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Salicylic acid (SA) occupies a key role as a hormone central to both plant resistance to bacterial pathogens and
tolerance of abiotic stresses. Plants at high elevation experience colder temperatures and elevated UV levels. While it
has been predicted that SA concentrations will be higher in plants from high elevation populations, few studies have
addressed this question. Here, we asked how concentrations of SA vary in natural populations of Arabidopsis thaliana
collected across an elevational gradient on the Iberian Peninsula. In a series of common garden experiments, we found
that constitutive SA concentrations were highest in genotypes from the low elevation populations. This result was in
the opposite direction from our prediction and is an exception to the general finding that phenolic compounds
increase with increasing elevation. These data suggest that high constitutive SA is not associated with resistance to cold
temperatures in these plants. Furthermore, we also found that leaf constitutive camalexin concentrations, an important
defense against some bacterial and fungal enemies, were highest in the low elevation populations, suggesting that
pathogen pressures may be important. Further examination of this elevational cline will likely provide additional
insights into the interplay between phenolic compounds and biotic and abiotic stress.

Introduction

At a broad geographic scale, plant assemblages can be pre-
dicted largely by differences in annual temperature and precipita-
tion." Plants within a climatic region converge evolutionarily on
particular morphological, physiological, and phenological
themes, which are particularly notable in association with the
increased risk of cold stress with increasing latitude or eleva-
tion.> While hormones regulate much of the variety that we see
in plant morphology and physiology, the extent of variation in
the production of plant hormones in relation to latitudinal and
elevational clines remains largely unknown.*

High elevation environments present significant challenges
from both abiotic and biotic stress. Notable abiotic stresses
include the increased exposure to ultraviolet radiation (UV) and
increased frequency of freezing temperatures.” It is not surprising
therefore that the abundance and diversity of most taxonomic
groups are lower in high elevation habitats.”® While the diversity
of pathogens is likely to be lower at high elevations,” their overall
impact on hosts could exceed those at low elevation for several
reasons. Because plant diversity is low in these habitats,” out-
breaks of pathogens are transmitted more readily among hosts.®”
Because predators are less abundant in these habitats,” there is
less potential for top-down control of outbreaking pests.'’
Finally, the virulence of some plant pathogens such as snow
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blight fungi®? and ice nucleating bacteria'" is facilitated by cold
conditions.

Plants at high elevations have been shown to exhibit elevated
constitutive concentrations of phenolic compounds, particularly

12-1
® These compounds con-

flavonoids and phenolic glycosides.
sist of aromatic rings that absorb UV radiation and in some cases
have been shown to reduce the deleterious effects of oxidative
damage to plant tissues.'” Some of these compounds have been
shown to increase in concentrations in plants following treatment
with cold temperatures''® and have been correlated recently
with high antibiotic activity against pathogenic bacteria.'® How-
ever, the hormonal dynamics underpinning these elevational dif-
ferences in phenolic chemistry have not been identified
previously.

Perhaps the most widely represented phenolic in plants is the
major plant hormone, salicylic acid (SA). SA has a central role in
orchestrating the cascade of plant induced defenses against bacte-
rial pathogens and some insect and fungal pests.'” One of the
important defense compounds against bacterial and fungal infec-
tion is camalexin, 3-thazole-2-yl-indole, which, like SA, is also
derived from chorismate.”® Interestingly, SA also has notable
importance in thermal regulation, owing to its involvement in
decoupling electron transport in mitochondria and the release of
energy in the form of heat.”' SA has particularly strong effects on

but cold

. . . 21
thermal regulation in the arum family, Araceae,
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temperatures have been shown to induce accumulation of SA also
in the model plant, Arabidopsis thaliana.***> On the basis of
these studies, a recent review” predicted that SA concentrations
would likely be higher in A. thaliana at high elevations.

In the current study, we asked specifically whether SA concen-
trations increase with increasing elevation across a key region of
endemism of A. thaliana on the Iberian Peninsula®® and how
these concentrations relate to particular aspects of climatic varia-
tion. If leaf constitutive SA concentrations were found to be
higher at high elevations, then that would be consistent with an
important role of the abiotic or biotic stresses associated with the
high elevation habitats. We then asked how a high temperature
treatment would alter leaf concentrations of SA and finally
whether leaf camalexin concentrations also varied across the ele-
vational gradient.

Materials and Methods

Arabidopsis material and growth conditions

Characteristics of the 15 source populations on the Iberian
Peninsula (Fig. 1A, Table S1) have been described extensively
elsewhere® and seed stocks are publically available at the Arabi-
dopsis Biological Resource Center of Ohio State University
(ABRC CS#78884). The first climate principle component (Cli-
mate PC1) explains 71% of climate variation across the elevation
gradient associated with the source populations®® (Fig. 1B,
Table S1).

To assess leaf concentrations of SA across the elevational gra-
dient, we first performed a common garden experiment in 2009
using seeds from 8 source populations across the elevation gradi-
ent and including 9 genotypes from each population. For four of
the populations (ARB, POB, MUR, and VDM), we measured
one replicate plant per genotype for SA for a total of 36 plants.
For four of the populations (BAR, HOR, ALE, and VIE), we
had more available seeds and for these populations we had 2 rep-
licate plants per genotype for constitutive measurement of SA,
for a total of 72 plants and a cumulative total of 108 plants

(Table S2). We surface sterilized seeds and then planted them
onto 36-cell flats filled with Promix-BX potting soil and placed
them for one week in a 4°C cold room for cold stratification. We
then transferred the flats to a growth room at the University of
Pittsburgh with a constant temperature of 20°C and a 14 hr day
length with light levels of 350 wmol m™* sec™' provided by a
1:1 mixture of sodium and metal halide lamps. At seven days
past germination, we thinned to 3 seedlings per cell and at 10 d
past germination, we thinned to one seedling per cell. We then
subdivided the cells and assigned each plant to a specific treat-
ment and then completely randomized and redistributed the cells
across the growth room bench. Cells were moved at least once
per week within the growth chamber to reduce positional effects.

To assess the direct effects of a heat treatment on SA concen-
trations, we also grew an additional 2 replicates per genotype for
the same 4 populations (BAR, HOR, ALE, and VIE) for an addi-
tional 72 plants that were randomized along with the other repli-
cates, but exposed to a 44°C treatment in the dark for 3 hrs
beginning on Day 25. Control plants also placed in the dark for
3 hr, but were kept at the ambient temperature of 20°C. We
then re-randomized the heat treatment and control plants
together in the growth room and harvested all 180 plants on Day
30 of growth when all plants had rosettes and bolting had not yet
been initiated.

To reassess SA concentrations across the elevational gradient
and to measure leaf camalexin concentrations, we conducted an
additional common garden experiment in 2013 using seeds from
the larger set of 15 populations. For these measurements, we
included one replicate of each of 4 genotypes from each of these
15 populations, for a total of 60 plants. Seeds were cold stratified
at 4°C for 5 d and then grown at 22°C for 3 weeks (16 hr light/8
hr dark) in growth chambers. Rosettes were then exposed to a 4-
week vernalization at 4°C to synchronize flowering time followed
by 22°C for 3 weeks (16 hr light/8 hr dark) at which point they
began flowering. Plants were randomly distributed in the growth
chamber and were rotated every 2 d to minimize within-chamber
effects. Leaf materials for the measurement of SA were collected
at the start of flowering (Table S3).

Measurement of leaf SA and

™

A

camalexin concentrations

@ Expts1&2
O Expt 2 only

Climate PC1

To measure leaf SA and camalexin
concentrations we first harvested rosettes,
froze them in liquid nitrogen, and stored
them at —80°C prior to analysis. In the
2009 experiment, we extracted directly
from the frozen tissue, and calculated SA
concentrations on a wet mass basis,
whereas in the 2013 experiment we
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Figure 1. Collection of 15 populations of A. thaliana across an elevational transect on the Iberian pen-
insula [as shown in]?* showing (A) populations used in each of the 2 experiments and (B) the relation-

trol for run to run variation, we added
an internal control of 1 pg of O-Anisic
Acid (Sigma # 169978) consisting of
100 pl from a stock solution of 10 pg
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of O-Anisic Acid in 1 ml of 100% methanol. To extract SA, we
weighed leaf tissues, suspended them in 3 ml of 90% methanol,
rocked the tubes in a shaker at room temperature for 24 hr, and
transferred the supernatant to a new tube, as described previ-
ously.”>?® We then resuspended the pellet in 3 ml of 100%
methanol, vortexed, rocked the tubes again for 24 hr, and com-
bined the 2 supernatant fractions. To capture both the free SA
and the SA conjugated to sugar, we then split each sample into 2
equal volumes into 2 screwcap tubes and placed the tubes in a
fume hood until dry, which required at least 48 hr. We used the
first aliquot to measure free SA, and the second to measure total
SA, which includes both the free and sugar-conjugated SA. To
cleave the sugar from the SA glucoside, we added 40U of b-glu-
cosidase enzyme (Sigma # 0395) in 400 wl of 100 mM sodium
acetate buffer (pH 5.5) to the total SA aliquots. The paired free
SA aliquot received 400 pl of buffer only. All tubes incubated
overnight at 37°C. To deactivate the enzyme, we then added
400 pl of 10% trichloroacetic acid to all samples. To partition
the SA from other compounds, we then extracted each tube twice
with 1 ml of an organic solvent mixture (100:99:1 of ethyl ace-
tate: cyclopentane: 2-propanol) and vortexed. We then collected
the 2 organic phase fractions in a centrifuge tube, which we then
placed in a fume hood until dry, which required at least 24 hrs.
We resuspended the organic fraction in 600 pl of 55% metha-
nol, vortexed, and rocked overnight. To filter out impurities, we
passed the supernatant through 0.2 wm nylon spin-prep mem-
brane filters (Fisher #07—200-389). To measure SA concentra-
tions by high performance liquid chromatography (HPLC), we
used an HP1100 system with a 4.6 x 150 mm Agilent Eclipse
XDB C-18 column and fluorescence detector, with excitation at
301 nm and emission at 412 nm for SA, excitation at 301 nm
and emission at 386 nm for camalexin, excitation at 301 nm and
emission at 365 nm for O-anisic acid. The flow rate was 1 ml/
min and the solvents were (A) 100% methanol and (B) 0.5% ace-
tic acid in water. Each run consisted of 30% A and 70% B for the
first 5 minutes, increasing to 40% A at 7.5 min and 60% A at
15 min, returning to 30% A at 18 min. To calculate concentra-
tions of free SA, total SA, and camalexin, we divided the peak
area of each compound by the product

declined significantly with increasing elevation in both experi-
ments, contrary to the predictions. In the larger experiment con-
ducted in 2013 and including 15 source populations, we found
that genotypes from the high elevation source populations pro-
duced an order of magnitude less free SA per dry mass relative to
populations from lower elevations (R* = 38.6%, P = 0.013,
Fig. 2A). There was also a significant decline in total SA per dry
mass with increasing elevation (R* = 24.7%, P = 0.059,
Fig. S1A). In the 2009 common garden experiment conducted
on the smaller set of 8 populations, we found that genotypes
from the low elevation source populations did not differ signifi-
cantly in free SA (R* = 30.9%, P = 0.15, Fig. S1C), but pro-
duced roughly 2-fold more total SA per wet mass relative to the
populations from the higher elevations (R* = 69.9%, P = 0.010,
Fig. S1E).

Free SA per dry mass was strongly negatively correlated with
climate PC1 in the 2013 experiment (R* = 27.9%, P = 0.043,
Fig. 2B) where higher values of PC1 corresponded to colder and
wetter habitats. The climate PC2 axis did not explain significant
variation in leaf free SA and did not improve the fit of the model
when included with climate PC1 (Table S4). Total SA was not
correlated significantly with climate PCI R* = 15.9%, P =
0.14, Fig. S1B) or climate PC2 (R? = 0.12%, P = 0.90). In the
2009 experiment, free SA was not correlated with climate PC1
(R* = 31.3%, P = 0.14, Fig. SID), but total SA concentration
was correlated significantly with climate PC1 (R* = 67.1%, P =
0.013, Fig, S1F).

To assess whether a heat treatment itself could induce changes
in SA concentrations, we also challenged plants from 4 popula-
tions (BAR, HOR, ALE, and VIE) along the elevation gradient
with exposure to 44°C for 3 hr. Leaf free and total SA concentra-
tions decreased by 10.8% and 11.2%, respectively in the
heat treated plants relative to the control plants (F; 64 = 6.3,
P = 0.015, Fig. 3A and F; ¢4 = 5.1, P = 0.026, Fig. S2, respec-
tively) and these responses to the heat treatment did not differ
significantly among the 4 populations, as indicated by the non-
significant population by treatment interaction term in the analy-
sis of variance.
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us to test the genotypes from the differ-
ent source populations together under a
common set of environmental condi-

tions, and found that SA concentrations

Figure 2. Regressions of population means from the 2013 common garden experiment showing rela-
tionships between leaf free salicylic acid concentration and (A) elevation in meters and (B) climate
PC1, where higher values represent colder temperatures and greater rainfall. Shown are population
means (+/— 1SE) for 10-week-old plants representing 4 maternal families per population.
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To determine whether levels of the anti-bacterial defenses also
changed across the elevation gradient, we then assessed leaf cama-
lexin concentrations in the 11 populations that had non-zero
concentrations of this compound in the 2013 experiment. Inter-
estingly, the 4 populations lacking camalexin production (PIN,
RAB, BAR, and HOR) were all located at low elevations. For the
11 populations that had non-zero levels of camalexin production,
we found that leaf constitutive concentrations of camalexin
declined significantly with increasing elevation (R*> = 52.8%, P

= 0.011, Fig. 3B, Table S6).

Discussion

SA is perhaps the most widely distributed phenolic compound
in plants and is central to defense against bacterial pathogens.'” A
recent review” predicted that SA concentrations would likely be
higher in plants at high elevations, given evidence that cold tem-
peratures directly stimulate SA production in laboratory
plants®»*® and that concentrations of phenolics such as flavo-
noids and phenolic glycosides are typically very high in leaves of
high elevation plants.'*'® We report here that SA concentrations
in Arabidopsis thaliana from wild populations on the Iberian Pen-
insula do not support the predicted pattern. Indeed, the cline of
SA was in the opposite direction from what we expected, with
concentrations higher on average in low elevation populations.
These findings are robust in that they were observed in 2 separate
common garden experiments, conducted using both frozen and
lyophilized leaf tissues. To our knowledge, this is the first evi-
dence of a geographical cline in SA concentrations in plants.

There are several possible explanations for the unexpected pat-
tern of a decrease in SA with increasing elevation observed here.
First, warm temperatures might directly stimulate plant produc-
tion of SA. Many studies have shown consistently that warm
temperatures actually suppress SA concentrations in A. thaliana
and other plants [reviewed in].* To assess the possibility that
these wild Spanish populations exhibited a different pattern, we
directly exposed plants of 4 of the Spanish populations to an ele-
vated temperature treatment of 44°C for 3 hr and found that the
high temperature treatment reduced SA  concentrations
(Fig. 3A), in agreement with the general pattern in the litera-
ture.”” Thus, the high SA concentrations that we observe in low
elevation plants cannot be explained directly by the warmer tem-
peratures found at low elevations. However, the ability of plants
to tolerate heat stress may require high levels of SA, as has been
suggested in studies of acquired high temperature tolerance in
laboratory experiments with seedlings of A. thaliana.*® To our
knowledge, no experimental work has examined the relationship
of constitutive SA expression levels in wild plants to their survival
under high temperature stress. Whether heat stress survival may
explain the climate/elevation cline in SA observed here remains
to be explored.

A second possible explanation for why SA concentrations
would decrease with increasing elevation relates to source-sink
dynamics. All phenolic compounds, ranging from simple com-
pounds such as SA to complex polyphenolics, are derived from a
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Figure 3. (A) Effect of a heat treatment of 44°C for 3 hr on leaf concen-
trations of free SA in plants from 4 source populations: BAR (429 m),
HOR (431 m), ALE (1225 m), and VIE (1600 m). Each population was rep-
resented by 8 or 9 independent maternal lines, each represented by 2
replicates in each of the 2 treatments, for a total of 144 plants
(Table S5). (B) Regression of population means of natural log trans-
formed leaf camalexin concentrations from 11 populations in the 2013
common garden experiment as a function of the elevation of the source
population in meters (Table S6). Four populations (PIN, RAB, BAR, and
HOR) lacked constitutive leaf camalexin concentrations and were
excluded from the regression. Significant P values are indicated in bold.
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common resource pool of chorismate.”” If the complex polyphe-
nolics have greater efficacy in protecting plants from UV stress,
then plants at high elevations may shunt more of the chorismate
toward this sink and away from the production of SA. There is
currently insufficient data to address this hypothesis. Future
assessment of the concentrations of chorismate and UV-B
absorbing phenolics, such as flavonoids, across this elevational
gradient would increase our ability to understand source-sink
relationships in this species.

A third possible explanation for our pattern of higher SA levels
in low elevation populations relates to the likelihood that overall
enemy pressures are likely to be greater in low elevation environ-
ments. To assess additional evidence for this possibility, we also

Volume 10 Issue 3



measured concentrations of camalexin, an important chemical
defense against microbes,”” and found that these concentrations
were also highest in the low elevation populations (Fig. 3B).
Under this scenario, plants at the lower elevations have evolved
higher constitutive levels of SA and camalexin as a consequence
of strong selection by enemies. Bacterial diversity and abundance
is likely to be higher at low elevations.” Furthermore, recent stud-
ies have found that pathogen loads on plants are higher at lower
elevations® and resistance to enemies is lower at high eleva-
tions.”" Tt is possible that higher SA concentrations are needed in
plants at low elevations to combat pathogens in those habitats,
but at this point, manipulative experiments are needed to assess
the relative impacts of these key environmental variables.

Concentrations of SA for A. thaliana previously reported in
the literature have been typically around 1 pg/g wet mass of leaf
tissue,>> which is lower than the average value for our data of 4.7
pg/g wet mass for free SA from the 2009 experiment (95% confi-
dence interval of 4.4 to 5.0 pg/g wet mass, Table S2). We have
carefully checked and rechecked our calculations and methodol-
ogy and see no explanation for this difference. We are confident
that the elevational pattern is robust, despite this lack of congru-
ence. These natural Spanish accessions may have constitutively
higher SA concentrations than have been described previously in
the literature; however, future studies should include the Col-0
and Ws-0 lines also for better calibration of our findings relative
to those of other laboratories.

In other work, we have found that SA and camalexin concen-
trations do explain some variation in plant resistance to attack by
a bacterial pathogen.?® Thus, our finding of a geographic cline in
SA and camalexin concentrations may contribute to understand-
ing how plant resistance to bacterial infection is distributed in

natural populations. Geographic clines in plant compounds,
such as those examined here, are likely to provide information
that will be important for understanding how plant populations

will be affected by a warming climate.’”
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