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Abstract

Eucalyptus L’Hér. (Myrtaceae) is one of the economically most important and widely cultivated trees
for wood crop purposes worldwide. Climatic changes together with the constant need to expand
plantations to areas that do not always provide optimal conditions for plant growth highlight the need to
assess the impact of abiotic stresses on eucalypt trees. We aimed to unveil the drought effect on the leaf
metabolome of commercial clones with differential phenotypic response to this stress. For this, seedlings
of 13 clones were grown at well-watered (WW) and water-deficit (WD) conditions and their leaf extracts
were subjected to comparative analysis using ultra-high performance liquid chromatography coupled to
mass spectrometry (UPLC-MS) and nuclear magnetic resonance spectroscopy (NMR). UPLC-MS and
NMR analyses led to the annotation of over 100 molecular features of classes such as cyclitols,
phenolics, flavonoids, formylated phloroglucinol compounds (FPCs) and fatty acids. Multivariate data
analysis was employed for specimens’ classifications and markers identification from both platforms.
The results obtained in this work allowed us to classify clones differing in drought tolerance.
Classification models were validated using an extra subset of samples. Tolerant plants exposed to water
deficit accumulated arginine, gallic acid derivatives, caffeic acid and tannins at higher levels. In contrast,
stressed drought-sensitive clones were characterised by a significant reduction in glucose, inositol and
shikimic acid levels. These changes in contrasting drought response eucalypt pave ways for differential
outcomes of tolerant and susceptible phenotypes. Under optimal growth conditions, all clones were rich
in FPCs. These results can be used for early screening of tolerant clones and to improve our

understanding of the role of these biomarkers in Eucalyptus tolerance to drought stress.
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1. Introduction

Eucalyptus L’Hér. (Myrtaceae) is one of the economically most important hardwood crops worldwide.
They are widely cultivated in as many as 95 countries owing to their high-yielding forests (Zhang and
Wang, 2021). Brazil is a global leader of forest productivity. In 2021, ca. 9.3 million hectares of trees
were planted for industry purposes in Brazil, with cultivated Eucalyptus to account for the larger portion
of this area (80.2%). Most plantations are based on clonal material of E. grandis, E. urophylla and their
hybrids (IBGE, 2021).

Due to its exceptional wood quality, eucalypt biomass is a common source for timber, bioenergy, and
pulp for paper production (Oberschelp et al., 2022). Therefore, eucalypt plantations contribute to
decreasing the exploitation of tropical forests and associated biodiversity, providing pulpwood,
charcoal, and firewood as well as solid wood products (Cook et al., 2016).

Climatic changes together with the constant need to extend plantations to marginal areas that do not
always provide optimal conditions for plant growth highlight the need to assess the impact of biotic and
abiotic stresses on eucalypt trees (Correia et al., 2018). Stress inhibits the normal functioning of the
plant and impair its growth. Consequently, these are the main problems affecting agriculture, and
reduction in crop yield causes important economic losses (Mahajan et al., 2005). Future scenarios
indicate low precipitation levels and more frequent droughts in tropical regions such as most part of
Brazil. Water deficit has significant detrimental impact on plant metabolism and productivity (Floréncio
et al., 2022). In eucalypts, water deficit can intensify a physiological disorder called dieback that leads
to dried twig tips that can rapidly evolve to defoliation and the death of the shoot apex (Condé et al.,
2020).

Plants exposed to adverse conditions can overcome such stress via the excessive production of reactive
oxygen species (ROS) as a defence response by activating different antioxidant mechanisms (Gill and
Tuteja, 2010). One of these mechanisms involves the biosynthesis of phenolics, acting as ROS
scavengers. Such plasticity of plant secondary metabolism provides a basis for the evolution of plant
adaptation to changing environmental conditions (Farag et al., 2009). The knowledge gained from its
upregulation can be used for future metabolic engineering attempts in the development of drought
tolerant plants (Tomé et al., 2021). Consequently, understanding the metabolite variations in plants
grown under water deficit is indeed a noteworthy strategy to identify biomarkers associated with stress
tolerance in crop plants (Talhaoui et al., 2015).

Previously we have shown that drought tolerant Eucalyptus seedlings upon exposure to drought stress
yielded higher quantities of phenolics in their leaves than their sensitive counterparts at the same
conditions (Dias et al., 2017). Untargeted metabolomics is a potential approach to monitor and link
specific variations by analysing diverse metabolite classes. A comprehensive view of the metabolome

at a certain environmental condition unable the identification of trait specific chemical markers that can
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be used as adaptability predictors in breeding programs. Such unbiased and holistic analysis provide a
broad insight of the biochemical composition of a plant system and differences/similarities between
tested groups can then be used as a diagnostic tool for plant performance. Findings can then be used in
prediction models to assist breeders in the early detection of stress resistant specimens (Tomé et al.,
2021; Villate et al., 2021).

Plants encompass different classes of metabolites, with varied physicochemical properties. Considering
this complexity, analytical platforms applied in metabolomics studies typically target the detection of
the largest number of metabolites in the envisaged metabolome (Farag et al., 2022). The ideal protocol
evolves the complementarity of more than one type of analytical technique (Bijttebier et al., 2016). In
this context, ultra-high performance liquid chromatography coupled to mass spectrometry (UPLC-MS)
and nuclear magnetic resonance spectroscopy (NMR) complement each other with regards to metabolite
coverage and level and structural elucidation, providing detection of a wide-range of metabolites (Serag
etal., 2023). UPLC-MS is one of the most sensitive methods allowing for the detection of a broad range
of compounds, such as phenolic acids, flavonoids, alkaloids, phenylpropanoids and others. Nonetheless,
ESI-MS measurements fail to detect primary metabolites in addition to its less powerful structural
elucidation power which can be overcome with NMR analysis, which is highly quantitative and robust,
though less sensitive than MS (Gromski et al., 2015).

To further enhance our understanding of eucalypt drought adaptation in their early growth stages, we
performed a water deficit experiment using seedlings of 13 commercial clones of Eucalyptus spp. with
differential phenotypic response to drought. We aimed to unveil the drought effect on the leaf
metabolome of these clones to assess metabolic reprograming that can be used for early selection of
clones with enhanced tolerance. Clone’s metabolite responses are the most determinant of plant
phenotype and can provide insights on plant capacity to tolerate drought stress and aid future

biotechnological attempts to engineer improved resistant accessions.

2. Results and Discussion

The major goal of this study was to investigate the effect of water deficit on Eucalyptus secondary
metabolites in an untargeted, holistic manner in the context of their genetic diversity (distinct
species/hybrids) and capacity to tolerate drought conditions (sensitive and tolerant). These results are
useful for creating more efficient, accessible, and less time-consuming approaches in the screening of
eucalypt clones more tolerant to water deficit.

The adopted approach is focused on developing fast and effective analytical methods for metabolomic
studies of eucalypt leaves by direct extract analyses using UPLC-MS in parallel with *H-NMR. Owing
to the complexity of the acquired spectral data, statistical multivariate analyses, e.g. PCA and OPLS-
DA were performed to ensure good analytical rigorousness and define both similarities and differences
among samples.

Initial visualization of the UPLC-MS and NMR data showed that different lines and treatments were

qualitatively similar. Variability was mostly due to differences in metabolite concentrations in the
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extracts. Therefore, to simplify metabolite profiling results, we prepared a pooled material from all
samples and analysed its extract by both UPLC-MS and NMR. Variations among the detected molecular
features were further assessed along the 13 clone lines and the different treatment conditions supported
by different chemometric tools.

2.1 Leaf metabolome of eucalypt seedlings

Leaf material of eucalypt seedlings were extracted with water:methanol (50:50, v/v) and analysed via
UPLC-MS with a reversed-phase column in negative ionization mode. Base peak chromatogram is
presented in Fig. 1 with numbering used in Table 1. Chemical structures of identified peaks are
represented in Fig. 2. Further TIC and PDA chromatograms (in 280 and 240 nm) are shown in Fig. S1.
A total of 97 molecular features were identified, of which 24 were confirmed with authentics. The
elution order of the compounds followed a sequence of decreasing polarity, where we can highlight the
detection of cyclitols, phenolics, flavonoids, formylated phloroglucinol compounds (FPCs) and fatty
acids (Fig. 1). Several of these molecular features are O-conjugated to sugar units and were identified
based on neutral losses of 176 amu (i.e., glucuronic acid), 162 amu (hexose: i.e., glucose or galactose),
146 amu (deoxyhexose: i.e., rhamnose), and 132 amu (pentose: i.e., arabinose). So far, this is one of the
most comprehensive metabolome reports for eucalypt seedlings, covering various classes of compounds
and a high number of molecules. The following subsections describe the features used to identify the

different metabolite classes.

2.1.1 Cyclitols

Cyclitols level found in a plant is considered an interesting trait for crop breeding. These polyols may
store and transport carbon. Such properties suggest for their ability to ameliorate the effect of water
deficit and protect plant cells from dehydration. Therefore, this molecular class can be a biomarker for
enhanced water deficit tolerance and be monitored for supporting the adaptive strategies on agricultural
crops (Cevik et al., 2014; Merchant and Richter, 2011).

Molecular features of this class were identified in myo-inositol (L2) that was confirmed with authentic
standard. Quinic acid was annotated in L3 (Fig. S2) and as conjugated to galloyl (L9), p-coumaroyl
(L18, L26, Fig. S3), caffeoyl (L21, and L33) and feruloyl (L30) moieties. Shikimic acid (L5) and
galloylshikimic acid (L12, Fig. S4) were tentatively identified using the results reported in literature
(Tuominen et al., 2013).

Particularly, inositol is reported as a booster for the accumulation of some essential mineral elements
(Amaral and Brown, 2022). It also functions as a catalyst for central enzymes to sugar metabolism, a
monomer component of cell wall synthesis (Abid et al., 2009) and a player in plant tolerance to abiotic
stress (Jia et al., 2019). Together with our results, these reports are aligned with the understanding of
such compound being used as biomarker for water deficit tolerance in plant species and extend that to

be included for eucalypt.



2.1.2 Phenolics

Marsh et al. (2017) characterised by UPLC-MS/MS the foliar polyphenol composition of 515 eucalypt
species. Although the broad diversity of species, only one of the species in our study (E. grandis) was
included in their work. Accordingly, ellagitannins were the main components in their samples and
flavonol glycosides were mostly represented by quercetin 3-O-derivatives.

In our study, gallic (L10), protocatechuic (L15), methyl gallic (L20), caffeic (L24), p-coumaric (L29)
and ellagic (L35) acids were confirmed with authentic. Glycosylated conjugates of these phenolic acids
were also detected in eucalypt extracts. Three peaks with [M-H]- at m/z 483.078 were detected at 1.38
(L11), 2.71 (L16) and 4.65 (L23) min, indicating isomers of gallic acid dimers conjugated with
hexosides. The first was tentatively identified as digalloyl-O-hexoside based on its MS/MS spectrum.
While the two later peaks had an extra MS/MS product ion at m/z 439 consistent to the loss of CO, from
a free carboxylic acid group. This suggests that one of the gallic acid units is linked via an ether bond
between hydroxyl groups (OHs) and, therefore, these molecular features are assigned as gallic acid-
galloyl O-hexoside isomers. Later elution time, peak L43 with [M-H] at m/z 483.187 (Fig. S5) was
tentatively identified as a gallotannin conjugated to a monoterpene, globulusin A, using results reported
by Hasegawa et al. (2008) that isolated this compound from E. globulus.

Six ellagitannins were identified in peaks L6, L7, L17, L25, L28 and L32, as evident from their MS/MS
product ion at m/z 300.9 corresponding to ellagic acid obtained from the lactonization of the
hexahydroxydiphenoyl unit (HHDP). Among these, we can highlight HHDP O-hexoside (L6) and
HHDP galloyl and digalloyl O-hexoside (L7, L17 and L25). All these tannins have been previously
reported in Eucalyptus leaves (Santos et al., 2013). It is worthy to mention that phenolics were

successfully used in discriminating water deficit tolerant eucalypts in previous work (Dias et al., 2017).

3.1.3 Flavonoids

Flavonol was the most abundant subclass among the assigned flavonoids. The MS/MS signal of
quercetin residue at m/z 301 (CisHsO77) was detected in 9 peaks: L34 (Fig. S6), L37, L38, L39, L41,
L45, L46 (Fig. S7), L52 (Fig. S8) and L56. Myricetin 3-O-glucuronide (L31) and its aglycone (L55)
were assigned due to their MS/MS signal at m/z 317, representing [M-176-H]" (loss of glucuronic acid)
and [M—H], respectively. Five kaempferol derivatives were detected in peaks L40, L44, L47, L59 (Fig.
S9), L63 based on their MS/MS spectra.

Methylated flavones are commonly found in Eucalyptus species (Amakura et al., 2009; Hongcheng and
Fujimotot, 1993). In this study, peaks L74 and L75 were assigned to 8-demethylsideroxylin and 8-
demethyleucalyptin, respectively, based on their [M-H]" at m/z 297.0773 and 311.0930 and the typical
losses of methyl and methoxy groups, such as the base peak of L74 at m/z 282 [M-CHs-H]  and of L75
at m/z 296 [M-CHs-H].

2.1.4 Phloroglucinols
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Peak L67 with an [M-H]" at m/z 223.0979 and daughter ions m/z 179 [M-CO»-H]", 167 and 153 [M—
CsHs—H] (Fig. S10) was tentatively identified as 2,6-dihydroxy-4-methoxy-3-methylisopropiophenone
(Fig. 2), acompound previously detected in E. pulverulenta (Bolte et al., 1984). Robustaol B (L69) was
identified due to its [M-H]" at m/z 209.0823 and fragment ions at m/z 194 resulting from the loss of a
methyl group, as well as 166 [M—CsH;—H]", from the loss of the isopropyl residue (Fig. S11).

Peaks L71 and L77 were tentatively identified as phloroglucinol derivatives, albeit their final chemical
structures were not confirmed. L71 exhibits [M-H] at m/z 237.1133 (C13H1804) and its MS/MS spectra
(Fig. S12) indicates that this molecular feature could be both 1-(2,6-dihydroxy-4-methoxy-3,5-
dimethylphenyl)-2-methyl-1-propanone and aspidinol D, compounds previously isolated in Eucalyptus
species (Bolte et al., 1984; Cheng and Snyder, 1991). Similarly, L77 with [M-H]" at m/z 251.1288 (Fig.
S13) could be 4-O-demethyl miniatone (Sidana et al., 2012).

Diformylphloroglucinol (L58) was annotated based on its [M-H] at m/z 181 yielding further fragment
ions at 153 [M-28-H] and 135, corresponding to the loss of an aldehyde and subsequent hydroxyl
group, respectively (Fig. S14) (Chenavas et al., 2015). L68 was tentatively identified as jensenone based
on its molecular feature. It presented product ions suggesting for the loss of a formyl group (m/z at 237),
followed by subsequent loss of H,O (m/z at 221), and loss of two formyl groups (m/z 209 — C11H130.),
followed by the loss of H.O (m/z 191 - C11H1103) (Fig. S15). Grandinol and homograndinol, other two
monomeric FPCs, were tentatively identified in peaks L80 and L84, Table 1.

Molecular features of dimeric FPCs were also identified in our samples. Two different dimers of
grandinol (peak L86 and L93, Fig. S16 & S17), jensenal (peak L94, Fig. S18), grandinal (a dimer of
jensenone and grandinol) (peak L96, Fig. S19). Two types of FPCs-coupled sesquiterpenoid were
characterised, a macrocarpal (peak L91 — CzsH400s, Fig. S20) and a euglobal (peak L97 — C23H300s,
Fig. S21). The chemical structure of some peaks was categorized as FPCs, based on their
chromatographic and spectroscopic data, like eluting lately during the run and presenting key MS/MS
productions, i.e. at m/z 181, 193, 207, 223, 235, 237 and 249. They are described in Table 1 as unknown
FPCs (9 peaks) and terpene alcohol FPCs (L76, L87) and are potentially novel compounds. However,
further work including isolation and structure characterization is needed to confirm their identification

using other spectroscopic techniques.

2.1.5 Fatty acids

Eight fatty acids were characterised in the second half of the chromatographic run (13 to 23 min). Peaks
L64 and L66 had [M-H] at m/z 327 (C1sH320s) and 329 (C1gHs40s). This extra 2 amu in the mass of
L66 indicated one double bond less in its structure. Based on their molecular formula, L64 was
tentatively identified as trihydroxy-octadecadienoic acid (Fig. S22) and L66 9,12,13-trihydroxy-10-
octadecenoic acid (Fig. S23). L72 encompasses one hydroxyl group less in its structure than L66;
therefore, L72 was annotated as dihydroxy-octadecenoic acid. Finally, linolenic (L85), linoleic (L89),
palmitic (L90) and stearic (L92) acids were tentatively identified based on their exact masses and

predicted molecular formula.



2.2 'H-NMR fingerprinting and assignments of metabolites

For visualization, *H-NMR spectrum from E. grandis x urophylla (clone Suz12) is displayed in Fig.
S24 as an example of Eucalyptus spp. leaf extract. Three main chemical shift regions can be observed;
an upfield region between 3.2 and 0.7 ppm with intense signals due to fatty acid protons; a mid-
downfield region between 5.5 and 3.2 ppm with signals mostly ascribed to protons of sugar units, and a
downfield region between 10.2 and 5.5 ppm with signals at much lower intensities that could be assigned
to phenolics and formylated phloroglucinols. Assignments of *H- and *C-NMR signals were confirmed
by comparison with spectra of authentic compounds and/or reported spectra from the literature and
databases as well as by examination of 2D NMR spectra, as *H-H-COSY and TOCSY, *H-*C HSQC
and HMBC. Table 2 summarizes the chemical shifts and the characteristic signals of the detected
metabolites. These signals can be visualized in *H-NMR spectrum presented in Fig. S25. 2D NMR
spectra are shown in Fig. S26-S30. Chemical structures are represented in Fig. 2.

Repeated methylene protons and the terminal methyl of fatty acids were promptly assigned to the signals
at 6y 1.28-1.31 and 0.89 ppm, respectively (N1). Other assigned peaks detected in the upfield region
belonged to »-3 fatty acid linolenic acid; two triplets at 64 2.80 (2H, J=6.0, H-11,14) and 64 0.97 (3H,
J=7.5 Hz, H-18) from allylic methylene and the terminal methyl, respectively (N2). These peaks were
confirmed by HMBC correlations of the first triplet with carbon resonances at 8¢ 129.1 and 130.9 ppm
from olefinic protons (64 5.32-5.39).

Among signals in the mid-downfield, a-glucose (N3) (6w 5.10 d, J=3.7 Hz, H-1) and B-glucose (N4) (dn
4.472 d, J=7.8 Hz, H-1) are the most abundant compounds in all extracts. Hydroxy methine protons of
the cyclitol myo-inositol (N5) were assigned to 6x 3.96 (t, J=2.7 Hz, H-1), 3.46 (H-2), and 3.14 (t, J=9.2
Hz, H-4) and its detection is in accordance with UPLC-MS results. Two doublet of doublets at o1 2.19
and 2.70 (J=18.0, 5.0 Hz, H-7), with HMBC correlation with an olefinic (6. 138.7 ppm, C-3) and a
carbonyl carbon (5; 170.1 ppm, C-1), were assigned to shikimic acid (N6). H-5 and H-6 (d4 3.67 and
3.99 ppm, respectively) were identified by H-'H COSY correlations and supporting its assignment and
further by comparison with spectra from authentic standard. Gallic acid (N7) was assigned based on its
singlet at oy 7.06 (H-3/H-7) attached to a carbon at 6. 110.2 ppm and with HMBC correlations to o
121.8 (C-2), 139.5 (C-5), 146.3 (C-4/C-6) and 170.3 (C-1).

Furthermore, in the aromatic region, 3-O-derivatives of kaempferol (N8) and quercetin (N9) were
detected. Two doublets at o1 6.18 (J=2.0 Hz) and 6.40 (J=2.0 Hz) could be assigned to H-6 and H-8 of
both flavonoids. The different resonances are due to ring B protons. In kaempferol derivatives, key
doublets at &4 8.08 (J=8.8 Hz) and 6.90 (J=8.8 Hz) corresponded to H-2'/6" and H-3'/5', respectively.
While for quercetin derivatives, H-6’ was assigned to oy 7.57 (dd, J=8.0, 2.0 Hz) and showed COSY
correlations to H-5' (61 6.88 ppm). The detection of these two flavonols agreed with the UPLC-MS data,
that showed them as the largest class of flavonoids detected in Eucalyptus leaves.

Most metabolites detected by NMR were also identified from UPLC-MS, Table 1. This complementary

identification is an interesting aspect in the data analysis of this current study. Although NMR is much
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less sensitive than UPLC-MS, a technique that allowed the identification of nearly 100 metabolites in
our samples, *H-NMR fingerprinting gives absolute quantitative data. This means that the detection of
a compound by NMR indicates high quantity in the samples. On the other hand, UPLC-MS data is
influenced by differential ionisation and ion suppression, consequently, its values are presented as
relative levels (Noleto-Dias et al., 2018).

2.3 Metabolic effect of drought in different eucalypt lines

Under this study experimental parameters, *H-NMR spectrum delivers absolute quantitative data for
non-overlapping signals. Some of the metabolites described in Table 2 were quantified in the extracts
using the integration of their peaks against the internal standard (Table 3). Peaks of glucose, inositol,
shikimic acid and arginine were distinctive with no signal overlap and large enough to be discriminated
from the noise and therefore were selected for quantification. The highest level of glucose was detected
in Suz2-WW at ca. 30 mg g* d.w and levels of inositol varied from 7.2 (Suz7-WD) to 26.1 (Suz8-WD)
mg g* d.w. Shikimic acid level was highest in Suz3-WW (14 mg g d.w.), whereas its level in drought-
sensitive clones was reduced in water stressed samples compared to the non-stressed ones. Generally,
levels of glucose, inositol and shikimic acid were more disturbed by water deficit in drought-sensitive
clones. These are molecules usually involved in cell protection and energetic metabolic pathways. Their
increased levels in Eucalyptus species indicates an acclimation response to an environmental stress and
consequent tolerance to this factor (Oberschelp et al., 2022). Although not all tolerant clones showed
higher levels of glucose, inositol and shikimic acid when under stress, the content of these metabolites
was significantly reduced in stressed plants of drought-sensitive clones (Table 3). A study on two E.
globulus clones differing in drought sensitivity showed a small increment of leaf soluble sugars in both
clones as a response to water limitation. By contrast, this increase was more evident in the roots,
particularly in the more sensitive clone. However, authors suggested that metabolic changes were not
an adaptive physiological mechanism, but rather osmolyte accumulation due to low water levels
(Shvaleva et al., 2006)

Several of these components are structural monomers of cell wall carbohydrates and have an osmotic
role in planta. They have already been reported as traits that differ among eucalypt from mesic and xeric
environments (Merchant et al., 2007), consequently, with potential contribution to water deficit
tolerance phenotyping.

It was already reported that sugar levels in phloem sap were influenced by water supply (Sala et al.,
2010), season and stand age (Battie-Laclau et al., 2014). As significant differences in sugar level was
observed in leaves, it can be reasoned that leaves may act as a key element to water deficit resistance
and in accordance with Duursma et al. (2011) reporting a weak relation of leaf area and the resistance
trait. Both a- and B-glucose are associated with starch and cellulose pathways, respectively. Starch
reserves are low under water deficit conditions, showing the significance of carbon shortage in water
deficit responses (Arndt et al., 2008), with drought sensitive clones had significant decrease in

photosynthetic rates under water deficit stress. Additionally, water potential as low as -4.5 MPa in
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healthy eucalypt trees (Nolan et al., 2021) will demand strong and elastic cell walls in leaf cells of plants
to withstand such stressful condition.

Arginine was differentially affected by stress among the different clones. This amino acid was detected
at level of up to 65 mg g* d.w. (Suz3-WW) and was at higher levels in most of the stressed samples of
the tolerant clones, with increments of 30-50% of the values detected in the well-watered plants (Table
3). Arginine is known to play a role in plant stress response. This amino acid was also more abundant
in a stressed drought-tolerant sesame genotype (You et al., 2019). In another study, arginine promoted
plant growth in wheat by mitigating drought stress, possibly by the induction of some responsive genes
related to drought stress tolerance (Hussein et al., 2022). Arginine sprayed on drought stressed sugarcane
plants improved leaf gas exchange and root antioxidative protection, features that are effective in
attenuating water stress (Silveira et al., 2021). Thus, the accumulation of arginine in eucalypt stressed
plants is in accordance with literature and this drought-responsive metabolite is possibly involved in the
molecular mechanism of tolerance. Whether spraying of arginine in eucalypt trees could aid induce its
resistance to drought stress ought to be examined in the future?

The changes in metabolites presented in Table 3 illustrate the expected phenotypic plasticity from
eucalypts (Booth, 2013; Valladares et al., 2007). At the same time, these results allow an alternative
view of metabolic compounds that may function as biomarkers for water deficit tolerance as well as
contribute to the understanding of the tolerant phenotype. The adjustment detected in our study amplify
the context that strategies, such as osmotic adjustment (Lemcoff et al., 1994), may apply to eucalypt
water deficit tolerance.

Metabolomics studies typically produce large datasets and to deeply explore metabolome differences
among the 13 clones, multivariate data analysis of both UPLC-MS and NMR datasets were applied. The
variance of the UPLC-MS and *H-NMR datasets of the well-watered seedlings of all clones was initially
assessed in an unsupervised manner by PCA (Fig. S31). PCA is a clustering method to reduce data
dimensionality, in which no knowledge of the datasets is required to evaluate the data and obtain the
maximum variation among the samples (Brereton, 2003). Scores plots of both datasets showed some
discrimination among samples, but with no clear separation regarding their response to drought (Fig.
S31).

To better visualize the differences among tolerant and sensitive clones, these datasets were analysed
using supervised partial least-squares discriminant analysis (PLS-DA), a multivariate dimensionality-
reduction tool (Fig. 3). This chemometric tool optimizes separation between sample groups and
emphasize the most relevant variables (Gromski et al., 2015). The scores plot obtained when clones
were classified as sensitive or tolerant to drought showed clear group discrimination (Fig. 3A & 3B).
Loading plot of the UPLC-MS dataset indicated that tolerant clones were enriched in gallic acid
derivatives (e.g. gallic acid, gallic acid-galloyl hexoside, methyl gallic acid and HHDP digalloyl
hexoside) and quercetin/kaempferol (oleuropeoyl) hexosides. In contrast, sensitive clones were
discriminated by higher levels of glycoside derivatives of quercetin and kaempferol, FPCs and fatty

acids (Fig. 3C). Loading plot resulting from the NMR dataset is complex but also revealing gallic acid
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as a discriminant variable for tolerant clones (Fig. 3D). Clones from different genetic backgrounds were
used for these analyses and suggestive for the applicability of these findings to other eucalypts and
potentially be extended to other wood tree crops that produce similar secondary metabolites. It is also
noteworthy to mention that these differences were detected in well-watered plants demonstrating that
an initial screening can be done with seedlings growing at optimal conditions, without the need of a
whole more complicated stress-induced experiment.

To understand whether the plant species/hybrid is an important feature in unsupervised line
classification, individual PCA models were attempted on the matrix of UPLC-MS peak intensities of
lines with similar genetic background. Clear separation between clones sensitive and tolerant to drought
can be observed for E. grandis x urophylla (Fig. 4A), E. grandis x pellita (Fig. 4B) and E. grandis (Fig.
4C). This is an interesting result revealing that when we limit comparisons to a single hybrid/species,
there are intrinsic metabolome differences that can explain their response to drought. These findings
revealed the exciting potential of this approach to be used in breeding programs that produce large
numbers of crossings from a specific set of plant species. This metabolomics approach could function
as a tool for screening hybrids from the same species or parents in the search of tolerant specimens. An
early and simple identification such as this would reduce time and costs for the selection of optimized
lines.

To obtain further details on the effect of drought in tolerant and sensitive clones, OPLS-DA was
performed separately on the datasets of each clone. For this, samples were classified according to the
treatment conditions the plant were grown (stressed and well-watered). This approach is used to get a
better definition of the statistically significant markers of stress response. The OPLS-DA of both UPLC-
MS and NMR datasets of the drought tolerant clone Suz12 yielded excellent fit and predictivity (R?Y cum
> 0.985 and Q%wm > 0.953) (Fig. 5A & 5B). Examination of their S-plots (Fig. 5C & 5D) revealed that
gallic acid and caffeic acid were elevated in stressed plants versus FPCs e.g. grandinol in WW plants.
Similar results were observed for other tolerant lines when their UPLC-MS and NMR datasets were
plotted in OPLS-DA models (Fig. S32). S-plots revealed that FPCs were enriched in well-watered
samples and compared with these samples, the leaf metabolome of the drought stressed plants contain
more tannins, gallic acid, chlorogenic acid and flavonoids (e.g. quercetin-3-glucuronide).

On another view, drought sensitive clones reacted in a slightly unique way when subjected to water
deficit stress. OPLS-DA models (Fig. S33) indicated that the metabolome of stressed plants was mostly
discriminated by the higher levels of ellagic acid derivatives (3-methyl-ellagic acid and ellagic acid
pentoside), fatty acid (trihydroxy-octadecenoic acid) and flavonoids (apigenin, myricetin 3-glucuronide
and quercetin derivatives). Well-watered plants in addition to the greater level of FPCs, also presented
higher amount of quercetin derivatives and tannins (Fig. S33E - clone Suz3, E. grandis x urophylla) and
quinic acid (Fig. S33G - clone Suz7, E. grandis x pellita).

Asides, OPLS-DA classification models from both NMR (Fig. S34) and UPLC-MS (Fig. S35) datasets
were performed to demonstrate models’ classification capacity based on external validation sets for PEG

(polyethylene glycol) artificial induced drought effect to identify whether the built model based on water
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deficit stress can predict tolerant and sensitive clones under an artificial drought stress effect. The
training set consisted of the well-watered and water-deficit clones (144 samples), whereas external
validation was conducted with the remaining PEG drought induced samples (72 samples), that were not
used for the model’s development. The R2Y and Q2Y values of the NMR OPLS model were at 0.90
and 0.81, respectively suggestive for the model robustness and consistent for fitness and prediction. In
contrast, R2Y and Q2Y values of the UPLC-MS based OPLS based model were at 0.88 and 0.85,
respectively. Multivariate OPLS-DA model showed high correlation of the PEG predicted clones to the
active model form water drought stress from both datasets (Fig. S34A, B & S35A, B). Further, the area
under the ROC curve (AUC) was considered as a validation criterion for its classification and was found
to be at 0.983 and 0.985 for NMR and UPLC-MS dataset, respectively (Fig. S34C & S35C) and with
low misclassification rates (0% for sensitive, 6.7% for tolerant in case of NMR dataset) (Table S1). In
contrast, higher misclassification rates were observed in case of UPLC-MS especially for sensitive
clones” prediction at (19% for sensitive, 6% for tolerant) classification models (Table S2), indicating
better classification models for NMR than UPLC-MS datasets.

The permutations plot aids in determining the likelihood that the present OPLS-DA model is erroneous,
meaning that it only fits the training set well but fails to predict Y for new data. Here we compare the
goodness of fit (R2 and Q2) of the original models to the goodness of fit of different models were the
X-matrix remained unchanged while the Y-observations has been randomly permuted, for each Y
variable predicted in the model, the results were given as Q2-intercepts. After 100 permutations, the R2
and Q2 intercept values for the NMR and UPLC-MS datasets were (0.363 and -0.495), and (0.182 and
-0.377), respectively. The established model's robustness was shown by negative values of the Q2
intercept, indicating a low risk of overfitting and a robust model (Fig. S34D & S35D). The result
confirmed that the established OPLS-DA model had noticeable fitness and predictability.

Multivariate approaches allowed the identification of more water deficit tolerance lines in ornamental
(Mircea et al., 2023), medicinal (Chatara et al., 2023), and wood-tree (Corréa et al., 2023) plants.
Further, there was a significant difference in the phenolic compounds in leaves of an edible species
(Olive) that was dependent upon genotype and season (Talhaoui et al., 2015).

Despite these successful reports and differences of biochemical levels, only proline (Mircea et al., 2023),
morphophysiological and nutritional traits (Chatara et al., 2023; Corréa et al., 2023) showed significant
increase or differences. This highlight that the multivariate and multi-trait evaluation are useful for the
identification of more tolerant water deficit stress genotypes alongside the identification of novel
markers. However, the existent strategies contributing to this phenotype need to be identified and pooled
according to standardized protocols and experiments.

Picoli etal. (2021) and Pita-Barbosa et al. (2023) showed a vast number of traits expected to be evaluated
in the search for water deficit tolerance in eucalypt. Nevertheless, the metabolome analysis and some
markers were foreseen or exemplified. A thoughtful approach of the compounds across diverging

genotypes and control and stress treatment enabled additional insights on the plant strategies to cope
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with water deficit. Therefore, the approach presented in this paper can be extended to other plant species
and be used in future breeding programs.

Eucalypts grown under optimal conditions generally presented higher levels of FPCs. These compounds
have been extensively studied as feeding deterrents against mammalians and invertebrates in eucalypts.
They contain formyl moieties that seem to be the functional group responsible for the antifeedant effect
in herbivores. Therefore, the higher levels of these defensive compounds in well-watered eucalypts
indicates a regular mechanism for pest resistance (Wallis et al., 2010).

Findings for the tolerant stressed plants were consistent with previous reports. Sarker and Oba (2020)
recently showed that derivatives of benzoic acid (e.g., gallic acid), cinnamic acid (e.g., caffeic acid) and
flavonoids were more abundant in drought-tolerant leafy vegetable amaranths than in other genotypes.
Another study with two rice varieties showed that the content of gallic acid, chlorogenic acid and
syringic acid increased in the drought-tolerant variety under stress, while reducing in the sensitive one
(Khan et al., 2017). Similar findings were observed by Quan et al. (2016), with vanillic acid and p-
hydroxybenzoic acid as potential markers for tolerance in rice. The biosynthesis of potent antioxidants
such as phenolics can be a chemical mechanism to tolerate the deficit of water that excessively produces
ROS. Exogenous gallic acid promoted seedling growth in both tolerant and sensitive wheat cultivars
under water deficit conditions (Bhardwaj et al., 2015). Likewise, exogenous caffeic acid induced salinity
tolerance in wheat by improving plant water relations (Mehmood et al., 2021).

Our study covered a vast number of compounds from different classes compared to previous reports on
eucalypts that targeted specific classes of compounds. Correia et al. (2014) reported only the
accumulation of abscisic acid in the leaves of two tolerant clones of E. globulus submitted to drought.
An experiment with seedlings of E. globulus and E. viminalis demonstrated no changes in foliar levels
of terpenes and FPCs in response to water deficit. Only total phenolics level was reduced in stressed
plants (McKiernan et al., 2014). Activation of phenylpropanoid biosynthetic pathway under stress
conditions resulted in the accumulation of phenolics. These compounds can indeed improve plant
tolerance and adaptability possibly by acting as universal stress protectors due to their high antioxidant
efficiency (Samec et al., 2021; Wang et al., 2019).

The capacity of UPLC-MS and *H-NMR datasets in potentially classifying seedlings of commercial
Eucalyptus clones was evaluated. Results from both technologies were complementary and in
concordance. Supervised and unsupervised integrated analysis generated a comprehensive overview of
the eucalypt water stress responses. Water limitation reprogrammed the metabolic pathways of clones
differently. Therefore, clones differing in drought tolerance could be discriminated according to the leaf
metabolome changes as induced by water deficit conditions and to be examined for other stress

conditions in the future.
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3. Conclusions

This study provides the first comparative metabolomics approach to differentiate juvenile Eucalyptus
clones subjected to drought stress, in order to define biomarkers of tolerance to this adverse
environmental condition a growing threat worldwide. Intrinsic metabolic features in well-watered
seedlings of tolerant and sensitive clones enabled their discrimination. However, the plant's metabolic
response to drought stress appeared to be complex and variable depending on their genetic background.
The results obtained in this work allowed us to classify clones of the same species/hybrids according to
their drought tolerance of potential to be used in breeding programs that produce large number of
individuals from the same parents. Classification models obtained from both NMR and UPLC-MS
datasets were further validated with noticeable fitness and predictability using an extra subset of samples
subjected to PEG stress.

In summary, the tolerant plants exposed to water deficit accumulated arginine, gallic acid derivatives,
caffeic acid and tannins. In contrast, stressed drought-sensitive clones were characterised by a
significant reduction of glucose, inositol and shikimic acid (Fig. 6). Under optimal growth conditions,
all clones were rich in FPCs, indicating an important ecological role for this class of compounds and has
yet to be examined in other model plants.

The results obtained herein can be used for earlier identification of tolerant clones and to enhance the
understanding of the correlation among detected molecular markers (metabolites) and drought tolerance.
It has yet to be determined whether these metabolites function as markers (indicator of water deficit
stress) and/or additionally can mitigate drought. Understanding mechanisms of enhancing plant
resilience and identifying indicators for early selection criteria is of the utmost importance to improve
plant survival. One tool to achieve this is by engineering eucalypt to overproduce or inhibit the
biosynthesis of certain chemicals using silencing techniques. This can provide better insight on their

role in drought acclimation in this important wood crop.

4. Experimental

4.1 Chemicals

Methanol-d4 (99.80% D), acetone-d6 (99.80% D) and hexamethyldisiloxane (HMDS) were purchased
from Deutero GmbH (Kastellaun, Germany). For NMR quantification and calibration of chemical shifts,
HMDS was added to a final concentration of 0.94 mM. Acetonitrile, methanol, and acetic acid (LC-MS
Chromasolv grade) were obtained from Fluka Analytical Sigma-Aldrich (Munich, Germany), milliQ
water was used for UPLC-MS analysis. Chromoband C18 ec (1 ml 100 mg?) cartridge was purchased
from Macherey and Nagel (Diiren, Germany). All other chemicals and standards were from Sigma
Aldrich (St. Louis, MO, USA).

4.2 Plant material
Thirteen commercial clones of Eucalyptus spp. from Suzano S/A (Brazil) were used in this study (Table

4). Extra information on the clone identification and performance may not be disclosed according to a
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confidentiality contract with the forestry company. Information on climate zone x genotype distribution
may also be requested and will be evaluated according to company policy. Requests to access clones’
data should be directed to Edival Zauza (edivalzauza@suzano.com.br).

Acclimatised seedlings (110 days old) were grown in pots for 12 weeks under well-watered (WW) and
water-deficit (WD) conditions. The experiment was performed during the summer in a glass greenhouse
in Cajuri, MG, Brazil (natural photoperiod, mean temperature: 25°C and 70% relative humidity) as
previously described by (Corréa et al., 2017). Briefly, WD plants were watered with only 100 ml per
day, while WW plants were watered by overhead sprinkler irrigation (3 times a day) plus direct soil
irrigation (twice a day) — standard nursery irrigation (Fig. 7). An additional PEG-induced drought stress
treatment was conducted in parallel with seedlings of the same clones. These plants were exposed to
100 ml PEG-6000 (300 g/L) every other day, in addition to standard nursery irrigation. Metabolomics
data from this subset were used to assess the statistical model’s potential in predicting the stress effect
on sensitive and tolerant clones.

More experiment details, physiologic and phenotypic data have been previously reported by Corréa et
al. (2017). Twenty fully expanded leaves from each plant were harvested, air-dried, and milled in liquid
nitrogen using pestle and mortar. After homogenisation using a bead beater, samples were freeze-dried

and stored at -80°C until further use.

4.3 NMR spectroscopy analysis

For NMR, 150 mg of ground tissue samples were extracted in 1.5 ml methanol for 10 min in an
ultrasound bath. After centrifugation (5 min at 13000 g), supernatant (1 ml) was taken and dried under
a stream of nitrogen. Pellets were redissolved in 800 pl CDsOD containing HMDS (0.94 mM) and
transferred to 5 mm NMR tubes for analysis.

All *H-NMR spectra were recorded on an Agilent (Varian) VNMRS 400 NMR spectrometer operating
at a proton NMR frequency of 399.92. The spectra were referenced to internal HMDS at 0.062 ppm for
'H-NMR and to CD3OD signals at 49.0 ppm for *C-NMR. *H-NMR spectra were recorded with the
following parameters: digital resolution 0.37 Hz/point (32 K complex data points), pulse width = 2 Is
(45°), relaxation delay = 0.35 s, acquisition time = 3.1 s, number of transients = 1024. Zero filling up to
128 K and an exponential window function with Ib = 0.4 was used prior to Fourier transformation.

For further compound characterisation, selected samples were submitted to 2D NMR experiments.
These were recorded on an Agilent (VVarian) VNMRS 600 NMR spectrometer (proton and carbon NMR
frequency of 599.83 and 149.95, respectively) using standard CHEMPACK 4.1 pulse sequences
(gDQCOSY, gHSQCAD, gHMBCAD) implemented in Varian VNMRJ 2.2C spectrometer software.

4.4 Liquid chromatography-mass spectrometry (UPLC-MS)
For UPLC-MS, 30 mg of dry powder was extracted with 1 ml water:methanol (50:50, v/v) containing 5
pg/mL umbelliferone (internal standard used to check quality of injection) for 10 min in an ultrasound

bath. After centrifugation (5 min at 13000 g), supernatant (750 pl) was placed on a (100 mg) C18
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cartridge preconditioned with methanol and water. Samples were then eluted using 750 ul of methanol
in glass vials for analysis.

LC-MS were recorded with an LCQ Deca XP MAX system (ThermoElectron, San Jose, USA) equipped
with an ESI source in negative ionization mode. LC separation was carried out on an Acquity UHPLC
system (Waters) using a reversed-phase HSS T3 column (100 x 1.0 mm, particle size 1.8 um; Waters).
The following binary gradient at a flow rate of 0.15 mL/min and an injection volume of 10 pl was
applied: 0 to 1 min, isocratic 95% A (water/formic acid, 99.8/0.2 [v/v]), 5% B (acetonitrile/formic acid,
99.8/0.2 [v/v]); 1 to 16 min, linear from 5 to 95% B; 16 to 20 min, isocratic 95% B. Spectra were
acquired in centroid mode with spray voltage set to 4.0 kV, capillary temperature 275°C, sheath and
auxiliary/sweep gas (nitrogen) at 40 (arbitrary units) and 10 (arbitrary units), respectively.

Further LC-MS were recorded with an Dionex UltiMate 3000 UHPLC system coupled to an Orbitrap
Elite mass spectrometer (Thermo Fisher Scientific, Germany). LC separation was carried out on an RP-
18 column (particle size 1.9 um, pore size 175 A, 50 x 2.1 mm ID, Hypersil GOLD, Thermo Fisher
Scientific; column temperature 40°C) using the same binary gradient and flow rate described for the
LCQ Deca XP MAX system, but with an injection volume of 2 pl. Mass spectra were collected in
negative ion mode with a heated ESI source at 250°C, spray voltage 4.0 kV, capillary temperature
275°C, FTMS resolution 15,000, sheath and auxiliary gas (nitrogen) at 30 (arbitrary units) and 15
(arbitrary units), respectively. The CID mass spectra (buffer gas: helium) were recorded using
normalized collision energy of 35%. The data were evaluated using the software Xcalibur 2.2 SP1.48.
Metabolite assignments were made by comparing Rt, UV/Vis spectra and MS data (accurate mass,
isotopic distribution, and fragmentation pattern) of the detected metabolites with the reported data in the
literature for Eucalyptus samples, and in some databases (e.g. the dictionary of natural products database
(Wiley, CRC), Reaxys and Scifinder). Identifications were confirmed with authentic standards

whenever available in-house.

4.5 UPLC-MS and NMR data processing and multivariate data analysis

Native LC-MS files were converted into .netCDF and .mzML files. Relative quantification and
comparison of Eucalyptus metabolites after LC—MS was performed using XCMS data analysis software,
under R Studio environment (Smith et al., 2006) using custom-written procedures. This software
approach employs peak alignment, matching and comparison as described elsewhere (Farag et al.,
2015).

The 'H-NMR spectra were automatically Fourier transformed to ESP files using ACD/NMR Manager
lab version 10.0 software (Toronto, Canada). Spectral intensities were reduced to integrated regions,
referred to as buckets, of equal width (0.04 ppm) within the region of 6y 11.4 to -0.4 ppm. The regions
between on 5.0-4.7 and 3.4-3.25 ppm corresponding to residual water and methanol signals,
respectively, were removed prior to multivariate analyses.

The resulting peak list was processed using Microsoft Excel software (Microsoft, Redmond, WA),

where the ion features were normalised to the total integrated area (1000) per sample (UPLC-MS data)
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and the chemical shifts were scaled to HMDS signal (*H-NMR data). These lists were analysed using
SIMCA-P 14.1 software package (Umetrics, Umea, Sweden), where the data was subjected to principal
component analysis (PCA) and orthogonal projections to latent structures-discriminant analysis (OPLS-
DA). All variables were mean centred and scaled to Pareto variance.
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Fig. 1. UPLC-MS base peak chromatograms of the Eucalyptus spp. leaf extract in negative ion mode.
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Fig. 7. Partial view and plant details/water deficit symptoms in the experiment simulating water deficit.
(A) Partial view of the experiment plots inside the greenhouse; (B) water deficit symptoms, plant wilting

due to the water deficit treatment, and (C) water deficit symptoms, leaf necrosis at the leaf apex and

borders.
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Table 1. Peak assignments in Eucalyptus spp. leaf extract via UPLC-MS in negative ionization

mode.
Peak [M-H] Rt- UV (nm) Molecular  Error MS/MS product Identification Classes
no. (m/z) (min) formula (ppm) ions (m/z)
L1 173.1048 0.86 225,263 CeHuNsO» +25 - Arginine Amino acid
L2 179.0565 0.90 225,263 CgH1206 +2.3 87,117, 125,143, myo-inositol* Cyclitol
151, 161
L3 191.0562 0.94 225,263 C;H1,06 +0.3 85,111, 127,143, Quinic acid Cyclitol
155, 173
L4 331.0673 1.02 263,369 CisHis010  +0.6 125,169 Glucogallin Gallotannin
L5 173.0457 1.03 263,369 CyH100s +1.0 111,137,155 Shikimic acid Cyclitol
L6 481.0621 122 263,369 CxpHig014  -0.6 205, 275, 300.9 HHDP O-hexoside  Ellagitannin
L7 633.0729 124 366 CorH2018  -0.7 203, 231, 249, 275, HHDP galloyl O- Ellagitannin
300.9, 421, 481, hexoside
614
L8 130.0877 125 366 CeHisNO, +3.0 - Leucine Amino acid
L9 343.0673 1.27 366,377 CuHis010 +0.6 125,169,173, 191, Galloylquinicacid  Cyclitol
282, 295, 325 phenolic acid
L10 169.0144 128 298,384 CsHsOs +1.0  81,97,125,151 Gallic acid* Phenolic acid
L11 483.0778 1.38 272,351 CxHz001.4  -0.5 169, 271, 313, 331 Digalloyl O- Gallotannin
hexoside isomer
L12 325.0565 1.47 267,369 CisH140q +0.1 125,155, 169, 173, Galloylshikimic Cyclitol
237, 263, 281, 289, acid phenolic acid
307
L13 164.0719 1.52 260 CoH1oNO,  +13 - Phenylalanine Amino acid
L14 305.0669 1.55 260,369  CisH1407 +0.7 125, 261 Epigallocatechin* Flavanol
L15 153.0195 198 264 C7HeO04 +14 109 Protocatechuic Phenolic acid
acid*
L16 483.0789 2.71 268,346 CxH20014  +1.7 169,193, 211, 241, Gallic acid-galloyl ~ Gallotannin
271, 287, 313, 331, O-hexoside isomer
423,439
L17 785.0848 2.71 268,400 CaH60,; +0.6 275, 300.9, 419, HHDP digalloyl O-  Ellagitannin
483, 633 hexoside isomer
L18 337.0928 3.31 298,369 CisH150s -0.2 119, 155, 163, 173, Coumaroylquinic Cyclitol
191 acid isomer phenolic acid
L19 289.0717 3.33 298,369 CisH140s -0.1 125, 135, 167, 179, Catechin* Flavanol
205, 231, 245
L20 183.0300 3.69 258,370 CgHsOs +0.5 125,151, 168 Methyl gallic acid*  Phenolic acid
L21 353.0881 4.10 248, 292, CisH1509 +0.8 161,173,179, 191, Chlorogenic acid*  Cyclitol
323 233 phenolic acid
L22 289.0713 4.38 264,369 CisH140s +1.5 125,135, 167,179, Epicatechin* Flavanol
205, 231, 245
L23 483.0786 4.65 264,370 CxpHx014 +1.1 169,193,211, 241, Gallic acid-galloyl  Gallotannin
271, 287, 313, 331, O-hexoside isomer
423,439
L24 179.0351 524 259,370 CgyHsO4 +1.1 109,135 Caffeic acid* Phenolic acid
L25 785.0833 6.16 268,400 CaHz02  -1.2 275, 300.9, 419, HHDP digalloyl O-  Ellagitannin
483, 633 hexoside isomer
L26 337.0932 8.71 298,369 Ci6H1s0s +0.9 119,137,163, 173, Coumaroylquinic Cyclitol
191 acid isomer phenolic acid
L27 635.0892 9.05 265,370 CoxH24018 +0.4 295,313,423, 447, Trigalloyl O- Gallotannin
465, 483, 617 hexoside
L28 463.0519 9.23 254,350 CxHi013 +0.3  300.9, 447 Ellagic acid O- Ellagitannin
hexoside
L29 163.0402 9.39 266,369 CyHgOs +0.6 119,147 p-coumaric acid* Phenolic acid
L30 367.1035 9.75 272,369  Ci7H2009 +0.2 137,145,159, 169, Feruloylquinicacid Cyclitol

171,187,193, 221,

phenolic acid
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235, 249, 277, 309,
333, 351

L31 493.0621 10.01 268,369 Cy;H1g014  -0.6 178.9, 193, 271, Myricetin 3-O- Flavonol
287,299, 317, 331, glucuronide
359, 389, 449, 475
L32 433.0414 10.29 272,369 CioH1s012  +0.4 143,161, 300.9, Ellagic acid O- Ellagitannin
313, 343, 373,415 pentoside
L33 381.1195 10.36 272, 350, CigH20q +1.0 149,179, 219, 233, Ethyl-O- Cyclitol
379 243,247, 261, 273, caffeoylquinic acid  phenolic acid
291, 333
L34 615.0992 10.37 272, 350, CzH24016 +0.1  178.9, 211, 241, Quercetin galloyl Flavonol
379 255, 271, 283, 301, O-hexoside
313, 331, 343, 445,
453, 463, 489
L35 300.9991 10.43 254,369 Ci4HsOs +0.5 185,229, 257,283 Ellagic acid* Phenolic acid
L36 787.0996 10.48 268, 350, CazsH0, -0.4 300.9, 403, 447, Tetragalloyl O- Gallotannin
378 449, 465, 483, 573, hexoside
617, 625, 633, 635
L37 609.1459 10.75 285,382 CyHzx01 -0.4 178.9, 255, 271, Rutin* Flavonol
285, 297, 301, 313,
343, 373, 447, 463,
591
L38 477.0677 10.77 277, 345, CxuHig013 +0.5 151, 175,178.9, Quercetin 3-O- Flavonol
384 301, 312, 313 glucuronide
L39 463.0883 10.82 259,353 CxHx01, +0.1 151, 178.9, 255, Quercetin 3-O- Flavonol
271,273, 287, 301, glucoside*
313, 343, 445
L40 593.1514 11.11 269,369 CyHsz015 +0.4 187,197, 213,229, Kaempferol 3-O- Flavonol
241, 255, 267, 285, rutinoside
309, 327, 357, 358,
369, 393, 429, 447,
533, 565
L41 433.0776 1112 269,369 CyHig011 -0.1 151, 255, 301 Quercetin O- Flavonol
pentoside isomer
L42 395.1350 11.20 267, 350, CigH240q +0.7 217,233, 247,257, Unknown Unknown
423 263, 275, 305, 317,
329, 341, 359, 377
L43 483.1874 11.27 258,369 CxH3011  +0.4 151,169, 181, 209, Globulusin A Gallotannin
211, 223, 253, 271, monoterpene
313,439
L44 461.0727 11.29 286, 327, CxuHis01, +0.3 157,175,197, 229, Kaempferol O- Flavonol
348, 383 241, 257, 267, 285, glucuronide
295, 315, 327, 443
L45  447.0935 11.35 266,346 CxuHoO01  +0.6  151,178.9,227,  Quercitrin Flavonol
255, 301, 315, 321,
327, 343, 357, 429
L46 585.0889 11.42 296,382 CyHx201s +0.5 255,273,283, 301, Quercetin galloyl Flavonol
433, 453 O-pentoside
L47 417.0828 1149 282, 345, CyHig019 +0.2 151, 227, 255, 257, Kaempferol O- Flavonol
382 269, 283, 285, 327, arabinoside
357, 389
L48 445.0777 1157 273, 343, CxuHis011  +0.2 129,157,175, 269, Apigenin O- Flavone
435 311, 341, 427 glucuronide
L49 431.0988 11.89 268, 338, CxuHx010 +0.9 151,269, 283, 311, Apigenin 7-O- Flavone
369 341, 371, 413 glucoside*
L50 315.0149 11.63 268,336 CisHgOs +0.8  300.9 3-methylellagic Phenolic acid
acid
L51 435.1302 11.70 268,336 CxuH2010 +1.1 167,179, 273,297, Phlorizin* Dihydrochalco

315

ne
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L52 629.1880 12.44 290, 343, Cs3H3014  +0.7 178.9, 255, 271, Quercetin Flavonol
381 273, 301, 343, 445, (oleuropeoyl) O-
463,571,581, 611 hexoside
L53 267.1241 1254 265, 338, Ci4H200s +1.1  99,113,125,141, Endoperoxide G3 Endoperoxide
369 165, 179, 181, 197,
205, 223, 225, 249
L54 287.0565 12.54 358 Ci5H1206 +1.5 135,151,169, 217 Eriodyctiol* Flavanone
L55 317.0307 12.62 269,354 CisH100s +1.3 299,193,151 Myricetin* Flavonol
L56 301.0355 12.62 269,354 CisH1007 +0.4 273, 257,178.9, Quercetin* Flavonol
151, 125
L57 285.0406 12.62 299,385 CisH100s +0.6 133, 151, 175 Luteolin* Flavone
L58 181.0144 12.64 268, 336, CgHsOs +1.0  89,102,111,122, Diformylphlorogluci FPC
470 125, 135, 137, 153 nol
L59 613.1929 12.75 272,361 CxuH0:13 +0.3 187,211, 229, 255, Kaempferol Flavonol
285, 447, 493, 585, (oleuropeoyl) O-
595 hexoside
L60 273.0763 13.21 272,350 Ci5H140s -1.9 123, 125, 167,179 Phloretin* Dihydrochalco
ne
L61 269.0458 13.37 269, 336, CisH100s +1.1 117, 149, 159, 183, Apigenin* Flavone
369 201, 225
L62 271.0614 13.37 269, 336, CisH120s +0.8 107, 119, 125, 151, Naringenin* Flavanone
369 165
L63 285.0407 13.50 231, 267, CisH100s +0.8 135,151, 187 Kaempferol* Flavonol
360
L64 327.2181 13.72 - C1gH3205 +1.2 99,139, 157,171, 9,12,13-trihydroxy- Fatty acid
211, 229, 293, 311 10,15-
octadecadienoic
acid
L65 5771353 13.89 270, 327, CazH2012 +0.2 245, 273, 289, 299, B type Flavanol
399 331, 381, 407, 425, proanthocyanidin
433, 451
L66 329.2339 14.19 - C18H3405 +1.8 125,139, 155, 183, 9,12,13-trihydroxy- Fatty acid
197, 201, 209, 211, 10-octadecenoic
229, 291 acid
L67 223.0979 14.98 273, 327, Ci:H1604 +1.4 85,99, 111, 123, 2,6-dihydroxy-4- Phloroglucinol
369 137,153, 161, 167, methoxy-3-
179, 182, 196, 205, methylisopropiophe
208 none
L68 265.0722 14.98 273, 327, Ci3H1406 +1.6 111, 125,151, 167, Jensenone FPC
369 191, 195, 209, 221,
237, 247
L69 209.0823 15.27 223, 288, Ci11H1404 +1.8 125,139, 152,166, Robustaol B Phloroglucinol
368 181, 191, 194
L70 253.1079 15,50 273,325 Ci3H1s0s +0.7 83,99, 109, 127, Unknown FPC FPC
165, 169, 181, 191,
193, 197, 209, 211,
225, 235
L71 237.1133 1575 231, 287, CizHi304 +0.4 85, 97, 111, 125, Phloroglucinol Phloroglucinol
337 137, 153, 164, 179, derivative
193, 219
L72 313.2386 16.03 - C18H3404 +05 - Dihydroxy Fatty acid
octadecenoic acid
L73 419.1352 16.04 223,276 CH2409 +1.0 125, 169, 181, 197, Unknown FPC FPC
209, 223, 235, 237,
249, 253, 375
L74 297.0773 16.44 280,320 Ci7H140s +1.6 119,121, 145, 163, 8- Flavone
181 239 255, 267,  desmethylsideroxyli
282, 284 n
L75 311.0930 16.77 281,326 CigH1605 +1.5 225,267, 280, 281, 8- Flavone

296

Demethyleucalyptin
*
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L76 721.3657 16.98 CaqHssO16 +0.6 235, 277, 287, 305, Sesquiterpene FPC
323, 397, 415, 493, alcohol bis FPC
526, 675
L77 2511288 17.12 224, 277, CisH04 -0.5 123, 125, 127, 137, Phloroglucinol Phloroglucinol
327 149, 150, 164, 167, derivative
193, 207, 233
L78 293.2126 1733 - CisH3003 +14 - Hydroxy Fatty acid
octadecatrienoic
acid
L79 267.0879 17.38 231, 285, Ci3H160s +1.9 141,183,197, 223, Unknown FPC FPC
336 225, 249
L80 251.0925 17.74 280,336 Ci3H150s +0.1 97,125, 167,207, Grandinol FPC
223, 233
L81 403.1405 18.08 270 C21H2408 +1.6 165, 209, 235, 237, Unknown FPC FPC
250
L82 4711666 18.19 272, 320, CusH2809 +1.2 181,237, 249, 251, Unknown FPC FPC
341 418, 391, 445
L83 503.1924 18.24 231, 291, CzHx010 +0.2 191,193,197, 207, Unknown FPC FPC
330 209, 211, 221, 235,
237, 247, 249, 253,
305, 443, 459, 485
L84 265.1085 18.43 224, 280, Ci4H150s +1.2 183,197, 205, 223, Homograndinol FPC
358 237, 249
L85 277.2174 18.43 - CisH300- +0.4 - Linolenic acid Fatty acid
L86 485.1819 18.48 277, 326, CasH3009 +0.4 151,181, 193, 207, Dimer of grandinol  FPC
349 223, 235, 249, 291,
317,439
L87 403.2130 18.81 277, 326, Ca3H3,06 +0.8 165, 181, 193, 207, Monoterpene FPC
349 221, 237, 249, 250, alcohol FPC
287,311, 317, 331,
346, 359, 375, 385
L88 417.1192 18.83 277, 326, C21H209 +0.2 123, 139, 151, 165, Unknown FPC FPC
349 167, 179, 209, 235,
237, 249, 319, 389
L89 279.2330 19.02 - CigH32,02 +0.2 - Linoleic acid Fatty acid
L90 2552329 1984 - Ci6H3102 +0.3 - Palmitic acid Fatty acid
L91 471.2753 20.03 225, 272, CH400s +0.3 165, 181, 193, 207, Macrocarpal type FPC
366 221, 235, 250, 291, FPC
302, 305, 355, 369,
385, 397, 411, 413,
443, 453
L92 281.2486 20.04 - Ci1gH3407 0.0 - Stearic acid Fatty acid
L93 487.1614 20.15 225, 277, CaxsHz010  +0.9 153,181, 193,193, Dimer of grandinol  FPC
327,376 209, 219, 237, 249,
305, 320, 385
L94 473.1814 20.22 275,316  CasH300q -0.6 153, 181, 207, 223, Jensenal FPC
237, 249, 291
L95 459.1662 20.40 270,320 CasH250q +0.3 135,151, 165, 178, Unknown FPC FPC
181, 193, 209, 221,
235, 237, 249, 250
L96 499.1613 20.64 230, 280, CgxHz010 +0.7 165,179, 181, 193, Grandinal FPC
340 219, 221, 237, 249,
261, 305, 317,471
L97 385.2024 2155 232, 287, Ca3H30s +0.9 165,177,181, 193, Euglobal type FPC  FPC
322 205, 207, 219, 221,

233, 259, 269, 285,
313, 317, 328, 357

* Confirmed with authentic standards. Product ions in bold are the base peaks of the MS/MS

spectra.
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Table 2. 'H and **C NMR data and key H-*C HMBC correlations of metabolites identified in
eucalypt leaf extract (CDsOD, 400 MHz for *H and 150 MHz for **C).

No.  Metabolite Position & 'H [ppm]? 8 BC shift HMBC
Mult. (J [Hz]) [ppm]® (Hto C)
N1 Fatty acids 1 - 174.7
2 2.3251(7.8) 35.0 1
0} 0.89 14.5 -1, ®-2
®-2 1.28 32.8
-1 1.31 23.8
N2 Linolenic acid 9/10/12/1  5.32-5.39 129.1,130.9 11/14
3/15/16
11/14 2.808 1 (6.0) 26.4 9/10/12/13/15/16
4/5/6/7 1.327 29.4
18 0.971t (7.5 14.6
N3 a-glucose 1 5.105d (3.7) 94.0
N4 B-glucose 1 4.472d (7.8) 98.2
N5 myo-inositol 1 3.9581 (2.7) 74.1
2 3.463 74.9
4 3.145t(9.2) 75.6
N6 Shikimic acid 1 - 170.1
3 6.794 m 138.7 1,57
4 4371 m 67.3 3,6
5 3.67 72.7
6 3.99 68.4
7a 2.193dd (18.0,5.0) 31.7 1,3
7b 2.698 dd (18.0,5.0) 31.7 1,3
N7 Gallic acid 1 - 170.3
2 - 121.8
37 7.056 s 110.2 1,2,4/6,5
4/6 - 146.3
5 - 139.5
N8 Kaempferol 3-O- 6 6.185d (2.0) 99.9 8
substituted 8 6.401d (2.0) 94.7 6
2'/6' 8.08 d (8.8) 132.2 3,4,3/5
4’ - 161.52
3'/5' 6.90 d (8.8) 116.2 4’
N9 Quercetin 3-O- 6 6.185d (2.0) 99.9 8
substituted 8 6.401d (2.0) 94.7 6
5’ 6.88 116.0 6’
6 7.568 dd (8.0, 2.0) 123.1 5'
N10  Arginine 4 1.60m 26.0 3
3 2.00m 28.2

s singlet; d doublet; t triplet; dd doublet of doublet; m multiplet. 2 *H chemical shifts with only two
decimal places are chemical shifts of HSQC correlation peaks or signal overlapping ® Chemical
shifts of HSQC or HMBC correlation peaks.

Table 3. Metabolite content expressed as mg g leaf dry weight in eucalypt seedlings grown at
well-watered (WW) and water-deficit (WD) conditions. Results were obtained by H-NMR

analysis of extracts in CD3;0OD.

Response  Growth . Shikimic -
Clone to drought _ condition Glucose Inositol acid Arginine
suzl  Sensitive ww 12.13+2.7 1642+38 424+13 29.28+12.3
WD 3.19+0.8 7.38+1.2 1.61+05 31.28+24




Suz?  Sensitive WW 2988+11.7 1268+18 923+24 27.85+10.8
WD 10.57+2.5 18.06+25 5.02+0.1 50.94+7.2
Suz3  Sensitive WW 1477+23 2467+7.0 1396+04 64.96+3.6
WD 543+0.9 11.39+22 5.6+09 44.02+54
Suz7  Sensitive WW 52+09 1089+28 735+28 31.97£5.5
WD 3.1+03 7.19+11 3.28+0.1 41.85+8.4
Suzl3  Sensitive ww 6.2+04 9.26+0.9 6.36 +1.0 50.82+7.6
WD 1248+1.0 1547+31 36=%11 43.66 £9.0
Suzd  Tolerant WW 6.81+1.3 1407+23 50704 52.44 + 8.5
WD 1249+1.9 18.32+28 9.12+15 43.62+2.5
Suz5  Tolerant ww 8.1+1.2 13.95+23 8.05+0.8 3444+75
WD 3.69+0.8 8.43+1.4 4.53+0.8 47.04+5.2
Suz6  Tolerant WW 10.53+0.9 133+1.3 5.29+0.2 49.77+59
WD 7.1+13 1331+07 3.07+04 61.33+6.5
Suz8  Tolerant WW 1447+ 2.8 1466+24 9727+37 253+54
WD 1412 +43 261172 834+46 41.41+43
Suz9  Tolerant WW 9.93+0.8 116722 296+0.8 64.15+12.1
WD 9.39+0.6 1239+21 331+1.2 48.09+75
Suzll  Tolerant WW 411+0.3 10.63+05 503+1.5 29.62+5.0
WD 5.93+0.7 11.37+13 4.35%0.9 57.6 £8.5
suzl?  Tolerant WW 10.66 + 0.9 13+1.2 519+0.1 2498 +5.1
WD 10.78 + 3.7 1786 +15 417+17 56.19 + 14.3

Quantitation was carried out relative to the internal standard hexamethyldisiloxane, 0.94 mM.
Values are the mean £ SE of measurements made on biological and technical replicates. Data in
bold indicate WW and WD samples of the same clone that were statistically different (P < 0.05,
Tukey’s post-test). In gray the ones that are not different.

Table 4. Commercial clones of Eucalyptus spp. and their response to drought (data provided by
Suzano S/A, based on the clones’ response in the field).

Clones  Genetic background Response to drought
Suzl Eucalyptus grandis x urophylla Sensitive
Suz2 Eucalyptus grandis x urophylla Sensitive
Suz3 Eucalyptus grandis x urophylla Sensitive
Suz4 Eucalyptus platyphylla Tolerant
Suz5 Eucalyptus grandis x pellita Tolerant
Suz6 Eucalyptus grandis x urophylla Tolerant
Suz7 Eucalyptus grandis x pellita Sensitive
Suz8 Eucalyptus grandis Tolerant
Suz9 Eucalyptus urophylla Tolerant
Suz10 Eucalyptus grandis Sensitive
Suzll Eucalyptus grandis x urophylla Tolerant
Suzl2 Eucalyptus. grandis x urophylla Tolerant
Suzl13 Eucalyptus grandis x urophylla Sensitive




