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Understanding the biochemical mechanisms underlying drought tolerance in citrus is essential
for developing rootstocks adapted to water-deficit conditions. This study applied proton high
resolution magic-angle spinning nuclear magnetic resonance (‘H HR-MAS NMR) combined with
chemometrics to characterize the metabolism of leaves from conventional non-transgenic (NT) and
transgenic (T35S) Swingle citrumelo plants overexpressing the PSCSF129A gene, responsible for
proline overproduction. This approach enabled the identification of metabolic alterations throughout
stress progression. Transgenic plants exhibited constitutive proline accumulation, accompanied by
coordinated modulation of choline, fatty acids, glucose, and sucrose. These adjustments reflect the
involvement of nitrogen, carbon, and lipid pathways, conferring osmotic and redox stabilities and
supporting the maintenance of metabolic homeostasis under severe water deficit. The combination
of 'H HR-MAS NMR and chemometrics proved to be a robust, non-destructive chemical tool for
elucidating metabolic profiles in genetically modified plants, contributing to the understanding of
molecular mechanisms underlying drought tolerance in citrus and supporting the development of
rootstocks better adapted to climate change. These findings support the use of 'H HR-MAS NMR
metabolomics for elucidating drought-response mechanisms and for advancing omics-driven
breeding strategies in citrus.
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Introduction

Brazil holds a prominent position in global citrus
production, being the largest producer of oranges of the
world and responsible for more than one-third of the
global supply of processed orange juice.! According to
Citrus Defense Fund (Fundecitrus),” the 2023/24 crop
from the citrus belt of Sdo Paulo and the Tridngulo
Mineiro, Southwest Minas Gerais region was estimated
at 307.22 million 40.8 kg boxes, corresponding to
approximately 12.5 million tons. When other national
producing regions are considered, the Brazilian orange crop
is forecast to reach approximately 13.5 million metric tons
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for the 2025/26 marketing year, according to the United
States Department of Agriculture Foreign Agricultural
Service (USDA/FAS).? These figures underscore the
economic and strategic relevance of Brazilian citriculture,
whose sustainable productivity depends directly on the
ability of plants to adapt to regional water and climate
variability.'

However, the citrus industry faces major challenges
arising from climate change, particularly with prolonged
droughts associated with the El Nifio phenomenon, which
result in substantial losses in fruit yield and quality.’
Among the most widely used rootstocks, Rangpur lime
(Citrus limonia Osbeck), although capable of promoting high
productivity, exhibits high susceptibility to diseases such
as Citrus Blight and Sudden Death.®” Conversely, Swingle
citrumelo (Citrus paradisi Mact. x Poncirus trifoliata L. Raf.)
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stands out for its resistance to several diseases and its favorable
fruit quality, yet it is more sensitive to water deficiency.”®
This contrast between biotic resistance and physiological
vulnerability has stimulated the search for biotechnological
strategies capable of enhancing drought tolerance without
compromising other agronomic performances.

Proline is recognized as a multifunctional osmolyte
essential to plant responses to abiotic stresses.”!? In addition
to its role in osmotic adjustment, proline contributes to
the stabilization of proteins and membranes and exerts
antioxidant functions.”!'"3 Its biosynthesis from glutamate is
catalyzed by the enzyme A'-pyrroline-5-carboxylate synthase
(P5CS), whose activity is regulated by feedback inhibition by
proline itself.'*!*!> The PSCSF129A mutation reduces this
inhibition, enabling continuous accumulation of the amino
acid.'®"” Thus, introduction of this mutant gene into plants
under the control of the constitutive CaMV 35S promoter
has proven to be an effective strategy to increase drought
tolerance in several species.!®!®!° In transgenic Swingle
citrumelo, PSCSF129A overexpression resulted in increased
drought tolerance and enhanced antioxidant activity.?*?!

Studies* conducted by our group demonstrated that
transgenic Swingle citrumelo plants exhibit elevated
basal levels of proline and proline-betaine accompanied
by reduced foliar sucrose, suggesting a redirection of
carbon toward the proline biosynthetic pathway. In roots,
however, sucrose levels remain stable, contributing to
water and energy balance and preventing the excessive
accumulation of organic acids.?*?® Under water stress,
these plants maintain higher photosynthetic rates and
stomatal conductance compared with non-transgenic
plants, indicating that proline acts in an integrated manner
to support osmotic homeostasis, redox protection, and
metabolic functionality.'>** The increase in fatty acids
observed in plants under drought may reflect both lipid
peroxidation and cuticle thickening, mechanisms associated
with reduced water loss.*%3?

Metabolomics has emerged as a powerful tool
for the integrated study of plant physiological and
biochemical responses, as it directly reflects metabolic
alterations driven by genetic and environmental
factors.*** Among the available approaches, proton
high-resolution magic-angle spinning nuclear magnetic
resonance spectroscopy ('"H HR-MAS NMR) enables the
direct analysis of heterogeneous plant tissues, such as leaves,
without the need for prior metabolite extraction, ensuring high
reproducibility and preservation of the native chemical state.>¢-4

Despite advances in genetic transformation using
P5CSF129A,'%1° integrated metabolomic studies
investigating, in citrumelo, the link between proline
overproduction and metabolic behavior during post-
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stress recovery remain scarce. Therefore, this study
aims to evaluate the metabolic profile of conventional
and transgenic (T35S) Swingle citrumelo genotypes
under different intensities of water stress, using leaf
tissues analyzed by 'H HR-MAS NMR combined with
chemometric approaches. The underlying premise is that
metabolomics, integrated with chemometrics, provides
a comprehensive understanding of plant metabolism
under abiotic stress conditions, elucidating the chemical
interactions among nitrogen-, carbon-, and lipid-based
compounds that support drought tolerance.''>3!3

Experimental
Material

Water stress experiment

The water stress experiment was carried out in a
greenhouse under controlled conditions, with an average
temperature of 28 + 2 °C and relative humidity of
69 + 5%. Swingle citrumelo (Citrus paradisi Macf. x
Poncirus trifoliata L. Raf.) genotypes, conventional
non-transgenic (NT) and transgenic (T35S), were
used. The transgenic lines were derived from
Agrobacterium tumefaciens-mediated transformation
done by Molinari et al.'® containing the PSCSF129A
gene!® under control of the CaMV 35S promoter, further
evaluated by Campos et al.*® and Barichello et al.?® Plants
approximately one year old and of uniform size were
cultivated in 25 L pots filled with a commercial peat-based
organic substrate (Plantmax®), arranged randomly on the
bench, and maintained under natural light and controlled
irrigation. The experiment followed a completely
randomized design with three replicates per genotype, and
the total experimental period was 60 days.

Water stress was divided into four physiological
stages: without stress (WS), moderate stress (MS), severe
stress (SS), and recovery (RE). Stage definition was based on
the leaf relative water content (RWC), determined following
the method of Weatherley*' (Table 1) using the equation 1:

fresh weight — dry weight »

RWC = 100 (1

turgid fresh weight

Leaf discs (10 mm of diameter) were weighed
immediately after collection (fresh mass), after saturation
in distilled water for 24 h (turgid mass), and after oven
drying at 60 °C to constant weight (dry mass). After the
initial WS sampling, irrigation was suspended until the
severe stress stage, then restored for 24 h before sampling
during the recovery phase. Leaves from each plant were
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collected at the same time of day, immediately frozen in
liquid nitrogen, and stored at —80 °C until NMR analysis.

Data collection and analysis

'H HR-MAS NMR analysis

'HHR-MAS NMR analyses were performed on a Bruker
Avance IIT1 500 MHz (11.75 T) spectrometer equipped with
an HR-MAS probe 4 mm (‘H/ *C/3'P/?H) and pneumatic
spinning control at 5 kHz. The care on sample packing
and rotor handling were according to Flores et al.** Leaf
samples (9 mg) were cut into small fragments, placed
into 50 pL zirconia rotors, and moistened with 30 pL
of a 2,2,3,3-d, sodium 3-(trimethylsilyl)-propionate and
deuterium oxide solution (TMSP-d,/D,0, 0.1% m/v).

"H HR-MAS NMR spectra were acquired using the
CPMGpr (Carr-Purcell-Meiboom-Gill) pulse sequence
at 28 °C with the following parameters: 128 cycles, echo
time of 600 s, relaxation delay (d1) of 2 s, acquisition
time (AQ) of 2.18 s, 256 scans (ns), 64k points (TD), and
a spectral width (SW) of 30 ppm. The TMSP-d, signal at
0.00 ppm was used as the internal reference. For metabolite
annotation, two-dimensional HSQC ("H-'*C, heteronuclear
single quantum coherence) and TOCSY ('H-'H, total
correlation spectroscopy) experiments were performed.
Chemical shift assignments were based on 2D NMR data,
comparison with literature,”>#>! and confirmation using
the HMDB 3.0 database (2013).3

Two-dimensional HSQC experiments were performed
using a phase-sensitive pulse sequence, with a spectral width
of 5980.86 Hz (12 ppm) in F2 (SWHF2) and 20,831.98 Hz
(165.64 ppm) in F1 (SWHF1). The acquisition time (AQ) was
0.09 s, the relaxation delay (d1) was 0.1 s, and the data were
acquired with 1k points in F2 (TDF2) and 128 increments in
F1 (TDF1). During processing, 1k points (SI) were used in
both F2 and F1. Two-dimensional TOCSY experiments were
performed using the MLEV composite pulse decoupling
sequence, with a spectral width of 5980.86 Hz in both
F2 (SWHF2) and F1 (SWHF1). The AQ was 0.34 s, the
relaxation delay (d1) was 2.0 s, mixing time of 80 ms, and
the data were acquired with 4k points in F2 (TDF2) and
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256 increments in F1 (TDF1). During processing, 1k points
(SI) were used in both F2 and F1.

Statistical analysis

Spectral data were processed using AMIX 3.9 (Bruker).
The 0.4-8.2 ppm region was segmented into 259 buckets of
0.03 ppm, excluding 4.74-4.80 ppm (residual water) and
2.20-2.27 ppm (acetone residue). Integrals were obtained
using the special integration mode and normalized to
the total spectral area to minimize variations associated
with sample mass and instrumental conditions. Principal
component analysis (PCA) was applied to explore
multivariate patterns and identify discriminant metabolites
among experimental groups, using pareto scaling and a
95% confidence level.

Variables highlighted in the loading plots had their
relative proportions determined by comparing the area of
arepresentative metabolite signal with that of the TMSP-d,
standard. Relative areas were subsequently subjected
to univariate statistical analysis (one-way ANOVA),
followed by test of Tukey (mean comparison) and test of
Levene (homogeneity of variance), considering statistical
significance at p < 0.05.

Results and Discussion
Relative water content in the water stress experiment

According to Table 1, the RWC values obtained for
the stress levels were 95% (WS), 82% (MS), 22% (SS),
and 88% (RE). The duration of each stress stage (in days),
monitored through RWC measurements, is also shown in
Table 1. The transgenic genotype (T35S samples) required
37 days to reach moderate stress, whereas the conventional
genotype (NT samples) reached this stage in 21 days,
indicating greater initial resistance in the transgenic plants.
This 76% increase in the duration of the moderate stress
stage demonstrates that the metabolism of T35S plants is
better able to withstand prolonged periods of water deficit
before hydraulic collapse.

Table 1. Relative water content (RWC) in leaves of Swingle citrumelo evaluated at four stages of the water stress experiment and the time required for NT
and T35S genotypes to reach the different stress levels based on RWC parameters. Time was measured from the non-stressed stage (start of the experiment,
RWC 95%) to moderate stress (RWC 82%), and from moderate to severe stress (RWC 22%). The recovery stage corresponded to 24 h after rewatering

Stress period RWC/ % Days in each period for NT samples Days in each period for T35S samples
Without stress (WS) 95 -
Moderate stress (MS) 82 37
Severe stress (SS) 22 21
Recovery (RE) 88 -

RWC: relative water content; NT: conventional non-transgenic; WS: without stress; MS: moderate stress; SS: severe stress; RE: recovery.
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Spectral profile and visual metabolic variations

The spectral profiles of NT and T35S samples
across the different stages of water stress are shown in
Figures 1 and 2, respectively. The 'H HR-MAS NMR
spectra displayed signals in characteristic regions
corresponding to amino acids and organic acids
(0.7-3.0 ppm), osmolytes and nitrogen-containing
compounds (3.0-4.0 ppm), carbohydrates (3.0-6.0 ppm),
and aromatic compounds (6.0-8.2 ppm). Metabolite
assignments are summarized in Table 2 and were
confirmed by two-dimensional experiments (HSQC
and TOCSY), as shown in the Figures S5 and S6 in the
Supplementary Information (SI) section.?>4830

Variations in the intensities of several signals resulting
from water stress were observed through visual inspection
of the 'H HR-MAS NMR spectra (Figures S1 and S2, SI
section) for NT and T35S genotypes. In the spectra of
conventional non-transgenic (NT) Swingle citrumelo leaves
(Figure S1, SI section), proline was the metabolite showing
the most pronounced variation, with intensified signals at
1.95-2.40 ppm and 3.32-3.45 ppm (overlapped), especially
during the severe stress stage. This increase confirms its
role as a key osmolyte, acting in the protection of cellular
structures, stabilization of proteins, and scavenging of
reactive oxygen species.'®!? It is important to note that
proline should be classified as an imino acid rather than

(@)
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an amino acid, since its amino group is secondary due to
the cyclization of the side chain with the a-amino group,
forming a five-membered ring; its systematic name is
pyrrolidine-2-carboxylic acid.

In the transgenic plants (Figure S2, SI section), proline
showed elevated levels from the beginning of the water-
stress experiment, with little variation during the moderate
stress stage and a subsequent increase under severe stress.
This elevated proline content in T35S plants even before
the onset of stress results from the constitutive expression
of the PSCSF129A gene, which converts glutamate into
A'-pyrroline-5-carboxylate. 822

Proline betaine (3.11 and 3.30 ppm) partially mirrored
the response of proline in both genotypes, though with
smaller amplitude (Figures S1 and S2, SI section),
confirming its complementary contribution to osmotic
balance.'' In contrast, trimethylamine (2.94 ppm), present
in the early stages, was not detected under severe stress.
This result is consistent with the metabolic reprogramming
that occurs during progressive water deficit, in which
many metabolites are differentially regulated throughout
the progression of drought, as plants redirect them toward
essential osmoprotective and stress-response pathways
rather than maintaining the levels of all metabolites.**->

Under water stress, metabolic reprogramming occurs,
in which the levels of free nitrogenous metabolites are
adjusted as plants prioritize the synthesis of compounds
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Figure 1. Representative 'H HR-MAS NMR spectra (500 MHz, suspension in D,0) of leaves from (a) conventional non-transgenic (NT) and (b) transgenic

(T35S) Swingle citrumelo plants.
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Table 2. Chemical shift assignments from 'H HR-MAS NMR (500 MHz, suspension in D,0) for metabolites detected in leaves of both transgenic and

conventional non-transgenic Swingle citrumelo plants

'"H NMR chemical  *C NMR chemical shift TOCSY Stress period
Metabolite shift (multiplicity; (from 'H-C HSQC (H-H correlation)
J/Hz) / ppm experiment) / ppm WS MS SS RE
0.81-0.87 (m) 17.0 1.27-1.36
. L 1.27-1.36 (m) 32.7 1.59-1.60; 1.97-2.05
Fatty acids 1.59-1.60 (m) a 127-136 b b b b
1.97-2.05 (m) a 1.27-1.36
. 149 (d; 6.9) 18.8 3.78-3.81 ) ) ) )
Alanine 3.78-3.81 (m) a 1.49 b D D b
Choline 3.20 (s) 57.0 D D D D
Ethanol 1.18 (t; 7.1) a 3.65 D D D D
3.54-3.60 (m) b 4.10-4.13
3.70-3.74 (m) b b
Fructose 3.88-3.92 (m) b b D D D D
3.96-4.04 (m) b b
4.10-4.13 (m) b 3.54-3.60
1.89-1.93 (m) 26.6 3.02
GABA 2.27-2.31 (m) 28.0 a D D D D
3.02 (t; 7.0) 42.5 1.89-1.93
a-Glucose 4.65(d;7.9) 98.9 3.51-3.54; 3.45-3.50; 3.51-3.54 D D D D
5.24 (d; 3.3) 95.2 3.51-3.54; 3.69-3.80; 3.81-3.92
3.24 (t; 8.2) 77.2 3.45-3.50
3.34-3.38 (m) b b
B-Glucose 3.45-3.50 (m) b 3.24° D D D D
3.51-3.54 (m) b 5.24°
3.69-3.80 (m) b 5.24°
3.81-3.92 (m) b 5.24°
. 0.93-0.99 (m) ¢ 1.66-1.77
Leucine 1.66-1.77 (m) ¢ 0.93-0.99 b D b b
1.95-2.12 (m) 26.6 2.33-2.40; 3.32-3.38; 3.38-3.45
. 2.33-2.40 (m) 31.2 1.95-2.12; 3.32-3.38; 3.38-3.45
Proline 3.32-3.38 (m) 49.8 1.95-2.12; 2.33-2.40 b b b b
3.38-3.45 (m) 49.8 1.95-2.12; 2.33-2.40
. . 3.11(s) 49.3
Proline betaine 330 (s) 555 D D D D
5.42 (d; 3.3) a a
3.44-3.50 (m) b b
3.53-3.59 (m) b b
3.73-3.80 (m) b b
Sucrose 3.80-3.87 (m) b b D D D D
3.87-3.93 (m) b b
4.03-4.09 (m) b b
4.20-4.24 (m) b b
Trimethylamine 2.94 (s) B D D ND D

“Not observed; "highly overlapped spectral region; “metabolite in small proportion;*® D: detected; ND: not detected; TOCSY: 'H-'H, total correlation
spectroscopy; WS: without stress; MS: moderate stress; SS: severe stress; RE: recovery; m: multiplet; s: singlet; t: triplet; d: doublet.

involved in cellular protection and stress responses.>®
In this context, these metabolites may be redirected
toward the formation of amino acids associated with
osmotic adjustment (e.g., proline and y-aminobutyric
acid (GABA))) or into metabolic pathways that support the
production of defense compounds and the maintenance of
energy metabolism under conditions of water deficit.>*>’

J. Braz. Chem. Soc. 2026, 37-Spel, e-20260056

Thus, the variation of trimethylamine in this study
suggests its association with the transition from the initial
metabolic response to stress to a more restricted, survival-
oriented state, possibly reflecting adjustments in nitrogen
allocation under prolonged water deficit, resulting from
metabolic consumption or its redirection to secondary
nitrogen compounds.
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The anomeric a- and B-signals of glucose and sucrose
were detected throughout all stress periods (Figures S1 and
S2, SI section), with variations associated with redirected
carbon allocation. In T35S, a marked reduction of the
sucrose anomeric signal (5.41 ppm) was observed under
severe stress, followed by recovery, suggesting the diversion
of carbon toward proline biosynthesis, a phenomenon
consistent with adaptive metabolic reallocation.?? Similarly,
signals from fatty acids (0.88; 1.27-1.59; 2.02 ppm)
increased under severe stress (Figures S1 and S2, SI
section). This result indicates intensified synthesis of
cuticle and epicuticular waxes as well as controlled lipid
peroxidation, mechanisms consistent with protection
against water loss.*!

Chemometric analysis of '"H HR-MAS NMR spectra of
conventional non-transgenic (NT) and transgenic (T35S)
Swingle citrumelo leaves

Principal component analysis (PCA) was employed to
examine the clustering tendency of samples subjected to
water stress and to identify the metabolites contributing
to each cluster. The PCA biplots revealed clear groupings
among the experimental stages, reflecting the metabolic
progression of stress and the distinct response capacities
of each genotype (Figure 2).

In NT plants, PCA accounted for 88.6% of the total
variance, with well-defined separation among the WS,
MS, SS, and RE stages. Recovery-phase samples clustered
near those from the severe-stress stage, suggesting that
metabolic restoration was only partial (Figure 2a).

Based on the combined interpretation of PCA score
and loading plots for the NT genotype (Figure 2a), the
clustering of WS samples in negative PC1 and positive
PC2 was associated with loadings corresponding to choline
and proline betaine. Signals attributed to fatty acids and
choline grouped the MS samples in positive PC1 and PC2,

7 Proline betaine

PC2 (20.13%)

L (aholine (a)

PC1 (68.45%)
= WS e MS A SS v RE

PC2 (18.46%)
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whereas signals related to proline and lipids (fatty acids)
were primarily responsible for clustering the SS samples.
In the RE stage, signals assigned to sugars such as glucose,
fructose, and sucrose, along with ethanol, contributed to
the separation of these samples in negative PC1 and PC2,
indicating the resumption of photosynthetic and energetic
activity.’®¥

Among the metabolites highlighted as loadings in the
PCA of NT samples (Figure 2a), choline stands out in
non-stressed plants due to its essential role in phospholipid
membrane synthesis, its contribution to plant development,
and its function as a signaling molecule under stress
conditions.®¢! Proline betaine, in turn, acts as an osmolyte
that helps maintain cellular water balance and protects
proteins and enzymes from damage caused by water and
heat stress.®> However, despite being an osmolyte, proline
betaine does not exert the same level of osmoprotective
action as proline,” which explains why it does not stand
out in stressed plants.

Under water stress, oxidative stress also occurs as
a consequence of the accumulation of reactive oxygen
species (ROS), which promote lipid peroxidation and,
consequently, the release of fatty acids derived from the
degradation of cellular membranes.'>% Additionally,
during water deficit, plants may increase the synthesis
of lipid compounds and cuticular waxes, resulting in
cuticle thickening, a process that contributes to reducing
water loss.®® It is plausible that this metabolic pathway
represents one of the main sources of the fatty acids
highlighted in NT plants under stress (Figure 2a).

Regarding proline in the NT genotype, it becomes
prominent during the severe-stress stage because
it constitutes the primary plant response to water
deficit, contributing to cellular protection by lowering
osmotic potential, maintaining water uptake and cell
turgor pressure, and thereby sustaining physiological
processes, '0:6667
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Figure 2. PCA biplot of scores and loadings derived from 'H HR-MAS NMR spectra of (a) conventional non-transgenic (NT) and (b) transgenic (T35S)
Swingle citrumelo leaves under water stress. WS: without stress; MS: moderate stress; SS: severe stress; RE: recovery.
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Water stress also reduces photosynthetic activity,®
ultimately leading to a decline in sugar production. In
contrast, plants commonly accumulate sucrose through the
hydrolysis of octulose and stachyose, which contributes
to the stabilization of molecular interactions during
dehydration.’®% Accordingly, sugars were prominent
during the recovery stage in NT genotype, appearing in
higher concentrations and suggesting the reestablishment
of photosynthetic activity and carbohydrate biosynthesis.

The presence of ethanol in NT samples during recovery
may result from reduced O, availability under water deficit,
which drives pyruvate metabolism toward fermentative
pathways.”

For the transgenic T35S plants (Figure 2b), proline
was the metabolite most strongly associated with the WS
cluster due to its constitutive accumulation. The MS and
RE samples were grouped by the loadings of sugars and
proline betaine, whereas fatty acids were responsible for
the clustering of SS samples, indicating the reinforcement
of structural resistance mechanisms under severe stress.
This pattern reflects an anticipatory and sustained response
in T35S, in contrast to the more reactive and abrupt
adjustments observed in NT plants. Proline overproduction
likely helped maintain osmotic pressure, delayed stomatal
closure, and reduced oxidative stress-effects consistent
with the physiological behavior previously reported for
transgenic Swingle under drought.?

Proline betaine and sugars, along with other minor
osmolytes, contribute to stress tolerance by stabilizing
cellular structures through hydrophobic interactions and
hydrogen bonding.”!> As observed in Figure 2b, these
metabolites were key loadings during moderate stress in
the T35S genotype.

Considering the time required for plants to reach the
MS stage (Table 1), it is evident that the osmotic adjustment
promoted by proline played a major role in sustaining
metabolic processes in T35S. Beyond osmotic regulation,
proline mediates tolerance to oxidative stress by scavenging
free radicals and ROS, thereby preventing cellular and
metabolic damage.'*!>?

However, once plants reach a high level of stress, the
efficiency of tolerance mechanisms declines. As observed
for the conventional genotype, the increased presence of
fatty acids is consistent with enhanced cuticle production -
which reduces water loss - and with intensified lipid
peroxidation triggered by oxidative stress.*"!

Finally, the clustering of recovery-stage samples with
those under moderate stress (Figure 2b) indicates that,
although not yet fully restored, the transgenic plants
were gradually returning to their initial metabolic state
and recovering more rapidly than the conventional plants

J. Braz. Chem. Soc. 2026, 37-Spel, e-20260056
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(Figure 2a). This enhanced recovery aligns with the
elevated proline levels observed in T35S, which help sustain
physiological and metabolic processes for longer periods
under stress, minimize cellular damage, and support a faster
return to pre-stress metabolic conditions.

Relative proportion of metabolites

The analysis of the relative proportions of the
metabolites highlighted by PCA strengthened the overall
interpretation of the results (Figure 3). Proline was the
main differential marker, increasing late in NT plants
and constitutively in T35S. Proline betaine partially
followed the behavior of proline, whereas choline
exhibited pronounced peaks under SS in both genotypes,
indicating intensified synthesis of membrane phospholipids
(phosphatidylcholine). This is a hallmark of plants exposed
to abiotic stress and the remodeling of membranes damaged
by lipid peroxidation.'>"

Fatty acids showed the largest relative increases
under severe stress (P = 1.74564 x 107!, supporting
the hypothesis of cuticular thickening and cell wall
reorganization as adaptive responses.’**'> Glucose and
sucrose displayed complementary patterns: in NT plants,
sucrose accumulation coincided with the late increase
in proline, whereas in T35S an earlier rise was observed
under MS, which may be associated with macromolecule
stabilization and the maintenance of photosynthetic activity
(Figure 3).%

This synergy among proline, sugars, and lipids
reflects the coordinated activation of osmoprotective,
antioxidant, and membrane-repair mechanisms, forming
the biochemical basis of drought tolerance in the T35S
transgenic plants.

In summary, the spectral data (Figures 1, S1 and S2
in the SI section), chemometric analyses (Figures 2, S3
and S4 in the SI section), and relative proportion results
(Figure 3; Table 2) demonstrated that the constitutive
overproduction of proline in T35S citrumelo promotes
a global reconfiguration of metabolism, with shifts in
metabolites associated with enhanced osmotic adjustment,
oxidative stress protection, and structural reorganization
under water deficit.!'2?%22 In T35S plants, the maintenance
of balanced levels of choline and sugars, combined with
moderate and functional accumulation of fatty acids,
reflects a regulated and efficient metabolic state, contrasting
with the more reactive and less coordinated behavior
observed in the conventional NT plants.

Taken together, the evidence confirms that expression
of the PSCSF129A gene results in a metabolically resilient
plant capable of delaying water loss, minimizing oxidative
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Figure 3. Relative proportion of proline, proline betaine, choline, fatty acids, glucose, and sucrose present in leaves of conventional non-transgenic (NT)
and transgenic (T35S) Swingle citrumelo subjected to water stress. Values were determined by integrating the 'H HR-MAS NMR signals relative to the
TMSP reference signal (0.00 ppm). Error bars: + standard deviation; different letters above the bars indicate significant differences (P < 0.05).

stress, preserving photosynthesis, and recovering rapidly
upon rehydration.!?3031:586 Thus, the transgenic Swingle
citrumelo T35S emerges as a promising rootstock for citrus
production systems in regions subject to water variability
and climate change.?022774

Conclusions

The application of 'H HR-MAS NMR spectroscopy
combined with chemometrics enabled the high-resolution
characterization of metabolic alterations in leaves of
conventional non-transgenic (NT) and transgenic (T35S)
Swingle citrumelo throughout the progression of water
stress. The direct analysis of in natura plant tissues
preserved the chemical integrity of metabolites and
avoided extraction-related biases, allowing the detection
of subtle modifications in osmoprotectants, sugars, and
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lipids, with clear structural and functional distinctions
between genotypes.

The results demonstrated that the constitutive
expression of the PSCSF129A gene promotes an integrated
reorganization of carbon, nitrogen, and lipid pathways,
resulting in the stable accumulation of proline, the main
osmoprotective and antioxidant marker. Additionally,
the carbon redirection reduces the accumulation of
sucrose and glucose under severe water deficit, while the
increases in choline and fatty acids indicate membrane-
related structural adjustments and cuticular thickening -
chemical mechanisms associated with the preservation
of cellular integrity. These findings support the use of
"H HR-MAS NMR metabolomics for elucidating drought-
response mechanisms and for advancing omics-driven
breeding strategies in citrus

J. Braz. Chem. Soc. 2026, 37-Spel, e-20260056
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