la Spina, E., Majorana, M.G.,
Pepe, G., Clark, J., Cozzolino, S., Cristaudo, A., Hiscock, S.J., et al.
(2021) Adaptive maternal effects in early life history traits help maintain
ecological resilience in novel environments for two contrasting Senecio
species. bioRxiv. https://doi.org/10.1101/2021.02.04.429835

West-Eberhard, M.J. (2005) Developmental plasticity and the origin of
species differences. Proceedings of the National Academy of Sciences
of the United States of America, 102, 6543-6549.

Associate Editor: Dr. Matthew Walsh
Handling Editor: Dr. Andrew McAdam

Supporting Information

Supplementary material

Additional supporting information may be found online in the Supporting Information section at the end of the article.

EVOLUTION JUNE 2022 1245

35US01 SUOLLIOD BANER.D) 3|ea!jdde au) Aq PaUBAOB 312 SO YO 88N J0 S3INI 10} AZRIGIT BUIIUO AB]IM UO (SO IPUOO-PLE-SLLLS}WOD" A | ARG B |UO//:SIL) SUOIIPUOD PUE SLLB L 3U1 885 *[£202/60/62] U0 ARIQIT3UIIUO AB1IM ‘1591 AQ 80T 0RS/TTTT OT/I0P/W0D" S| ARG [BU U0/ SAIY W01 PpRO|UMOQ ‘9 ‘Z20Z [oraG8asT


https://doi.org/10.1101/2020.10.26.356451
https://doi.org/10.1101/2020.10.26.356451
https://doi.org/10.1101/2021.02.04.429835

