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¢ Background and Aims The use of woody crops for Quad-level (approx. 1 x 10" J) energy production will
require marginal agricultural lands that experience recurrent periods of water stress. Populus species have the
capacity to increase dehydration tolerance by lowering osmotic potential via osmotic adjustment. The aim of this
study was to investigate how the inherent genetic potential of a Populus clone to respond to drought interacts with
the nature of the drought to determine the degree of biochemical response.

* Methods A greenhouse drought stress study was conducted on Populus deltoides “WV94’ and the resulting
metabolite profiles of leaves were determined by gas chromatography—mass spectrometry following trimethyl-
silylation for plants subjected to cyclic mild (-0.5 MPa pre-dawn leaf water potential) drought vs. cyclic severe
(-1.26 MPa) drought in contrast to well-watered controls (-0.1 MPa) after two or four drought cycles, and in
contrast to plants subjected to acute drought, where plants were desiccated for up to 8 d.

¢ Key Results The nature of drought (cyclic vs. acute), frequency of drought (number of cycles) and the severity
of drought (mild vs. severe) all dictated the degree of osmotic adjustment and the nature of the organic solutes
that accumulated. Whereas cyclic drought induced the largest responses in primary metabolism (soluble sugars,
organic acids and amino acids), acute onset of prolonged drought induced the greatest osmotic adjustment and
largest responses in secondary metabolism, especially populosides (hydroxycinnamic acid conjugates of salicin).
* Conclusions The differential adaptive metabolite responses in cyclic vs. acute drought suggest that stress
acclimation occurs via primary metabolism in response to cyclic drought, whereas expanded metabolic plastic-
ity occurs via secondary metabolism following severe, acute drought. The shift in carbon partitioning to aro-
matic metabolism with the production of a diverse suite of higher order salicylates lowers osmotic potential and
increases the probability of post-stress recovery.

Key words: Populus deltoides “‘WV94’, cyclic drought, acute drought, gas chromatography—mass spectrometry,

metabolite profiles, osmotic adjustment, acclimation, metabolic perturbation.

INTRODUCTION

Use of woody, perennial crops for Quad-level (10" BTU;
approx. 1 x 10" J) energy production will require use of mar-
ginal agricultural lands (Tuskan 1998), where periods of water
stress are frequent. Populus species are widespread in North
America, have high productivity, especially their interspecific
hybrids, and are ideal candidate biomass crops for bioenergy
production. In the Pacific Northwest, they readily exceed long-
held productivity targets of the US Department of Energy of
10 Mg ha™! year! oven dry weight of above-ground biomass
(Tuskan and Walsh, 2001) when grown on mesic sites or on
dry sites supplemented with irrigation. Productivity declines
in many areas in the USA where water availability is lacking,
and, in such areas, sustainable biomass production will need
drought-tolerant species/clones. Populus species have the

capacity to their increase dehydration tolerance by lowering the
osmotic potential via osmotic adjustment, the active accumula-
tion of solutes under stress, allowing turgor and growth mainte-
nance under mild to moderate stress (Tschaplinski et al., 2006).

There is a need to understand the phenotypic plasticity in the
drought tolerance of Populus species, and this plasticity can be
assessed across large numbers of individuals as in a structured
pedigree of P. trichocarpa x deltoides (TD) (Tschaplinski et al.,
20006) or in a large, range-wide collection of native populations,
such as P. nigra cultured in a common garden (Viger et al.,
2016). In the case of the former study, P. deltoides imparted its
drought tolerance capacity on the F, hybrids that were inter-
mediate of the parents, with the trait further segregating into
a wide range of responses in the resulting F, population. The
superior allelic effect arose from the grandparent with the low-
est value of osmotic potential at full saturation (7 ); P. deltoides
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‘ILL-129’ (male) for four of the seven statistically significant
quantitative trait loci (QTLs) that were identified and the par-
ent with the highest value of s ; and P. trichocarpa ‘93-968’
(female) for one QTL. The importance of osmotic potential to
productivity is evidenced in that it explained 20 % of the phe-
notypic variation in relative growth rate (RGR) in stem diam-
eter at breast height in an F, TD x TD pedigree 331 during its
second growing season in the field, and 15 % of clones display-
ing osmotic adjustment (lowering of & by solute accumula-
tion) to drought. In the case of the latter common garden study,
phenotypic variation in drought tolerance was found across the
P. nigra population in leaf morphology, stomatal responses and
gene expression responses to drought stress. Specifically, south-
ern genotypes from drier regions of France and Spain typically
had smaller leaves, reduced biomass production, rapid stomatal
closure, higher water use efficiency (WUE) and lower levels
of leaf abscission. On the other hand, ‘North Eastern’ geno-
types from more mesic sites typically responded to drought
stress with reduced biomass growth, slow stomatal closure and
lower WUE.

The inherent genetic potential of a given Populus species/
clone to respond to drought interacts with the nature of the
drought exposure to determine the degree of the biochemical
response. With P. deltoides being one of the most drought-tol-
erant Populus species in North America (if not the most toler-
ant), and with its drought tolerance being conferred, in part,
by its low osmotic potential and capacity for osmotic adjust-
ment, it was selected for an in-depth study of its transcriptomic,
proteomic and metabolomic responses to drought stress, with
this paper focusing on its metabolomic responses. Given that
pre-conditioning plants with multiple stress cycles enhances
their capacity to tolerate drought (Silim et al., 2009), a key
uncertainty is whether the metabolomic response observed
in response to cyclic drought differs from that observed in
response to an acute drought, where no additional water is
added after drought stress is imposed. Given such considera-
tions, it was hypothesized that the largest osmotic adjustment in
P. deltoides would be observed following cyclic stress. Whereas
many controlled drought stress studies have been conducted
on Populus sp., very few studies have determined whether the
nature of drought imposition alters the nature and degree of
the metabolomic responses, which, whether adaptive or per-
turbational, have consequences for leaf senescence and plant
post-stress recovery. Overall, such responses determine the
dehydration tolerance of specific Populus genotypes and their
ability to sustain biomass production in an environment with
fluctuating water availability.

MATERIALS AND METHODS

Cyclic and acute drought experiments

The plant materials, growth conditions and drought treatments
were as recently reported in Abraham ef al. (2018). Briefly, in
the cyclic drought experiment, twenty 6-month-old eastern cot-
tonwood poplar (Populus deltoides “WV94’) plants were regen-
erated from 15 cm long cuttings and were approx. 88 cm in
height when assigned to one of three watering regimes, includ-
ing a well-watered control with eight plants kept near field

capacity (approx. 0.10 MPa) and 12 plants subjected to cyclic
drought treatments with target pre-dawn leaf water potentials
of —0.5 MPa for the mild drought treatment, and < —0.8 MPa
for the severe drought stress treatment, as determined with a
Scholander pressure chamber (PMS Instrument Co., Albany,
GA, USA). Whereas field capacity is widely accepted to be >
—0.1 MPa and from what we have observed in both greenhouse
and field studies (Tschaplinski et al., 2006), the thresholds
for the mild and severe treatments were based on our experi-
ence and that of others reported in the literature. Stress initia-
tion in well-watered poplars typically ranges from —0.3 MPa
(Tschaplinski et al., 2006) to —0.5 MPa (Pezeshki and Hinckley,
1982) and is comparable with other fast-growing hardwood spe-
cies (Tschaplinski et al., 1995); hence, we selected —0.5 MPa
for mild stress, with the severe stress threshold at —0.8 MPa.
The severe stress threshold typically acclimates to lower levels
with continued drought exposure, and thus we further lowered
our target to be —1.0 MPa, as was observed for poplar hybrids
in the field (Tschaplinski ef al., 1998b). Plants in drought treat-
ments were re-watered after hitting the target pre-dawn water
potentials on days 6, 12 and 20, with the experiment ending
after 31 d. Leaves were collected at mid-day for metabolomic
analyses at the end of drought cycle two and cycle four, and
then processed as described below. There were four biological
replicates for each treatment at each sampling time point. The
pre-dawn water potentials for the cyclic drought treatments are
shown in Table 1.

For the acute drought experiment, nine 6-month-old P. del-
toides “WV94’ plants that were of similar stature (quantita-
tively) to those used in the cyclic drought study were kept well
watered to field capacity (approx. —0.1 MPa) until the start of
the acute drought experiment, when all plants were allowed to
dehydrate for up to 8 d. Leaves of leaf plastochron index (LPI)
9-12 of three biological replicates per day were sampled for
pre-dawn leaf water potential at each time point from day 1
through 8, as described in Abraham et al. (2018). Pre-dawn leaf
water potentials over the 8 d of the acute drought experiment
are shown in Fig. 1.

Metabolite profiling by gas chromatography—mass spectrometry
(GC-MS)

Leaves of LPI 10 were sampled on each of the 8 d of the
acute drought experiment (three replicates per sampling day)
and at the end of the second and fourth drought cycles in the

TABLE 1. Average leaf pre-dawn water potential (£ s.e.m.) for
each cyclic drought treatment and the well-watered control

Drought cycle Treatment Pre-dawn water potential (MPa)
2 Control —0.09 £ 0.02
2 Mild -0.49 £0.14
2 Severe —0.84 £0.24
4 Control —0.11 +£0.02
4 Mild -0.50 £ 0.04
4 Severe -1.26 £0.12

There were four biological replicates per treatment at each sampling time.



Tschaplinski et al. — Progression of drought drives metabolomic responses 3

Time (d)

o 1 2 3
0
5 0.2
o
s 04
S 06"
8
g -08 |
= 1.0
8
o _ L
S 1.2
c
S 14/
(1]
T 16
Y
a -1.8"
_20 L

FIG. 1. Leaf pre-dawn water potential over the 8 d of the acute drought experiment. Values on days 5, 7 and 8 were significantly lower (P < 0.05) than that on day
0. There were three biological replicates sampled for each day.

cyclic drought treatments (four replicates for the controls; six
replicates for the mild and severe treatments). They were fast-
frozen on dry ice and stored at —80 °C until they were ground in
liquid nitrogen, with about 50 mg f. wt of tissue subsequently
extracted with 80 % ethanol and an aliquot of the extracts dried
and silylated to generate trimethylsilyl (TMS) derivatives, as
described previously (Tschaplinski et al., 2012; Abraham
et al., 2016). After 2 d, 1 pL aliquots were injected into an
Agilent Technologies Inc. (Santa Clara, CA, USA) 5975C
inert XL gas chromatograph—mass spectrometer, fitted with
an Rtx-5MS with Integra-guard (5 % diphenyl/95 % dimethyl
polysiloxane) 30 m x 250 pm x 0.25 pm film thickness capil-
lary column, using operating conditions described previously
(Tschaplinski et al., 2012). Metabolite peaks were extracted
using a key selected ion, characteristic mass-to-charge (m/z)
ratio, with peaks of known metabolites scaled back up to the
total ion current using pre-determined scaling factors. Peaks
of TMS-derivatized metabolites thus generated by electron
impact ionization (70 eV) were identified and quantified as
described previously (Tschaplinski et al., 2012). Unidentified
metabolites were denoted by their retention time as well as
key m/z ratios and partial naming given the typical identity of
a specific m/z.

Statistical analyses

Each Populus plant was considered an experimental unit.
Principal component analysis (PCA) was performed on the
metabolite data using the JMP®, Version 14 (SAS Institute
Inc., Cary, NC, USA), to identify biologically relevant
metabolite features in both the cyclic and acute metabolite
data sets. Additionally, the average and standard error of the
mean of the pre-dawn water potential data and metabolite
data were determined by treatment. Treatment differences
were analysed by Student’s -tests, with differences consid-
ered significant at P < 0.05. Each drought treatment (acute or
cyclic) was contrasted with its well-watered control. Thus,
metabolite fold changes were reported relative to the control
of each experiment.

RESULTS

Cyclic drought treatments

The PCA of the metabolite data of the cyclic drought experiment
indicates discrete grouping between the two cycle data sets, as
well variation across the water deficit severity (Fig. 2). Both
PC1 and PC2 explain a high proportion of the variation in the
multivariate analysis; 28.4 and 20.3 %, respectively. In general,
the loading plots for the metabolite data of the cyclic drought
indicate that PC1 is driven in the positive direction by higher
order salicylates [e.g. salicortin, 17.64 min 311 salicyloyl-sali-
cortin, hydroxycyclohexenoyl (HCH)-deltoidin, 21.47 min sali-
cyloyl-HCH-deltoidin, isosalicin, salirepin, a-salicyloylsalicin,
salicin, 23.31 min HCH-deltoidin conjugate] and amino acids
(e.g. threonine, valine, leucine, isoleucine, tryptophan and
glutamine), and in the negative direction by a number of fla-
vonoids (e.g. kaempferol, isorhamnetin and quercetin) and a
number of unidentified glycosides (specific loadings are given
in Supplementary data Table S1). PC2 is driven in the positive
direction by hydroxycinnamate conjugates, flavonoids, lignans
and monolignol glucosides, and in the negative direction by
simple organic acids, amino acids, other nitrogen-containing
metabolites and fatty acids (Fig. 2; Supplementary data Table
S1). Overall, soluble carbohydrates were the most abundant
organic solutes in P. deltoides leaves, led by sucrose constitut-
ing about a third of the pool size in the control, followed by glu-
cose, myo-inositol and fructose (Supplementary data Table S2).
Also abundant were (1) organic acids, including citric acid and
malic acid; and (2) phenolic glycosides, including salicortin,
a HCH-deltoidin conjugate eluting at 23.31 min, populoside,
a-salicyloylsalicin and HCH-deltoidin, with this latter class
of metabolites having a major effect on sample clustering as
described above.

With respect to specific metabolite responses, after two cycles
of mild drought, out of the 186 metabolites quantified, there
was only one statistically significant accumulation relative to
the well-watered control and that was a 1.47x increase in a par-
tially identified coumaroyl glycoside eluting at 20.27 min with
key m/z 407 204 (Supplementary data Table S2). There were,
however, modest declines in several abundant metabolites,
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FI1G. 2. Principal component analysis of the metabolite data of the cyclic drought experiment: (A) sample clustering in response to drought severity and number
of drought cycles; and (B) loading plots for the specific metabolites.

including sucrose (0.86x) and salicylic acid (0.76x). The larg-  (0.63x), both salicortin precursors or breakdown products; a
est declines were observed for 6-hydroxy-2-cyclohexenone- number of hydroxycinnamates, including caffeic acid, p-cou-
1-carboxylic acid (0.52x%), 6-hydroxy-2-cyclohexenone alcohol maric acid and ferulic acid, and their salicylate conjugates,
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p-coumaroyl-5-hydroxysalicyl alcohol, p-coumaroyl-salicyl
alcohol and feruloyl-salicyl alcohol that were all reduced to
0.48x—0.63x; and flavonoids, including galangin, quercetin,
kaempferol and isorhamnetin that were reduced to 0.60x—
0.66x. Despite these numerous declining components, the over-
all total concentration of metabolites did not differ from the
well-watered control, nor did the total metabolites observed in
the severe treatment after two cycles (Fig. 3). Conversely, raf-
finose, the galactose-containing oligosaccharide, was increased
2.50x in this latter treatment, and other accumulating identi-
fied metabolites included 5-oxo-proline (1.83x%), ascorbic acid
glucoside (1.51x), salicortin (1.38x) and gallic acid (1.27x)
(Supplementary data Table S2). The metabolites that declined
in this treatment were largely the same as in the mild treatment
after two cycles, and the declines were of a similar magnitude.

Although the total organic solutes in the mild drought treat-
ment after four cycles was again not significantly different
from the controls (Fig. 3), specific metabolites were elevated,
including two lipid-related metabolites, monogalactosylglyc-
erol (2.12x) and digalactosylglycerol (1.66x), as well as the
aforementioned coumaroyl glycoside eluting at 20.27 min with
key m/z 407 204 (1.80x) (Supplementary data Table S2). Other
notable components accumulating were putrescine (1.29x) and
salicortin (1.20x). Many of the same metabolites that declined
after two drought cycles also declined after four cycles of mild
drought, but the magnitude of the declines was not great. It was
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only in the severe treatment after four drought cycles that the
total metabolite concentration was significantly greater (1.20x)
than that of the control (Fig. 3). The largest accumulations were
observed for soluble carbohydrates, including maltose (8.63x),
fructose (3.35x%), galactose (3.06x), galactinol (2.67x) and glu-
cose (2.52x) (Supplementary data Table S2). Other metabolites
that were also increased included quinic acid (2.60x), diga-
lactosylglycerol (1.84x%), succinic acid (1.83%) and ascorbic
acid glucoside (1.50x). Again, the same metabolites declined
in this treatment as in the others, but the declines were not as
great. These included declines in p-coumaroyl-salicyl alco-
hol (0.57x), p-coumaroyl-5-hydroxysalicyl alcohol (0.68x%),
quercetin (0.68x) and kaempferol (0.75%) (Supplementary data
Table S2).

Acute drought treatments

Although the pre-dawn water potential differed from the
controls on days 5, 7 and 8, the total metabolite concentration
differed from the well-watered control only on days 7 and 8
(Fig. 3), when pre-dawn water potential had dropped to below
—0.6 MPa (Fig. 1). As observed in the cyclic drought study,
PCA indicates that both PC1 and PC2 explain a high proportion
of the variation in the multivariate analysis of the metabolite
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FiG. 3. Total organic solute concentration (pug g f. wt in sorbitol equivalents) as determined by gas chromatography—mass spectrometry for leaves of Populus

deltoides “‘WV94’ subjected to (A) cyclic drought treatment or (B) acute drought treatment. The cyclic drought treatments are designated by the number of drought

cycles, and the data are the means (control treatment with four replicates; mild and severe treatments with six replicates). The acute drought treatments are des-

ignated by day since the last watering, with dayl being the well-watered control with three replicates for each treatment. Treatments with different letters are
significantly different (P < 0.05) from the respective well-watered control treatment.
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data in the acute drought study; 39.1 and 20.7 %, respectively,
with sample clustering largely dependent on PC1 correspond-
ing to the variation observed across water severity, and with
days 7-8 showing the highest variability (Fig. 4). In general,
the loading plots for the metabolite data of the acute drought
experiment indicate that PC1 is driven in the positive direc-
tion by higher order salicylates and their related hydroxycin-
namate conjugates, the populosides and their precursors (Fig.
4; Supplementary data Table S1). The former was also evident
under cyclic drought, but the latter was not. PC1 is driven in
the negative direction by fatty acid-related metabolites (e.g.
digalactosylglycerol, glycerol-1/3-phosphate, a-linolenic acid,
glycerol and galactopyranosylglycerol) and organic acids (e.g.
citric acid, ascorbic acid and aconitic acid). PC2 is driven in the
positive direction by glucosides (e.g. ascorbic acid glucoside,
grandidentatin, purpurein, syringin and arbutin) and other uni-
dentified glycosides, and in the negative direction by a number
of partially identified caffeoyl-shikimate conjugates and closely
related hydroxycinnamate conjugates (Fig. 4; Supplementary
data Table S1).

Overall, the total metabolite concentration peaked at day 7
at 1.42x that of the well-watered control and was not as great a
difference on day 8 at 1.34x (Fig. 3), but these osmotic adjust-
ments were much greater than the 1.20x response observed
for the severe treatment after four drought cycles. Although
total metabolites did not differ until day 7 (Fig. 3), specific
metabolite responses were evident early in the acute drought
treatment (Supplementary data Table S3). As early as day 2,
populoside A was detected and significantly differed from
the control, which did not have detectable levels of any of the
populosides, other than populoside itself, the most abundant
of these hydroxycinnamate conjugates of salicin, which was
elevated 6.73x. Other phenolics that were increased included
a flavonoid at retention time 17.48 min with key m/z 559 496
501 (3.81x), a-salicyloylsalicin (3.30x), caffeoyl-salicyl alco-
hol (3.10x%), a likely precursor of populoside, 17.59 min m/z
220 179 glycoside (2.99x), and isorhamnetin (1.77x). It is
interesting to note also that phosphate was elevated 1.50x on
day 2, and later on days 4 and 8 at a similar magnitude. There
were not many declining metabolites, but the greatest decline
was in the flavonoid catechin (0.37x%), followed by ferulic acid
(0.42x), aconitic acid (0.52x), ascorbic acid (0.67x) and a
related metabolite, threono-1,4-lactone (0.68x).

As the acute drought progressed through day 8, a consistent
pattern emerged, with the large-scale accumulation of the popu-
losides and numerous higher order salicylates and hydroxycin-
namate conjugates (Supplementary data Table S3). Populosides
are hydroxycinnamate conjugates of salicin. Specifically, popu-
loside is caffeoylsalicin and was the most abundant of this class
of metabolite in P. deltoides. Populosides A, B and C are cou-
maroyl-5-hydroxysalicin, coumaroylsalicin and feruloylsalicin,
respectively. They all exist in P. deltoides leaves as the more
abundant frans isomer and the less abundant cis isomer. The
concentrations of populosides (Supplementary data Tables S2
and S3) include both the cis and trans isomers pooled together.
The structures of each of these populosides and the fragmen-
tation patterns of their trans isomers are depicted in Fig. 5.
Populosides were readily detected by the presence of their stable
aglycones, m/z 502 in the case of populoside and populoside A,
m/z 414 for populoside B and m/z 444 for populoside C, as were

their aglycone precursors that eluted earlier in the runs. The
fold change of populoside increased over time to peak at 57.93x
by day 8 of acute drought, and a similar response was evident
for the other populosides, with the next most abundant being
populosides B, C and finally A, with all of these not detectable
in the well-watered control plants. Also present in high concen-
tration and displaying large fold changes were several late-elut-
ing, partially identified HCH-deltoidin conjugates, including
metabolites 23.31 min HCH-deltoidin conjugate, 23.46 min
m/z 355 HCH-deltoidin conjugate (23.75x), 23.69 min m/z 283
salicyloyl-HCH-deltoidin conjugate (27.03x) and 23.87 min
m/z 355 deltoidin conjugate (26.42x), with the latter three prob-
ably conjugated to a dihydroxybenzoic acid generating m/z 283
and m/z 355 (Supplementary data Table S3). These metabo-
lites are all higher order salicylate conjugates. Other closely
related metabolites that displayed high fold changes late (day
8) in the acute drought included 2-O-acetylsalicortin (16.78x),
21.47 min salicyloyl-HCH conjugate (14.98x), caffeoyl-salicyl
alcohol (10.21x), salicortin (7.08x), a-salicyloylsalicin (5.12x)
and HCH-deltoidin (4.19%) (Supplementary data Table S3). In
addition to higher order salicylates and their conjugates with
hydroxycinnamates, several hydroxycinnamate conjugates
also had large fold changes, including 21.22 min m/z 168
coumaroyl-caffeoyl conjugate (14.97x), 19.64 min m/z 171
caffeoyl-shikimic acid conjugate (4.12x) and 20.27 min m/z
407 204 coumaroyl glycoside (2.98x), the same metabolite that
accumulated in cyclic drought.

For the primary carbon metabolism compounds, several of
which responded to cyclic drought, many also responded to
acute drought, but their fold changes were overwhelmed by that
of the classes of aromatic metabolites just described. Although
few nitrogenous metabolites responded to cyclic drought, sev-
eral amino acids responded to acute drought. Such responsive
primary carbon and nitrogen metabolism compounds included
isoleucine (7.10x), valine (5.60x), raffinose (4.19x), threo-
nine (4.09x), fructose (3.48x), galactose (3.05x), quinic acid
(2.78%), 5-oxo-proline (2.59x), glucose (1.98x), docosanoic
acid (1.96x) and serine (1.92x) (Supplementary data Table S3).
Overall, there were few metabolites that declined under severe
drought, but those that did were similar to those observed under
cyclic drought. These included ferulic acid (0.29x), 1,6-anhy-
droglucose (0.30x), catechin (0.33x), aconitic acid (0.44x),
threono-1,4-lactone (0.49x), ascorbic acid (0.55x), caffeic acid
(0.61x) and three lipid-related metabolites, namely glycerol-
1/3-phosphate (0.61x), glycerol (0.62x) and o-linolenic acid
(0.64x) (Supplementary data Table S3).

DISCUSSION

Cyclic drought induced osmotic adjustment once the severe
stress threshold of < —1.0 MPa was achieved after several stress
cycles, as expected. The cycling of stress is thought to pro-
vide the opportunity to allow osmotic adjustment to occur if
the capacity for adjustment exists in the genotype. Our previ-
ous field study in an F, pedigree of P. trichocarpa x P. del-
toides family 331 containing 59 genotypes demonstrated that
osmotic adjustment was relatively rare, with only 15 % of the
genotypes displaying adjustment to reduced irrigation at a hot,
dry site east of the Cascade Mountain Range near Boardman,
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FIG. 5. Structure and electron impact ionization (70 eV) fragmentation pattern of trimethylsilyl-derivatized (A) populoside A, (B) populoside B, (C) populoside C
and (D) populoside. In each case, the most abundant high mass-to-charge ratio corresponds to the aglycone of each metabolite.

OR (Tschaplinski et al., 2006). Nonetheless, the capacity for
osmotic adjustment was attributed to the P. deltoides ‘1LL-129’
male grandparent, which maintained low osmotic potentials at
full turgor (1.9 MPa) that were as much as approx. 0.4 MPa
lower than those of the P. trichocarpa female grandparent, and
hence was much more drought tolerant. Interestingly, many
clones showed a shift to higher (less negative) osmotic poten-
tials in the dry treatment, indicating a decline in foliar metab-
olite concentrations and lessened overall drought tolerance
capacity under the severe stress conditions that also included
heat stress. In this study, a direct link between organic solute
accumulation, as determined by GC-MS-based metabolite pro-
filing, with the lowering of osmotic potential is made because
P. deltoides is a glycophytic species, wherein the bulk of its
solute potential and its adjustment in leaves are determined
by changes in organic solute concentrations (Tschaplinski and
Tuskan, 1994, and other citations, below).

The nature of the organic solutes that accumulated in the pre-
sent study was similar to what has been frequently reported,
wherein the bulk of the osmotic adjustment resulted from accu-
mulation of soluble sugars and organic acids (Tschaplinski
and Blake, 1989; Tschaplinski and Tuskan, 1994; Gebre et al.,
1998; Marron et al., 2002). Maltose displayed the largest fold
change, suggesting that starch mobilization, which has been
demonstrated previously for P. nigra drought response (Regier
et al., 2009), fuelled the maltose accumulation. Subsequent
maltose metabolism probably contributed to the observed
accumulation in monosaccharides which were the next biggest
contributors to osmotic adjustment. Similarly, metabolism of
the monosaccharides probably led to the accumulation of the
tricarboxylic acid (TCA) cycle organic acids. Overall, osmotic
adjustment to cyclic drought was largely constituted from pri-
mary carbon metabolism as observed previously (Tschaplinski
and Tuskan, 1994). An evident consequence of the increased
carbon partitioning to primary metabolites under cyclic drought
was a decline in a number of secondary metabolites, including

several flavonoids, hydroxycinnamates of the lignin biosyn-
thetic pathway and precursors of salicortin that together had
a negative effect on the total osmotic adjustment and was also
evident in the earlier drought cycles.

Although a case can be made that the application of acute
drought does not provide an opportunity to allow the expression
of the innate osmotic adjustment capacity, the greater osmotic
adjustment in organic solutes after seven consecutive days of
drought vs. that observed after four drought cycles allowed us
to reject our working hypothesis that the largest osmotic adjust-
ment would be observed following cyclic stress. Whereas both
cyclic and acute drought had similar increases in soluble sugars
and organic acids of primary carbon metabolism, acute drought
induced a large-scale accumulation of phenolic metabolites
of secondary carbon metabolism that was not observed in
response to cyclic drought, nor was the accumulation of sev-
eral amino acids that was also observed under acute drought.
Drought-tolerant P. euphratica also primarily accumulated
amino acids when growing in the driest and most saline soils of
its native environment, but most of the major carbon metabo-
lites were non-responsive, with the exception of glyceric acid,
glycerol and myo-inositol (Brosché et al., 2005), indicating that
osmotic adjustment was limited and not the key trait underlying
its drought tolerance. Accumulation of phenolics in response
to drought in the drought-tolerant Populus x euramericana
Dorskamp clone has been reported (Marron et al., 2002), but
the specific metabolites involved were not characterized.

In the present study, the largest accumulations were observed
in the populosides (in response to acute drought), which are
conjugates of salicin with hydroxycinnamates of the lignin
biosynthetic pathway. As such, these metabolites are generated
from two unrelated pathways of secondary carbon metabolism.
It could be argued that these conjugates could arise as a result
of simple conjugation from accumulating pools of upstream
lignin precursors. Such a simple explanation is unlikely, as it
would be expected to be widespread across Populus spp., all
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of which produce salicin and the hydroxycinnamates, but few
of which are reported to produce populosides. In addition to
being detected in the leaves of P. deltoides in this study, they
have been reported to be produced in the bark of some Populus
species, including P. grandidentata (Erickson et al., 1970),
P. davidiana (Zhang et al., 2006) and P. nigra (Lee et al.,
2010). However, a recent report confirms the presence of popu-
losides in leaves of both P. deltoides and P. grandidentata as
detected by leaf spray ionization tandem mass spectrometry
(Snydera et al., 2015). Populosides were not observed in the
>850 P. trichocarpa genotypes that we have recently analysed
(unpubl. data). In addition to detecting large fold changes in
populosides in response to acute drought in the present study,
their aglycone precursors were also detected, including p-cou-
maroyl-salicyl alcohol, p-coumaroyl-5-hydroxysalicyl alcohol,
trace amounts of feruloyl-salicin and caffeoyl-salicyl alcohol.
These data suggest that the populosides are synthesized first by
the conjugation of the aromatic moieties, followed by glucosyl
conjugation. Whereas it could be argued that the accumulation
of populosides was an artefact of perturbed metabolism under
acute drought, this is unlikely given that the capacity for syn-
thesizing populosides is inherent in P. deltoides, and that their
presence was evident under milder, cyclic drought stress and in
the early stages of acute drought, but it was only under severe,
acute drought that their concentrations greatly increase. The
results of this study and others together suggest that Populus
species containing populosides must first be able to couple the
aromatics, and then have a unique glucosyl transferase that
conjugates the aromatic conjugates to glucose, allowing their
accumulation.

In addition to glucose and fructose of primary carbon metab-
olism that heavily contributed to the total osmotic adjustment
observed in both cyclic and acute drought in P. deltoides
leaves, the large fold change responses of populosides, higher
order salicylate conjugates of secondary carbon metabolism,
acute drought also elicited large-scale accumulation of other
higher order salicylates of secondary carbon metabolism.
In addition to salicortin, salicin and a-salicyloylsalicin that
are widely observed across Populus spp. (Pearl and Darling,
1971; Abreu et al., 2013; Payyavula et al., 2014; Tschaplinski
et al., 2014; Keefover-Ring et al., 2014; Feistel et al., 2015)
and were moderately responsive to acute drought, P. deltoides
contained a number of relatively unique metabolites, includ-
ing deltoidin (2-O-salicyloylsalicin) and HCH-deltoidin
that were moderately responsive; and four partially identi-
fied, late-eluting (23-24 min retention times) conjugates of
deltoidin and HCH-deltoidin that were highly responsive to
acute drought. All four metabolites are conjugated to an uni-
dentified dihydroxybenzoic acid, but it is most likely to be
2,5-dihydroxybenzoic acid (gentisic acid) or 2,3-dihydroxy-
benzoic acid, the most abundant dihydroxybenzoic acids in
P. deltoides, including their glucosides. These metabolites
elute in a region of the GC-MS chromatogram that is similar
to, albeit later than, where tremulacin that is often found in
Populus spp. is located, but tremulacin was not detected in
P. deltoides leaves. The absence of tremulacin in P. deltoides
leaves was adeptly reported by Lindroth et al. (1987). Instead,
P. deltoides accumulates conjugates of deltoidin and HCH-
deltoidin in leaves as complex higher order salicylates. Is this

large-scale accumulation of complex aromatic metabolites
under acute drought truly adaptive or indicative of perturbed
metabolism leading to foliar senescence? Given that these aro-
matic metabolites steadily accumulated with the progression
of acute drought with increased carbon partitioning to sec-
ondary metabolism, we infer that this adjustment is adaptive,
leading to increased organic solute accumulation and a low-
ering of osmotic potential that increases drought tolerance.
It could be argued that maximum solute accumulation would
favour the accumulation of the smaller conjugates (e.g. deltoi-
din and HCH-deltoidin) vs. their later-eluting, larger higher
order deltoidin conjugates, but the larger conjugates may be
a detoxification reaction that accommodates the continued
enhanced production of aromatic metabolites under continued
drought progression. The fact that these higher order deltoidin
conjugates are normally produced under well-watered con-
ditions also argues against these reactions being strictly the
result of metabolic perturbation.

Solute accumulation leading to osmotic adjustment in
response to drought lowers the osmotic potential of leaves and
enhances the ability to extract water from drying soils (Kramer,
1980; Tschaplinski et al., 1998a). Significant osmotic adjust-
ments were only observed when drought stress was severe,
whether induced by cyclic or acute stress. Such osmotic adjust-
ments are thought to enhance post-stress recovery and are char-
acteristic of dehydration-tolerant species (Kramer, 1980). The
increased concentrations and diversity of aromatic metabolites
in leaves under acute drought have potential consequences on
plant—microbe interactions, particularly with respect to benefi-
cial endophytes that must now tolerate a very different milieu
of constituents, which has become potentially more inhibitory
or toxic to microbes than what was present under well-watered
conditions. Similarly, with populosides being astringent com-
pounds, their large-scale accumulation in severely drought
stressed plants is likely to increase the foliar defence against
herbivory.

In summary, the nature of drought, frequency of drought and
the severity of drought dictated the degree of osmotic adjust-
ment and the nature of the organic solutes that accumulated.
Acute onset of prolonged, severe drought induced the greatest
accumulation of foliar metabolites observed. Cyclic drought
induced the largest responses in primary carbon metabolism
(sugars and organic acids). Acute drought induced the largest
responses in secondary carbon metabolism, especially conju-
gates of hydroxycinnamates with salicin, leading to the accumu-
lation of populosides. Also accumulating under acute drought
are numerous higher order salicylates, such as salicortin and
a-salicyloylsalicin, and deltoidin and its conjugates with HCH,
salicylic acid, salicyl alcohol and probably gentisic acid, yield-
ing a unique suite of constituents in the leaves of P. deltoides.
In conclusion, the extent of metabolic plasticity was evident in
the leaves of P. deltoides under acute drought, which adaptively
led to the accumulation of a large number of metabolites from
diverse pathways of primary and secondary carbon metabolism,
but with aromatic metabolites, including salicin conjugates of
hydroxycinnamates (populosides) and higher order salicy-
lates (e.g. deltoidin and its conjugates) particularly responsive,
contributing to lowering the osmotic potential and increasing
drought tolerance.
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SUPPLEMENTARY DATA

Supplementary data are available online at https://academic.
oup.com/aob and consist of the following. Table S1: PCA load-
ings for specific metabolites in response to cyclic drought and
acute drought. Table S2: metabolite profiles of Populus del-
toides leaves subjected to two or four cycles of mild or severe
drought vs. the well-watered control plants. Table S3: metab-
olite profiles of Populus deltoides leaves subjected to acute
drought vs. the well-watered control plants.
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