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INTRODUGCAO GERAL

Eventos climéaticos extremos, como ondas de calor e secas, provavelmente
aumentardao em frequéncia e severidade em muitas areas de cultivo, representando uma
ameaca crescente aos ecossistemas naturais e agricolas, especialmente quando ocorrem
de forma simultanea como eventos combinados (Zscheischler et al., 2018). Nesse
contexto, estudos envolvendo o limoeiro Cravo sob déficit hidrico buscam identificar os
mecanismos que conferem resisténcia a seca a este porta-enxerto, 0 que representa um
primeiro passo para o desenvolvimento de novos porta-enxertos citricos capazes de
garantir aos pomares um bom desempenho em periodos de escassez de agua. Pesquisas
mostram que plantas enxertadas em limoeiro Cravo séo capazes de manter o crescimento
radicular sob déficit hidrico (Pedroso et al., 2014). Além disso, o sistema radicular deste
porta-enxerto apresenta alta condutividade hidraulica, o que confere melhor hidratacao
da parte aérea e manutencdo da abertura estomatica (Medina e Machado, 1998; Medina
et al., 1998), favorecendo as trocas gasosas mesmo em condigdes de baixa
disponibilidade hidrica. O limoeiro Cravo também tem a capacidade de redistribuir gua
internamente, o que foi vinculado ao ajuste osmotico e a regulacdo estomatica sob déficit
hidrico (Miranda et al., 2018, 2021). Recentemente, um estudo demonstrou que a
sinalizacdo quimica através de ABA evitou a desidratacdo em folhas do limoeiro Cravo
sob déficit hidrico, sugerindo que a tolerancia do limoeiro Cravo a seca é também
baseada na sinalizacdo quimica da baixa disponibilidade de &gua no solo (Miranda
et al.,, 2022). A andlise de expressdo génica em raizes de mudas de limoeiro Cravo
cultivadas em condigBes hidropbnicas com e sem déficit hidrico resultou na
identificacdo de 40 genes diferencialmente expressos. Destes, foram identificados genes
conhecidamente envolvidos na resposta ao estresse hidrico, como as aguaporinas
(Boscariol-Camargo et al., 2007).

Um estudo recente analisou o perfil metabdlico de porta-enxertos de limoeiro
Cravo, citrumeleiro Swingle e tangerineira Sunki sob déficit hidrico. O limoeiro Cravo
destacou-se pelo acumulo de arginina nas folhas e raizes, especialmente ap6s a
reidratacdo, padrdo ndo observado nos demais gendtipos (Silva et al., 2023). A arginina,
por apresentar alta razdo N/C, atua como importante reserva e forma de transporte de
nitrogénio organico, além de ser precursora do 6xido nitrico (NO). Este, por sua vez,
desempenha papel chave no desenvolvimento vegetal e na resposta a estresses abioticos,
como a seca (Winter et al., 2015; Silveira et al., 2016; 2017a,b; 2019a; 2021). Em



condicdes de déficit hidrico, 0 NO promove o crescimento radicular e reduz danos
oxidativos, atuando na eliminacdo de espécies reativas de oxigénio e estimulando
enzimas antioxidantes como superoxido dismutase e catalase (Silveira et al., 2016;
2017b).

A producdo de NO a partir da arginina em plantas ainda ndo é totalmente
compreendida. Sabe-se que o NO pode ser sintetizado por vias dependentes de arginina
ou de nitrito (Leitner et al., 2009; Frohlich & Durner, 2011), embora 0s genes
codificadores da enzima NO sintase (NOS) ainda ndo tenham sido identificados em
plantas superiores (Foresi et al., 2010; Santolini et al., 2017; Astier et al., 2018; Hancock
& Neill, 2019). Evidéncias bioquimicas, no entanto, indicam a conversdo de arginina
em NO e citrulina (Zhang et al., 2014; Domingos et al., 2015). O NO também pode
formar S-nitrosoglutationa (GSNO) ao reagir com glutationa reduzida (GSH),
participando de processos de S-nitrosacdo que modulam a atividade de proteinas (Fancy
et al., 2017), como a Rubisco, cuja carboxilacdo é potencializada sob déficit hidrico
(Silveira et al., 2017a, b).

De fato, as espécies e variedades de porta-enxertos apresentam raizes com
caracteristicas hidraulicas e anatdbmicas distintas, o que resulta em diferente capacidade
de transportar 4gua para a copa (Medina e Machado, 1998; Medina et al., 1998; Cohen
e Naor, 2002; Martinez- Alcantara et al., 2013). Um dos fatores que podem influenciar
a condutividade hidraulica das plantas é a abundancia e a atividade de aquaporinas (Javot
e Maurel, 2002), que sdo proteinas que facilitam o transporte de agua e pequenas
moléculas através de poros na bicamada fosfolipidica das membranas (Maurel et al.,
2015). Este transporte transmembranar pode representar mais de 50% da condutividade
hidraulica da raiz em espécies de plantas, como tomate, Arabidopsis e cana-de-agucar
(Maggio e Joly, 1995; Sutka et al., 2011; Silva et al., 2015). As aquaporinas sao
particularmente abundantes em plantas superiores, com mais de 30 isoformas (Gaspar,
2011). As proteinas intrinsecas da membrana plasmatica (PIPs) sdo as principais
aquaporinas envolvidas no transporte de agua célula-célula e compdem até 20% da
fracdo proteica das membranas plasmaticas. Em espécies citricas, 11 PIPs foram
encontradas em Citrus clementina e 8 PIPs em Citrus sinensi, no entanto, apenas quatro
foram expressas em folhas (Martins et al.,, 2015). As PIPs ainda podem ser
filogeneticamente classificadas em PIP1 e PIP2, sendo que as PIP2 apresentam maior
capacidade de transporte de agua (Chaumont et al., 2000). A co-expressao de PIP1 e

PIP2 poderia aumentar a permeabilidade das membranas (Fetter et al., 2004; Yaneff et



al., 2015).

Alguns estudos tém relatado a participagdo do NO na indugéo da expresséo de
genes que codificam aquaporinas (Liu et al., 2007; Di Pietro et al., 2013). No entanto, 0
possivel papel da sinalizacdo de NO nas mudancas dos niveis de PIP em plantas sob
déficit hidrico permanece desconhecido. Sabemos que o NO exogeno estimula a
transcricdo de OsPIP1-1, OsPIP1-2, OsPIP1-3 e OsPIP2-8 na germinacdo de sementes
de arroz, sugerindo que os canais de agua desempenham um papel importante na
germinacao, agindo, pelo menos em parte, em resposta a via de sinalizacdo do NO (Liu
et al., 2007). Adicionalmente, a analise protedmica abrangente de aquaporinas de raizes
em Arabidopsis revelou que o NO ex6geno modula a conduténcia hidradlica da raiz em
curto prazo (minutos), induzindo a inibi¢do do transporte de agua radicular (Di Pietro et
al., 2013). Portanto, além das poucas evidéncias da participacdo do NO na expressdo das
aquaporinas, os estudos também sdo controversos.

Para compreender melhor o papel do NO nos processos fisiologicos, € comum o
uso de sequestradores de NO enddgeno, como o 2-(4-carboxifenil)-4,5-diidro-4,4,5,5-
tetrametil-1H-imidazol-1-iloxi-3-6xido (cPTIO). O cPTIO é um radical organico estavel
desenvolvido por Akaike e Maeda (1996) e tem sido amplamente utilizado como
ferramenta experimental, pois reage com o NO, oxidando-o e formando o radical NO.. O
uso do cPTIO permite avaliar a contribuicdo do NO endogeno em processos fisiologicos,
incluindo a condutividade hidraulica e as respostas ao déficit hidrico. Conforme
demonstrado por Pissolato (2020), a aplicacdo de cPTIO em plantas de cana-de-acUcar
reduziu significativamente o acimulo de NO tanto em folhas quanto em raizes, resultando
em reducdes na condutancia estomatica, na assimilacao liquida de CO: e no crescimento
radicular sob condicdes de déficit hidrico.

Diante desse contexto, e com o0 objetivo de aprofundar a compreensdo sobre a
contribuicdo do NO para a manutencéo do status hidrico da parte aérea e para a modulagéo
da expressao de aquaporinas em folhas e raizes de citros, esta dissertagéo foi estruturada

em formato de artigo, conforme apresentado a seguir.
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Manuscrito

Endogenous nitric oxide differentially modulates aquaporin expression in leaves and

roots and redox homeostasis in citrus.

Abstract

This study evaluated the role of endogenous nitric oxide (NO) in drought tolerance in
‘Rangpur’ lime plants, focusing on its contribution to shoot water status maintenance and
the modulation of aquaporin expression in leaves and roots. We hypothesized that NO
regulates aquaporin expression, thereby influencing plant hydraulic balance and
mitigating oxidative damage. Treatments consisted of well-watered plants (control),
control with the addition of cPTIO (an endogenous NO scavenger), water deficit (WD),
and WD combined with cPTIO. Water deficit was induced by adding polyethylene glycol
(PEG-8000) to the nutrient solution. Aquaporin gene expression, leaf water potential,
physiological traits, biomass, and oxidative stress markers were assessed. Overall,
endogenous NO modulated aquaporin expression in an organ-specific manner. Under
water deficit, NO removal by cPTIO increased PIP2.1 expression in leaves and was
associated with higher leaf hydration. In contrast, in roots, cPTIO reduced PIP1
expression under drought conditions. NO also influenced shoot hydration in a condition-
dependent manner, as it contributed to higher leaf water status under adequate irrigation
but was associated with reduced hydration under drought. Together, these findings
demonstrate that the role of NO extends beyond stress signaling, contributing to the

coordinated regulation of water transport and redox homeostasis in citrus plants.

Keywords: Water transport; oxidative stress; PIP1; PIP2.1; water deficit.



1. Introduction

‘Rangpur’ lime is recognized as a drought-tolerant citrus rootstock, exhibiting
physiological mechanisms that contribute to the maintenance of shoot hydration under
low soil water availability. Previous studies have shown that plants grafted onto this
rootstock are able to sustain root growth and high root hydraulic conductivity, thereby
promoting stomatal opening and gas exchange even under water deficit conditions
(Medina & Machado, 1998; Medina et al., 1998; Pedroso et al., 2014). In addition,
drought tolerance in ‘Rangpur’ lime has been associated with enhanced internal water
redistribution, ABA-mediated chemical signaling, and the formation of thicker pit
membranes in xylem, which confer greater embolism resistance compared with other
rootstocks (Miranda et al., 2024).

Recent evidence indicates that, in addition to abscisic acid (ABA), nitric oxide (NO)
plays a relevant role in the drought tolerance of ‘Rangpur’ lime. We demonstrated that
‘Rangpur’ lime exhibits higher NO production in roots and superior root growth
compared with ‘Swingle’ citrumelo under low water availability (Silveira et al., 2024).
Notably, the role of NO extends beyond the modulation of root biomass accumulation, as
it also influences root morphology. Elevated NO levels are associated with significant
increases in root length and root surface area (Silveira et al., 2024). In addition, NO acts
as a signaling molecule that mitigates oxidative damage in plants subjected to water
deficit by promoting superoxide anion scavenging and enhancing the activity of
antioxidant enzymes such as superoxide dismutase and catalase (Silveira et al., 2017b).

Nitric oxide (NO) production in plants remains not fully understood, in contrast to
mammals, where it is well characterized. In plants, the main known pathway involves the
activity of nitrate reductase (NR), in addition to NO production from nitrite via the
mitochondrial electron transport chain (Kumari et al., 2023) and through non-enzymatic
routes (Kolbert et al., 2019). There is also evidence for oxidative pathways similar to
those described in mammals, with the detection of “nitric oxide synthase (NOS)-like”
activity in peroxisomes and chloroplasts. However, no homologs of NOS genes have been
identified in plants (Jeandroz et al., 2016), suggesting the existence of structurally distinct
and yet unidentified enzymes. Furthermore, polyamines have been proposed as potential
sources of NO, although conclusive evidence supporting this mechanism is still lacking
(Corpas and Barroso, 2017). Supporting the role of NO in the root system under drought,

gene expression analyses in roots of ‘Rangpur’ lime seedlings revealed approximately 40
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differentially expressed genes, including genes classically associated with plant responses
to water stress, such as aquaporins (Boscariol-Camargo et al., 2007). In this context, root
hydraulic conductivity is strongly influenced by the abundance and activity of aquaporins,
particularly plasma membrane intrinsic proteins (PIPs), which play a fundamental role in
cell-to-cell water transport (Javot & Maurel, 2002; Maurel et al., 2015). Although some
studies suggest that NO may modulate the expression of aquaporin-encoding genes (Liu
et al., 2007; Di Pietro et al., 2013), the available evidence remains limited and, in some
cases, contradictory, especially under water deficit conditions. For instance, exogenous
NO has been shown to induce aquaporin gene transcription during rice seed germination
(Liu et al., 2007), whereas proteomic analyses in Arabidopsis indicate that NO rapidly
inhibits root hydraulic conductance by reducing root water transport (Di Pietro et al.,
2013). Therefore, although NO appears to play a role in aquaporin regulation, its
involvement in PIP expression under water deficit conditions remains uncertain.

In studies investigating NO-mediated processes, the NO scavenger cPTIO is
commonly employed to specifically inhibit endogenous NO activity, enabling the
assessment of its contribution to diverse physiological responses. Thus, cPTIO represents
a valuable tool for elucidating NO-dependent mechanisms in plants under different
experimental conditions. In this context, the aim of this study was to evaluate the role of
endogenous NO in drought tolerance in ‘Rangpur’ lime plants, with emphasis on its
contribution to the maintenance of shoot water status and the modulation of aquaporin
expression in leaves and roots. We hypothesized that NO modulates aquaporin
expression, thereby contributing to the maintenance of shoot water status and mitigating
oxidative damage through the regulation of the antioxidant system.

2. Material and methods
2.1  Plant material and experimental conditions

Valencia sweet orange plants (Citrus sinensis (L.) Osbeck) grafted onto ‘Rangpur’
lime (Citrus limonia Osbeck) rootstock were used in this study. The plants were
approximately 10 months old at the beginning of the experiment. ‘Rangpur’ lime is a

species generally used as rootstock because of its superior agronomic performance under
water deficit (Cimen and Yesiloglu, 2016; Ribeiro et al., 2014).
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Prior to the treatments, the plants were carefully washed with deionized water to
remove adhered substrate and subsequently transferred to nutrient solution. Plants were
grown in plastic boxes (22L), containing a nutrient solution following the Hoagland and
Arnon (1950), The pH of nutrient solution was kept between 5.5 and 6.0 and its electrical
conductivity between 1.8 and 2.0 mS cm™! by daily monitoring. The solution volume was
constantly monitored and aeration was performed with an air compressor.

Plants were maintained under greenhouse conditions throughout the experimental
period, where mean air temperature and relative humidity varied between 27 °C and 36
°C and 57%, respectively. The plants were acclimated for a period of six days, until the

emergence of new sprouts. After this period, only three shoots were maintained per plant.

2.2  Imposition of treatments: water deficit and application of the NO scavenger

After the acclimation period, the experimental treatments were initiated as follows:
(a) control, nutrient solution with an osmotic potential of —0.15 MPa; (b) control with
foliar application of cPTIO (100 uM) (Pissolato et al., 2020); (c) water deficit (WD),
nutrient solution adjusted to an osmotic potential of -0.4 MPa; and (d) WD with cPTIO
(100 pM). The osmotic potential of -0.4 MPa was selected based on previous studies with
citrus plants, which reported a significant reduction in accumulated dry mass under this
condition (Girardi et al., 2018). To minimize osmotic shock, the reduction in osmotic
potential was applied progressively, reaching -0.25 MPa on the first day, -0.3 MPa on the
second day, and -0.4 MPa on the third day, corresponding to the target level for water
deficit treatment.

For treatments (b) and (d) were provided a NO scavenger, 2-(4-carboxyphenyl)-
4,4,5,5-tetramethylimidazolinel-oxyl-3-oxide (cPTIO). cPTIO is a stable organic radical
developed by Akaike and Maeda (1996), which has been widely used as a control as it
oxidizes the NO molecule to form NO>. For the application of cPTIO, the plants were
transferred and the roots placed in a humid box, where they were sprayed 50 ml with
cPTIO the root system of each plant, and it remained in the dark for 1 hour. After the
treatment, the plants were returned to the boxes with their respective solutions. (Pissolato
et al., 2020). This procedure was carried out for four consecutive days from the moment
the water deficit (-0.4 MPa) was established.

One day after the last cPTIO application, leaf and root samples were collected and

immediately immersed in liquid nitrogen and stored at -80 °C for analysis of relative
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expression of aquaporins, ROS and antioxidant enzyme activities. At the end of the
experiment (8" day), measurements of gas exchange, leaf water potential, chlorophyll
content, and biometry were performed (Fig. 1).

DAYS 1t0 6 DAY 7 DAYS 8to 10 DAYS 11to 14 DAY 15
o e - o >
i i i i i
i N\ 2\ =N N\
Start of experimental Addition of PEG-8000 After establishing water deficit One day after the last cPTIO
treatments: to the nutrient solution (-0.4 MPa), cPTIO application application:
© contro (100 M) to treatments (b) and (d). ’
ontrol:
0,15 MPa Procedure performed for

3 consecutive days to « Leaf and root collection

; avoid osmotic shock. « Samples immediately immersed in
e c;:gn;acpm. 5 o . ~ liquid nitrogen and stored at -80 °C
i i ( 7 £\ Analyses and evaluations:
Plant acclimation (] WOD4 o e @ - Relative expression of aquaporins
-0, a antas  Rootsystem Keptinthe Return o O ; ;
 www transferidas sprayed with  darkfor  plants to ~ Rea.c?lve oxyg.en .spemes (R0S)
WD + cPTIO: paracaixa 50mLof  for1hour boxes with 2 * Activity of antioxidant enzymes
o +cPTIO: imida  cPTIO per their + Gas exchange

I 4
= lant respective .
0,4 MPa P soﬂ:tions @ + Leaf water potential
“f + Chlorophyll content
y « Plant biometry
J | 7 NG =4

Figure 1. Simplified schematic diagram illustrating the experimental design, including
the imposition of water deficit using polyethylene glycol (PEG), cPTIO application, and
sampling procedures. Abbreviations: WD, water deficit; PEG, polyethylene glycol;
cPTIO, nitric oxide (NO) scavenger. Source: Gemini artificial intelligence (Google,
2026).

2.3 Leaf water potential and biometry

Leaf water potential (Ww) was measured between 10:00 and 12:00 h in fully
expanded leaves using a pressure chamber (Model 3005F01 Plant Water Status Console;
Soil Moisture Equipment Corp., Santa Barbara, CA, USA). At the end of experiment,
leaves and roots were harvested, and the dry matter quantified after drying samples in an
oven (60°C) with forced-air circulation until constant weight. The leaf area of each plant
was evaluated with a portable leaf area meter (L1-3100C, Li-Cor Inc., Lincoln NE, USA),

following the manufacturer’s instructions.

2.4 Analysis of aquaporin gene expression by quantitative real-time PCR (RT-
gPCR)
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Total RNA from leaves and roots was isolated using QIAzol® reagent, following
the manufacturer's instructions. The quality and integrity of the isolated RNA were
assessed on a 1% agarose gel and quantified using NANOdrop (Thermo Scientific™,
2000/2000c, Wilmington, USA). Contaminating DNA was treated with DNase |
(Promega Corporation, USA). After quantification and cDNA synthesis (Promega
Corporation kit, USA), gene expression was analyzed by quantitative real-time PCR (RT-
gPCR) using an Applied Biosystems 7500 Real-Time PCR system (Thermo Fisher
Scientific, Waltham, MA, USA) and a Master Mix GoTaq detection system (Promega
Corporation, USA). Each run consisted of three biological replicates per treatment with
three technical replicates in each. GAPC2 was used as a reference gene in root analysis
and EF-1a was used in leaf samples, following Mafra et al. (2012).

The expression of PIP1, PIP2.1 and PIP2.5 genes in roots and leaves were
evaluated by relative quantification based on the 2-AACt method (Livak and Schmittgen,
2001).

2.5 Leaf gas exchange, photochemistry and chlorophyll content

The CO> assimilation (A) and stomatal conductance (gs) were measured using an
infrared gas analyzer (LI-6400, LI-COR Inc., Lincoln, NE, EUA). Measurements were
performed between 10:00 and 12:30 h under photosynthetically active radiation of 1000
umol m™ s™!, ambient temperature and non-atmospheric CO: concentration of 400 umol
mol™!. The instantaneous carboxylation efficiency (k = A/Ci) was calculated according to
Machado et al. (2009). Chlorophyll fluorescence was evaluated simultaneously to leaf
gas exchange and the effective quantum efficiency of photosystem Il (®psi) was
estimated by the saturation pulse method (Edwards and Baker, 1993). For the estimation
of chlorophyll content, a portable chlorophyll meter (CFL 2060, Falker, Porto Alegre,
RS, Brazil) was used to evaluate chlorophyll a and b contents, and the relative content of

total chlorophyll was calculated as chlorophyll a + b.

2.6 Hydrogen peroxide and lipid peroxidation

Frozen leaves and roots (0.2 g) were homogenized in 0.1% (w/v) trichloroacetic
acid and centrifuged at 13,000 x g at 4°C for 20 min. Then, H2O. was quantified as
described by Velikova et al. (2000). Aliquots of 300 pl of supernatant were added to the
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reaction medium containing 10 mM phosphate buffer (pH 7.0) and 1 M potassium iodide.
The samples were incubated at 30°C for 30 min and the absorbances were determined at
390 nm. H20. concentration was estimated based on a calibration curve. Another
supernatant aliquot (300 ul) was also incubated in a reaction medium containing 0.5%
thiobarbituric acid (w/v) and 10% (w/v) trichloroacetic acid at 90°C. After 20 min, the
reaction was stopped in an ice bath for 10 min, absorbance readings were taken at 535
and 600 nm and malondialdehyde (MDA) concentration was calculated as described by
Cakmak and Horst (1991). The MDA concentration was used as a proxy of lipid

peroxidation.

2.7 Antioxidant activity

Leaves and roots (0.2 g) were homogenized in a 100 mM phosphate buffer (pH 7.8)
containing 100 pM EDTA, 10 mM ascorbic acid, and 10% (w/w)
polyvinylpolypyrrolidone. The extracts were centrifuged at 12,000 x g for 30 min at 4°C,
and the resulting supernatants were used as the crude enzymatic extract. Protein content
was quantified using the Bradford method (Bradford 1976), with bovine serum albumin
(BSA) as the standard.

The activity of superoxide dismutase (SOD; EC 1.15.1.1) was determined by
monitoring the inhibition of nitroblue tetrazolium photoreduction at 560 nm
(Giannopolitis and Ries 1977). The SOD reaction medium consisted of 50 mM phosphate
buffer (pH 7.8), 14 mM methionine, 0.1 uM EDTA, 75 uM nitroblue tetrazolium, and 2.0
uM riboflavin (Giannopolitis and Ries 1977).

Ascorbate peroxidase (APX; EC 1.11.1.11) activity was measured by following
ascorbate oxidation in a reaction mixture containing 50 mM phosphate buffer (pH 7.0),
0.5 mM ascorbic acid, and 0.1 mM H202. The decrease in absorbance at 290 nm was
monitored, and enzyme activity was calculated using the molar extinction coefficient of
ascorbate of 2.8 mM ' cm ! and expressed as pmol min ** mg * of protein (Nakano and
Asada 1981).

Catalase (CAT; EC 1.11.1.6) activity was evaluated by incubating the enzymatic
extracts in a reaction mixture containing 200 mM phosphate buffer (pH 7.0) and 12.5 mM
H>0>. The decrease in absorbance at 240 nm was monitored, and enzyme activity was
calculated according to the molar extinction coefficient of H02 (36 mM * ¢cm 1) and

expressed as pmol min "t mg ** of protein (Azevedo et al. 1998).
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2.8 Data analysis

Data were analyzed using Bayesian statistics (JASP software, https://jaspstats.org/).
When significant differences were detected, the mean values were compared using Bayes
Factor (BF10): 1 < BF10 < 3, there is a weak support for the alternative hypothesis (H1); 3
< BF10 < 20 indicates positive support for H1; and BF1o > 20 indicates strong support to
H1 (Miranda et al., 2021). The results presented are the mean + standard error and the

number of replicates is stated in each figure caption.

3. Results

3.1 Leaf water potential, plant biomass and leaf gas exchange

Leaf water potential decreased in plants subjected to water deficit compared with
well-hydrated treatments (control and control + cPTIO). The addition of the NO
scavenger cPTIO resulted in distinct effects depending on water availability. Under well-
hydrated conditions, cPTIO application reduced leaf water potential compared with
control plants. In contrast, under water deficit, cPTIO application resulted in a higher leaf
hydration (Fig. 2A). Regarding leaf and root dry mass, the removal of endogenous NO
through cPTIO application led to a reduction in leaf dry mass under both water conditions
(Fig. 2B). In contrast, no significant differences in root dry mass were observed among
treatments, regardless of water availability (Fig. 2C).

Photosynthetic rate (A), as well as diffusive (gs), photochemical (®psn), and
biochemical (k) parameters, were not affected by either water availability or cPTIO
application. Similarly, leaf area and total chlorophyll content did not differ among

treatments (Fig. 3).
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Figure 2. Leaf water potential (yw, in A), shoot (SDM, in B) and root dry mass (RDM,
in C) of Valencia orange scions grafted on ‘Rangpur’ lime, under well-hydrated
conditions (control), control + cPTIO, water deficit (WD) and WD + cPTIO.
Measurements were taken at the end of the experiment (14" day). Data represent the mean
values of three replicates + standard error. Letters indicate statistical difference (BF1o >
3) between treatments.
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3.2 Aquaporin expression

In leaves, the addition of the NO scavenger cPTIO resulted in higher expression of
PIP2.1 compared with the WD treatment, whereas PIP1 and PIP2.5 expression did not
differ with cPTIO application (Fig. 4A). In roots, cPTIO application resulted in lower
expression of PIP1 compared with the WD treatment, while PIP2.1 and PIP2.5 expression

were not affected by cPTIO application (Fig. 4B).
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Figure 4. Relative expression of the aquaporin genes PIP1, PIP2.1 and PIP2.5 in leaves
and roots of Valencia orange scions grafted on ‘Rangpur’ lime, under water deficit (WD)
and WD + cPTIO. Gene expression was quantified by RT-gPCR and normalized by the
2-AACt method and by control treatment. The data represent the mean values of three
replicates * standard error. Letters indicate statistical difference (BFio > 3) between
treatments.

3.3 Oxidative damage and antioxidant metabolism

In leaves, the addition of the NO scavenger cPTIO increased MDA concentration
in well-watered plants, whereas under water deficit, MDA levels were higher compared
with the control, regardless of cPTIO application (Fig. 5A). In roots, MDA concentration
was higher under water deficit compared with the control, however, with no differences
associated with cPTIO application within each water condition (Fig. 5B). Regarding H-0:
concentration, no differences were observed among treatments in both leaves and roots,

regardless of water condition or cPTIO application (Fig. 5C, D).
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Figure 5. Concentration of malondialdehyde (MDA, in A and B) and hydrogen peroxide
(H202, in C and D) in leaves (A, C) and roots (B, D) of Valencia orange scions grafted
on ‘Rangpur’ lime, under well-hydrated conditions (control), control + cPTIO, water
deficit (WD) and WD + cPTIO. The data represent the mean values of three replicates +

standard error. Letters indicate statistical difference (BF1o > 3) between treatments.

Regarding antioxidant metabolism, root CAT activity was reduced in plants treated

with the NO scavenger cPTIO under both well-watered and water deficit conditions (Fig.

6B). There were no differences observed among treatments in leaf CAT activity and in

APX and SOD activities in either leaves or roots, regardless of water availability or cPTIO

application (Fig. 6A, C—F).
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Figure 6. Activity of catalase (CAT, in A and B), ascorbate peroxidase (APX, in C and
D) and superoxide dismutase (SOD, in E and F) in leaves (A, C, E) and roots (B, D, F) of
Valencia orange scions grafted on ‘Rangpur’ lime, under well-hydrated conditions
(control), control + cPTIO, water deficit (WD) and WD+ cPTIO. The data represent the
mean values of three replicates * standard error. Letters indicate statistical difference
(BF10 > 3) between treatments.
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Figure 3. Foliar CO. assimilation (A, in A), stomatal conductance (gs, in B), effective
quantum efficiency of photosystem II (¢psii, in C), instantaneous carboxylation efficiency
(k, in D), Leaf area (LA, in E) and total chlorophyll (relative units, in F) of Valencia
orange scions grafted on ‘Rangpur’ lime, under well-hydrated conditions (control),
control + cPTIO, water deficit (WD) and WD + cPTIO. The data represent the mean
values of three replicates + standard error. Letters indicate statistical difference (BFio >
3) between treatments.
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4. Discussion

4.1 Nitric oxide modulates aquaporin expression in leaves and roots in a different manner

Our results indicate that endogenous NO modulates aquaporin expression in an
organ-specific manner. Under drought, the removal of endogenous NO by cPTIO
application increased PIP2.1 expression in leaves, which likely enhanced membrane
water permeability and contributed to the higher leaf hydration (Figs. 2A and 3A) This
response suggests that, in leaves, NO may act as a negative regulator of aquaporin
expression. In contrast, in roots, cPTIO treatment reduced PIP1 expression under water
deficit, indicating that endogenous NO is required to sustain the expression of specific
aquaporins involved in root water uptake and radial water transport under water deficit
condition.

In fact, several studies have demonstrated that the overexpression of the aquaporin
gene PIP1 is beneficial for plants under stress conditions (Ayadi et al., 2014; Hu et al.,
2012). For example, enhanced PIP1 expression increased salt stress tolerance in Triticum
turgidum, resulting in improved plant growth, higher relative water content, and reduced
membrane damage under saline conditions. Moreover, transgenic plants exhibited lower
levels of lipid peroxidation, indicating reduced oxidative stress (Hu et al., 2012).
Additionally, Miranda et al. (2022) suggested that the ‘Rangpur’ lime rootstock exhibits
a rapid drought-response mechanism characterized by stomatal closure associated with
the downregulation of PIP2.1 and PIP2.5 in leaves, which partially supports our findings,
as we also detected reduced PIP2.1 expression under water deficit conditions (Fig. 4A).

In this context, NO appears to act as an important signaling molecule, coordinating
hydraulic adjustments through the modulation of aguaporin gene expression. In addition,
we observed a reduction in leaf water potential under well-watered conditions following
the use of the NO scavenger cPTIO (Fig. 2A), indicating that endogenous NO plays a
constitutive role in maintaining hydraulic homeostasis. These findings suggest that NO
fine-tunes basal water transport processes even in the absence of environmental stress.
Although no significant differences in gas exchange were detected among treatments in
this study (Fig. S1), previous studies have shown that NO can promote stomatal closure
in coordination with ABA signaling (Desikan et al., 2004; Bright et al., 2006), which may
explain the higher leaf water status observed in plants with endogenous NO under well-

watered conditions.
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In contrast, under drought conditions, NO was associated with lower leaf water
potential (Fig. 2A). Indeed, studies have demonstrated that exogenous NO can partially
maintain stomatal opening and CO: assimilation under restrictive conditions (Silveira et
al., 2016, 2017a, 2021a,b), which may this reduced leaf water potential observed under
water deficit. The role of NO in stomatal regulation is highly context-dependent and
modulated by its interaction with other signaling molecules, likely explaining its
contrasting effects on plant water status under different water regimes.

In addition, NO removal through cPTIO application reduced leaf dry mass under
both water conditions (Fig. 2B). Although no significant changes in leaf area were
detected (Fig. S1E), NO may influence leaf structural traits, such as mesophyll thickness,
thereby affecting leaf density (Zheng et al., 2021). Indeed, exogenous NO application
under aluminum stress increased mesophyll thickness and altered palisade and spongy
tissue organization in watermelon leaves, suggesting a direct effect on foliar structural
traits (Zheng et al., 2021). These structural adjustments may have important implications
for leaf mechanical stability and functional longevity. In perennial crops such as citrus,
this type of regulation is particularly relevant, as the maintenance of leaf structural
integrity throughout prolonged growth cycles depends on a fine balance between redox
signaling, metabolism, and cell wall remodeling. In this context, the results obtained in
the present study reinforce the importance of NO not only in stress responses but also in

preserving leaf functionality and structural stability during plant development.

4.2 Endogenous nitric oxide as a key regulator of redox homeostasis

Our results showed an increase in malondialdehyde (MDA) concentration in the
leaves of well-watered plants following NO removal by cPTIO, reaching levels
comparable to those observed under water deficit conditions (Fig. 5A). This result
indicates that NO contributes to the maintenance of membrane integrity under non-stress
conditions by preventing lipid peroxidation even when water availability is not limiting.
These results reinforce the dual role of NO. In addition to acting as a stress-induced
signaling molecule, NO appears to function as a constitutive regulator of basal redox
homeostasis. Thus, the removal of endogenous NO under adequate irrigation (control +
cPTIO) led to increased lipid peroxidation, indicating that NO plays a constitutive role in
fine-tuning redox balance and preserving membrane stability even under non-stress

conditions.
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Mata-Pérez et al. (2023) highlighted that NO acts as a key regulator of membrane
stability by protecting lipids from oxidative damage, interacting with free radicals and
limiting the propagation of lipid peroxidation, thereby preserving membrane integrity. In
agreement, Khan et al. (2023) demonstrated that NO exerts a basal protective role against
oxidative stress even under non-stress conditions. As normal cellular metabolism
continuously generates reactive oxygen species, NO functions as an essential modulator
of redox homeostasis, preventing the gradual accumulation of oxidative damage
throughout plant development.

In contrast, under water deficit conditions, leaf MDA concentration was elevated
regardless of cPTIO application, suggesting that drought-induced oxidative damage may
override the protective effects of endogenous NO (Fig. 5A). However, exogenous NO
supply has been reported as a factor that increases tolerance to oxidative stress, for
example, exogenous NO application has been shown to mitigate oxidative stress and
increase antioxidant defenses in perennial crops such as sugarcane. In sugarcane plants
subjected to water deficit, foliar application of the NO donor, S-nitrosoglutathione
(GSNO), increased antioxidant enzyme activities and prevented oxidative damage,
leading to improved physiological performance under stress conditions (Silveira et al.,
2017a). The reduction in root CAT activity following the removal of endogenous NO by
cPTIO under both well-watered and water deficit conditions suggests that NO positively
regulates CAT activity in roots, independently of plant water status (Fig. 6B). However,
this modulation was not accompanied by changes in H.O. accumulation (Fig. 5C, D),
indicating that CAT downregulation alone was not sufficient to alter H-0: levels.

There is evidence that some polyamines (PAs) can modulate NO biosynthesis, as
the exogenous supply of spermidine and spermine induces a rapid increase in NO
production in root tips and young leaves of Arabidopsis (Wimalasekera et al., 2011). In
citrus plants, polyamines were shown to induce protein S-nitrosation, a key NO-mediated
post-translational modification. S-nitrosation modulates protein activity, stability, and
subcellular localization and is recognized as a central mechanism in redox regulation. In
this context, Tanou et al. (2014) demonstrated the S-nitrosation of catalase, which was
accompanied by enhanced enzymatic activity. Together, these findings support that PAs
may influence redox homeostasis through NO-dependent mechanisms, reinforcing the
role of NO as a fine-tuning regulator of antioxidant defenses.
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5. Conclusion

In conclusion, our findings demonstrate that NO acts as an important integrator of
hydraulic and redox processes in citrus. NO regulated aquaporins in an organ-specific
manner, acting as a negative regulator of PIP2.1 in leaves under drought while promoting
PIP1 expression in roots to support water uptake. In addition, NO exerted a dual effect on
shoot hydration, under well-watered conditions, endogenous NO contributed to higher
leaf water status, whereas under water deficit it was associated with reduced leaf
hydration. Furthermore, NO contributed to membrane integrity by limiting lipid
peroxidation even under non-stress conditions, reinforcing its role in maintaining basal
redox balance. Together, these findings highlight that the action of NO is not restricted to
stress responses but also participates in the constitutive homeostasis of citrus plants,

coordinating water transport and oxidative stress (Fig. S1).
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Figure S1. Schematic representation of the main responses in leaves and roots of

“Valencia’ sweet orange scions grafted onto ‘Rangpur’ lime under water deficit (WD)
and WD combined with cPTIO (WD + cPTIO).
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CONSIDERACOES FINAIS

O déficit hidrico afeta negativamente a produtividade da citricultura, especialmente
em um cenario de crescente variabilidade climatica. Compreender 0s mecanismos
fisiologicos e moleculares que sustentam a manutencgéo do status hidrico e da integridade
estrutural das plantas é essencial para avancar no entendimento da tolerancia a seca em
espécies perenes.

Os resultados deste estudo demonstram que o NO atua como um importante
integrador dos processos hidraulicos e redox em citros, modulando a expressdo de
aquaporinas de maneira 6rgao-especifica e influenciando o estado hidrico da parte aérea.
Além disso, o NO contribuiu para a manutencdo da integridade de membranas e do
equilibrio redox basal, evidenciando que sua atuacdo ndo se restringe as condi¢des de
estresse, mas também participa da homeostase constitutiva da planta.

Entretanto, investigar a sinalizacdo por NO envolve desafios consideraveis. Trata-
se de uma molécula altamente reativa, de curta meia-vida, capaz de interagir com
multiplos alvos celulares, incluindo espécies reativas de oxigénio, horménios como o
ABA e outros sinalizadores. Essa natureza dindmica e contexto-dependente pode resultar
em respostas contrastantes, como observado neste estudo, no qual o efeito do NO sobre
o status hidrico variou de acordo com o regime de irrigacdo. Dessa forma, este estudo
contribui para uma compreensao mais integrada da coordenacéo entre transporte de agua
e sinalizacdo redox em citros, reforcando a importancia de abordagens fisiologicas e

moleculares integrativas para elucidar a complexidade da sinalizacdo vegetal.
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APENDICE

Figura 1. Viséo geral do experimento. Plantas de laranja Valéncia enxertadas em
limoeiro ‘Cravo’, em condic¢des de boa hidratacdo (controle), controle + cPTIO, déficit
hidrico (DH) e DH + cPTIO.

Figura 2. Adicdo de PEG a solucdo nutritiva para inducdo do déficit hidrico (em A) e
aplicacdo do sequestrador de NO (cPTIO) nas raizes do porta-enxerto limoeiro ‘Cravo’
em plantas de laranja ‘Valéncia’ (em B).
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