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RESUMO

Os citros sao uma importante commodity com 77% da producdo brasileira concentrando-se no
estado de Sao Paulo, regido de clima subtropical com estagdes de outono-inverno com baixa
disponibilidade hidrica no solo. Com isso, ¢ importante entender como as plantas citricas lidam
com o déficit hidrico, bem como identificar quais as caracteristicas que induzem a tolerancia a
seca. Na propagacdo comercial de plantas citricas, a enxertia € uma técnica importante que
combina caracteristicas desejaveis de porta-enxerto e copa. O objetivo deste trabalho foi
entender as relagdes hidricas das plantas citricas e identificar as caracteristicas hidraulicas
associadas a tolerancia a seca e a vulnerabilidade ao embolismo. Também visamos entender as
relagdes hidricas existentes entre porta-enxertos € copas, bem como 0s mecanismos que
contribuem para a tolerancia a seca do porta-enxerto de limao ‘Cravo’. Nos capitulos 1 e 2,
plantas ndo enxertadas de limdo ‘Cravo’, citrumelo ‘Swingle’ e laranja ‘Valéncia’ foram
submetidas a seca. Nesses estudos, o limao ‘Cravo’ sustentou uma estratégia mais conservadora
para lidar com a seca, acumulando acido abscisico ¢ modulando a expressdo de aquaporinas,
mostrando uma regulacdo estomadtica eficaz para minimizar a perda de dgua. No capitulo 3
descrevemos a presenca de agua em vasos abertos afetando as curvas de vulnerabilidade ao
embolismo em algumas espécies, incluindo Citrus. Por fim, no capitulo 4 entendemos como os
porta-enxertos afetam o sistema hidraulico da copa, alterando a espessura da membrana de
pontoacdo e também a vulnerabilidade ao embolismo da parte aérea. Entre todos os porta-
enxertos, as plantas enxertadas em limoeiro ‘Cravo’ apresentaram uma membrana de pontoagao
mais espessa € maior resisténcia a embolia. No geral, nosso estudo demonstrou que as plantas
citricas adotam uma abordagem conservadora ao lidar com a escassez de agua, fechando seus
estomatos em resposta a reducdo da disponibilidade de agua, evitando perdas de 4gua e
potenciais hidricos danosos. Além disso, nossas descobertas revelaram aspectos adicionais do

complexo mecanismo relacionado a tolerincia a seca do limao ‘Cravo’ como porta-enxerto.

Palavras-chave: Déficit hidrico; enxertia; porta-enxerto; limdo ‘Cravo’; membrana de
9 b 9 9

pontoacao
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ABSTRACT

Citrus is an important commodity and 77% of the Brazilian production concentrates in Sao
Paulo state, a subtropical area with an autumn-winter season presenting low soil water
availability. Hence, it is important to understand how Citrus plants deal with water deficit as
well as identify the characteristics inducing drought tolerance. In the commercial production of
Citrus plants, grafting is an important technique that combines desirable rootstock and scion
traits. Here, our aim was to understand the water relations of Citrus plants by characterizing the
hydraulic traits associated with drought tolerance and vulnerability to embolism. We also aimed
to recognize the water relations that exist between rootstocks and scions, as well as the
mechanisms that contribute to the drought tolerance of the 'Rangpur' lime rootstock. In chapters
1 and 2, we submitted ungrafted plants of ‘Rangpur’ lime, ‘Swingle’ citrumelo and ‘Valencia’
orange to drought. In those studies, ‘Rangpur’ lime sustained a more conservative strategy to
deal with drought by accumulating abscisic acid and modulating aquaporin expression, showing
an effective stomatal regulation to minimize water loss. In chapter 3 we described the presence
of water in cut-open vessels affecting the vulnerability to embolism curves in some species,
including Citrus. Last, in chapter 4 we understood how rootstocks affect the hydraulic system
of the scion by changing pit membrane thickness and also the vulnerability to embolism of the
shoot. Among all rootstocks, plants grafted on ‘Rangpur’ lime showed a thicker pit membrane
and high embolism resistance. Overall, our study demonstrated that Citrus plants adopt a
conservative approach when dealing with water shortage by closing their stomata in response
to reduced water availability, avoiding water loss and low water potential. In addition, our
findings have uncovered additional aspects of the complex mechanism underlying the drought

tolerance of the 'Rangpur' lime as a rootstock.

Keywords: Water deficit; grafting; rootstocks; ‘Rangpur’ lime; pit membrane



GENERAL INTRODUCTION

Citrus are perennial trees cultivated since remote times, they are believed to be native
to tropical and subtropical regions of South East Asia (Carr, 2012). Most of the production now
is in subtropical regions, representing an important world commodity that is cultivated with
irrigation or in rainfed areas. Brazil is the largest producer of oranges in the world (FAO, 2021)
and about 77% of the production concentrates in Sdo Paulo state (IBGE, 2021), an area of
subtropical climate with an autumn-winter season presenting low soil water availability and
moderated low temperatures and a spring-summer season with abundant rainfall and high
temperatures (Ribeiro and Machado, 2007).

Grafting is an important technique used in the commercial production of Citrus to
combine the desirable traits of rootstock and scion. The scion is the upper portion of the plant
selected according to fruit quality and yield, while the rootstock is the lower portion that anchors
the plant and absorbs water and nutrients from the soil (Cohen and Naor, 2002). By selecting a
suitable rootstock, grafting can manipulate scion architecture and response to biotic and abiotic
stresses (Albacete et al., 2015). To minimize the negative impact of environmental stresses, a
suitable scion/rootstock combination must be selected for each growing condition (Ribeiro et
al., 2014) since the use of stress-tolerant rootstocks is a significant tool for facing drought stress
effects in plants (Sousa et al., 2022). Under water deficit conditions, interactions between
rootstocks and scions may intensify (Donato et al., 2007) as rootstocks and scions have different
tolerance to drought (Ribeiro et al., 2014).

Until the mid-1930s, the dominant rootstock in Brazilian citriculture was the ‘Sour’
orange (Citrus aurantium L). However, after a major outbreak of Citrus Tristeza Virus (CTV)
hit the orchards on this rootstock, other rootstocks began to be used, including ‘Rangpur’ lime
(C. limonia Osbeck) (Bové and Ayres, 2007). ‘Rangpur’ lime, also known as ‘Mandarin’ lime,
became dominant in citrus orchards in Sdo Paulo state due to its tolerance to CTV and superior
agronomic performance in rainfed areas (Cimen and Yesiloglu, 2016). A complex mechanism
is associated with the drought tolerance induced by ‘Rangpur’ lime, based on the ability to
enhance root growth under water deficit (Pedroso et al., 2014; Silva et al., 2021), upregulation
of transcription of genes related to proline, aquaporins and dehydrins (Boscariol-Camargo et
al., 2007) and root osmotic adjustment combined with the ability to redistribute water internally
when facing water deficit (Miranda et al., 2018, 2021). Although it continues to be the most

widely used rootstock in Brazilian citriculture, there are risks associated with the predominant



use of a single rootstock. For instance, Citrus Sudden Death has caused the loss of thousands
of trees grafted on ‘Rangpur’ lime since 1999 (Bové and Ayres, 2007).

‘Swingle’ citrumelo [Citrus paradisi Mact x Poncirus trifoliata (L.) Raf.] is an
alternative rootstock well used in Brazil due to its tolerance to Citrus Sudden Death (Pompeu
Junior and Blumer, 2008), and moderate tolerance to drought and frost while maintaining
reasonable yield with high-quality oranges (Castle, 2010). Other promising rootstocks are
mandarin selections and the citrandarins. Mandarin selections like ‘Sunki’ mandarin are tolerant
to several soil diseases and print a good fruit quality in the scions grafted onto it (Sousa et al.,
2022). The citrandarins are hybrids that combine advantageous characteristics of mandarins and
Poncirus trifoliata, such as tolerance to several diseases and the ability to form compact plants
with high fruit quality (Lima et al., 2018). There is limited research available on the mechanisms
underlying drought tolerance in citrandarins, as their use as rootstocks in citriculture is
relatively new.

Understanding the physiological responses of Citrus to the surrounding environment is
essential to increase fruit production. Since drought is a major environmental stress that affects
plant growth and productivity, drought-tolerant plant varieties are very important to improve
crop productivity in rainfed areas where dry seasons are common (Martinez et al., 2007). Under
soil drying conditions, roots can send hydraulic and chemical signals to shoots for reducing
water loss (Gregory et al., 2013). One of the primary responses of plants to drought stress is
closing stomata to prevent excessive water loss by transpiration, which ultimately affects
photosynthesis, and water use efficiency.

Stomatal closure can also be considered a physiological strategy to avoid excessive
negative pressure inside xylem, which can damage the water transport system (Creek et al.,
2019; Hochberg et al., 2017). Under drought stress, reductions in water potential can lead to air
bubbles entering xylem, a phenomenon known as embolism (Brodersen et al., 2019; Guan et
al., 2022). Embolism formation is dependent on the intensity of the negative pressure in the
xylem and the anatomical characteristics and sap composition of xylem vessels, however, the
mechanisms underlying this phenomenon are still poorly understood (Schenk et al., 2015).
Embolism causes decreases in hydraulic conductivity, transpiration rates and maximum
photosynthesis (Martin-StPaul et al., 2017), and may contribute to the mortality of leaves and
branches (Brodribb and Cochard, 2009; Cardoso et al., 2020; Nolan et al., 2021). In fact,
vulnerability to embolism is considered the main cause of tree mortality across the globe
(Anderegg et al., 2016). Resistance to embolism can be estimated through vulnerability curves,

1.e., the relation between water tension in the xylem (i.e. water potential) and embolism



formation (Pereira et al., 2020). From vulnerability curves, we can obtain the ¥so, the water
potential inducing 50% of embolism which is an important trait used to compare species’
vulnerability to embolism (Choat et al., 2012).

This thesis aimed to understand the drought responses of Citrus plants as well as to
characterize hydraulic traits associated with drought tolerance and vulnerability to embolism.
We also studied the water relations between rootstocks and scion, and the mechanisms related
to the drought tolerance of ‘Rangpur’ lime rootstock. In the first chapter entitled “Water stress
signaling and hydraulic traits in three congeneric citrus species under water deficit” we
investigated the chemical signaling through abscisic acid and the anatomical, hydraulic, and
physiological traits in ungrafted saplings of ‘Rangpur’ lime, ‘Swingle’ citrumelo and ‘Valencia’
orange. The second chapter “Leaf PIP2.1 and PIP2.5 are down-regulated in ‘Mandarin’ lime
under drought” addressed changes in aquaporin expression of the same ungrafted saplings of
the first chapter, but here ‘Rangpur’ lime was called as ‘Mandarin’ lime due to a reviewer
request. When performing vulnerability curves using the pneumatic method (Pereira et al.,
2020) in Citrus plants, we found unusual results, with exponential curves. Hence, the third
chapter “Estimation of the initial air discharge is affected by water in the cut-open vessels of
some tree species” revealed that the water in cut-open vessels affects the vulnerability curves
and proposed a correction to be used in other species such as Citrus spp. The fourth chapter
“Rootstocks change the vulnerability to embolism and pit membrane thickness in shoots of
citrus trees” is a study with four scion cultivars grafted on ‘Rangpur’ lime under field conditions
and ‘Valencia’ orange grafted on four different rootstocks. This study aimed to understand the
influence of the rootstock in the scion anatomy and the consequences to the vulnerability to

embolism and leaf gas exchange.
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Abstract

Morpho-physiological strategies to deal with water deficit vary among citrus species and the
chemical signaling through ABA and anatomical, hydraulic, and physiological traits were
evaluated in saplings of ‘Rangpur’ lime, ‘Swingle’ citrumelo and ‘Valencia’ sweet orange.
Trunk and roots of ‘Swingle’ citrumelo presented lower vessel diameter and higher vessel
frequency as compared to the other species. However, relative water content at the turgor loss
point (RWCrrp), the osmotic potential at full turgor (o), the osmotic potential at the turgor loss
point (Wrrp), bulk modulus of elasticity (¢) and the xylem water potential when hydraulic
conductivity is reduced by 50% (¥s0) and 88% (W¥ss) indicated similar hydraulic traits among
citrus species, with ‘Rangpur’ lime showing the highest hydraulic safety margin. Roots of
‘Rangpur’ lime and ‘Swingle’ citrumelo were more water conductive than ones of ‘Valencia’
sweet orange, which was linked to higher stomatal conductance. Chemical signaling through
ABA prevented shoot dehydration in ‘Rangpur’ lime under water deficit, with this species
showing a more conservative stomatal behavior, sensing, and responding rapidly to low soil
moisture. Taken together, our results suggest that ‘Rangpur’ lime — the drought tolerant species
— has an improved control of leaf water status due to chemical signaling and effective stomatal
regulation for reducing water loss as well as decreased root hydraulic conductivity for saving

water resources under limiting conditions.

Keywords: Abscisic acid; Drought tolerance; ‘Rangpur’ lime; ‘Swingle’ citrumelo; ‘Valencia’

sweet orange



Introduction

Citrus tree growth and fruit yield are strongly dependent on plant responses to water
deficit and citrus orchards are often subjected to seasonal drought under subtropical conditions
(Ribeiro and Machado, 2007). A mixture of stress avoidance and tolerance strategies are used
by plants under water deficit, and such strategies vary among citrus species (Santana-Vieira et
al., 2016; Santos et al., 2020). Regarding morpho-physiological traits, changes in root depth
and architecture, hydraulic conductivity, embolism resistance and stress signaling have
important roles in drought tolerance. Within the soil-plant-atmosphere continuum, roots are
responsible for supplying water to shoots and its hydraulic conductivity is a proxy for water
uptake and transport capacity (Liu et al., 2014). In fact, hydraulic traits not only affect plant
water status but also modulate leaf gas exchange and growth (Kiorapostolou et al., 2019; Tyree
and Ewers, 1991). Xylem features, such as vessel diameter and frequency, also vary among
citrus species and are supposed to affect plant hydraulic conductivity (Martinez-Alcéantara et
al., 2013; Medina et al., 1998). Besides, some functional leaf traits are very useful for revealing
how woody plants respond to changes in water availability, providing information on the turgor
and osmotic attributes, such as the relative water content at the turgor loss point (RWCr.p), the
osmotic potential at full turgor (Wo), the osmotic potential at the turgor loss point (WTLp) and
bulk modulus of elasticity (¢), all derived from pressure-volume curves (Corcuera et al., 2002;
Sack et al., 2003).

Under high evaporative demand and low soil moisture, gas bubbles can be nucleated
within xylem sap, causing embolism formation and disruption of water transport (Brodersen et
al., 2019), which causes a decrease in hydraulic conductivity. For a long period, stomatal
control of leaf gas exchange and turgor loss have been considered a consequence of low
hydraulic capacity due to xylem embolism. Stomatal closure preceding embolism formation in
leaves and stems may be considered as a physiological strategy to avoid significant damage to
the water transport system under water deficit (Creek et al., 2019; Hochberg et al., 2017). Some
recent studies indicate that the onset of leaf embolism occurs after stomatal closure (Creek et
al., 2019; Martin-StPaul et al., 2017; Sorek et al., 2020). Resistance against embolism varies
widely across plant species (Choat et al., 2012; Pereira et al., 2016; Trueba et al., 2017) and is
hypothesized to be a major component of plant drought tolerance and survival (Pratt and
Jacobsen, 2017; Skelton et al., 2018). The most common index for embolism resistance is Wso,
the xylem water potential at when there is 50% of loss of conductivity. Plants frequently operate

at xylem water potentials (\Px) close to critical threshold of embolism formation (Choat et al.,
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2012; Nardini and Salleo, 2000), sometimes leading to the death of leaves or branches. For
instance, Citrus sinensis presented a Wso of 2.05 MPa (Pereira et al., 2020), a ¥x commonly
found under field conditions (Ribeiro and Machado, 2007).

In relation to signaling, roots can send hydraulic and chemical signals to shoots for
reducing water loss and drought-induced damage under soil drying. While hydraulic signals are
propagated through changes in water pressure within the water column and allow fast
integration of whole-plant responses (Malone, 1993), chemical signaling based on abscisic acid
(ABA) has a crucial role in preventing water loss even before any change in shoot water status
(Forner-Giner et al., 2011; Gomes et al., 2004; Santana-Vieira et al., 2016). Split-root system
studies, where roots are partially dried, establish heterogeneous soil moisture and are useful to
evaluate the contribution of hydraulic and chemical signals during drought sensing (Mirzaei et
al., 2012; Saradadevi et al., 2014). If only part of the root system dries and the remaining roots
are kept well-watered, the chemical signals produced by drying roots can hypothetically reduce
stomatal aperture and control the vegetative vigor, while the fully hydrated roots maintain shoot
water status (Tyree and Hammel, 1972). Hence, roots partially dried would induce shoot
responses to the chemical signaling from root portion under water deficit while maintaining the
shoot water status due to water supply from well-watered root portion. Although root-to-shoot
ABA signaling has been considered an important mechanism to reduce transpiration under
drought, some recent studies showed that leaves are the predominant site of ABA synthesis
(Holbrook et al., 2002; Manzi et al., 2015; McAdam et al., 2016a,b). Increasing leaf ABA
content during a drought event can be an advantage to avoid excessive declines in Wx (Cardoso
et al., 2020). Stomatal closure induced by ABA can help plants to save water, but its role and
dynamics during plant rehydration remain unknown (Duan et al., 2020). During rehydration
after a period of water deficit, rapid recovery of ¥x has been found (Choat et al., 2015; Ruehr
et al., 2019), with photosynthesis and stomatal conductance taking longer to recover (Creek et
al., 2018; Duan et al., 2019; Ruehr et al., 2019) and responses varying among citrus species
(Miranda et al., 2021; Santana-Vieira et al., 2016).

Grafting is a technique widely used to improve crop productivity and fruit quality,
increasing the use efficiency of water and nutrients (Albacete et al., 2015). Among scions,
‘Valencia’ sweet orange [Citrus sinensis (L.) Osbeck] is an orange cultivar with late fruit
maturation consumed in natura or used in citrus industry. Due to its high productivity,
‘Valencia’ sweet orange is one of the most widely cultivated citrus variety in the world
(Papadakis et al., 2008). Citrus rootstocks modulate plant performance under varying water

conditions and both hydraulic and chemical traits are involved (Garcia-Sanchez et al., 2007;
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Romero et al., 2006). For instance, ‘Rangpur’ lime (Citrus limonia Osbeck pro. sp.) is a species
generally used as rootstock because of its superior agronomic performance under water deficit
(Cimen and Yesiloglu, 2016; Ribeiro et al., 2014), which was associated with high root
hydraulic conductivity (Medina et al., 1998), root growth (Pedroso et al., 2014), transcription
of genes related to proline, aquaporins and dehydrins (Boscariol-Camargo et al., 2007) and
ability to redistribute water internally (Miranda et al., 2018, 2021). ‘Swingle’ citrumelo [Citrus
paradisi Macf. x Poncirus trifoliata (L.) Raf] is also used as a rootstock resistant to several
citrus diseases but does not tolerate drought as ‘Rangpur’ lime (Pompeu Junior and Blumer,
2008). While the morpho-physiological responses of grafted trees to environmental stresses
have been explored (Neves et al., 2017; Santana-Vieira et al., 2016; Santos et al., 2020), little
is known about how ungrafted citrus saplings respond to water shortage, which limits our
understanding of drought tolerance in citrus species. As consequence, our understanding of
species-specific traits related to drought tolerance is very limited even with such information
being important for breeding programs and selection of genotypes that tolerate drought.
Herein, we aimed to reveal the hydraulic traits and ABA signaling ability of saplings of
three congeneric citrus species under water deficit. Firstly, we characterized hydraulically those
three citrus species, considering both structural and functional traits. In addition, we
hypothesized that ‘Rangpur’ lime — the drought tolerant species — will accumulate more ABA
and show lower stomatal conductance than ‘Swingle’ citrumelo and ‘Valencia’ sweet orange
during water deficit. To test that, we evaluated leaf and sap ABA content and leaf gas exchange
in plants under water deficit. Lastly, a study of leaf gas exchange and water potential during

rehydration was performed to evaluate citrus recovery after a water stress event.

Materials and methods

This study is composed by three experiments using saplings of ‘Rangpur’ lime (Citrus
limonia Osbeck pro. sp.), ‘Swingle’ citrumelo [Citrus paradisi Mact. x Poncirus trifoliata (L.)
Raf] and ‘Valencia’ sweet orange [ Citrus sinensis (L.) Osbeck]. The experiment 1 is a hydraulic
characterization of those three citrus species, while the experiment 2 was performed for
evaluating hydraulic and ABA signaling of citrus species under water deficit, testing the
hypothesis that ‘Rangpur’ lime would accumulate more ABA than ‘Swingle’ citrumelo and
‘Valencia’ sweet orange. In the experiment 3, we evaluated the recovery of leaf gas exchange

and xylem water potential of citrus species after rehydration.
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Experiment 1: Hydraulic traits of citrus species

Plant material and growing conditions

This study was performed with one-year-old plants of ‘Valencia’ sweet orange,
‘Rangpur’ lime and ‘Swingle’ citrumelo grown under greenhouse conditions. Weekly, plants
were fertilized with approximately 400 mL of nutrient solution containing (mg L™'): 100 MAP,
510 KNO3s, 450 NO3NH4, 600 CaNOs3, and 830 MgSOs. Every 15 days, plants were also
supplied with 400 mL of a nutrient solution with micronutrients (mg L™): 2.9 H;BOs, 0.2
CuSOs4, 0.1 NaM0042H>0, 2.0 ZnSO4-7H-0, 3.0 MnSO4-H>0, and 30 Fe-EDDHA (6%). Two
weeks before the experiment, plants were transferred to a growth chamber (PGR15, Conviron,
Winnipeg MB, Canada) at 30/25 °C (day/night), 12-hour photoperiod, photosynthetically active
radiation (PAR) of 800 pmol m 2 s™! and air relative humidity close to 70%. Plants were grown
in pots (3.5 L) filled with commercial substrate composed of Pinus bark and vermiculite
(Multicitrus, Terra do Paraiso Ltda., Holambra SP, Brazil) and were approximately 40 cm tall.
Although we did not measure leaf area and root mass, plants used in the experiment were similar
in size and number of leaves. Besides that, the root surface area determined by digital image
analysis with the Safira software (Embrapa Instrumentacao, Sao Carlos SP, Brazil) was similar

among species (data not shown, BF 19 < 3, see Statistical analyses for details).

Root hydraulic conductivity

Following Lo Gullo et al., (1998), root hydraulic conductivity was measured in three
well-watered plants and three water-stressed plants. For imposing water stress, irrigation was
stopped until we measure stomatal conductance close to zero, monitored with an infrared gas
analyzer (LI-6400F, LI-COR, Lincoln NE, USA) in fully expanded leaves, which happened
after seven days for all species. Wx was measured with a pressure chamber (Model 1000, PMS
Instrument Company, Albany OR, USA), in fully expanded leaves covered with aluminum foil
for 2 h to minimize transpiration. Then, the aboveground plant organs were cut off at 10 cm
above the substrate level. We carefully removed part of the substrate surrounding the roots to
fit the pressure chamber volume. Roots and remaining substrate were immediately put in a bag
to avoid dehydration and placed inside a pressure chamber (Model 1000, PMS Instrument
Company, Albany OR, USA), with a trunk segment protruding through the rubber gasket. The
chamber pressure was gradually increased to induce xylem sap to flow, which was collected
every 8 min. We used an initial pressure similar to the Wx before the aboveground plant organs

were cut off. After pressuring the system (roots + substrate), we collected the sap. Pressure was
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increased in 0.2 MPa, and sap was collected again. This procedure was repeated two or three
times, and the measured flow was plotted against the pressure driving the flow. Root surface
area was determined by digital image analysis with the software Safira (Embrapa
Instrumentacgdo, Sao Carlos SP, Brazil) and then the hydraulic conductivity was calculated as

the slope of the linear correlation between sap flow and pressure, normalized by the root area.

Root and stem anatomy

Root and stem samples were collected from three plants of ‘Rangpur’ lime, ‘Swingle’
citrumelo and ‘Valencia’ sweet orange. Then, the samples were fixed in FAA 50 (Johansen,
1940), dehydrated in ethyl series and sectioned transversely (20 um thick) on a sliding
microtome Leica SM 2000R (Leica Biosystems Inc., Buffalo Grove IL, USA). Four to five
sections of roots and stems of each plant were stained with 0.05% toluidine blue in phosphate
and citrate buffer pH 4.5 (Mcllvaine, 1921). The anatomical sections were processed in the
ImagelJ2 software (National Institutes of Health, Bethesda MD, USA) and tangential vessel
diameter (VD) and frequency (VF) were determined in 12 to 15 images. VD was measured
along the vessel widest tangential axis (Scholz et al., 2013). For the analysis of vessel element
length, root and stem wood tissue dissociation was made with 30% hydrogen peroxide and

glacial acetic acid. Then, the material was stained with 1% safranine (Franklin, 1945) and the

anatomical sections were processed in the ImageJ2 software.

Vulnerability to embolism and safety margin

The xylem vulnerability curves (VC) were built using the air injection method (Cochard
et al., 1992; Salleo et al., 1992). Thirteen stems from well-watered plants (one stem per plant)
were collected in the early morning. Stems about 20 cm were cut under water to avoid embolism
formation and then flushed with ultra-pure and degassed 10 mM KCl solution at 150 kPa for
15 min. Embolism was induced progressively with a pressure collar that forced pressurized air
to enter the xylem while W and flow were regularly monitored with a pressure chamber (Model
1000, PMS Instrument Company, Albany OR, USA) and an ultra-low flow meter (Pereira and
Mazzafera, 2012). VCs were then generated by plotting the loss of conductivity (PLC, %)
against xylem water potential (W), the curve slope (S) and Wso were estimated by fitting the

following equation (Pammenter and Vander Willigen, 1998):

100

)
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where S represents the curve slope and Wso the xylem potential when 50% of loss of
conductivity occurs due to embolism. We used the following equation to calculate the xylem

water potential at 88% of loss of conductivity, known as ¥sg (Domec and Gartner, 2001):
-2
Wgg = (T + Wso) (2)
25

Hydraulic safety margin (SM) quantifies how conservative the plant hydraulic strategy

is (Choat et al., 2012) and was calculated as follows:
SM = (W50 — ¥sc) (3)

where Wsc was defined as Wx causing stomatal closure after water withholding (Beikircher and
Mayr, 2009; Brodribb and Hill, 1999), when there was a significant (BFi0 > 3, see section 2.4
for details) reduction in stomatal conductance. We used the ¥sc causing stomatal closure from
the experiment 3, in which we monitored leaf gas exchange and ¥« until values of stomatal

conductance close to zero in all species.

Pressure-volume curves

Pressure-volume curves give information on leaf water relations and were carried out as
previous described (Sack et al., 2003; Tyree and Hammel, 1972) in leaves of ‘Rangpur’ lime,
‘Swingle’ citrumelo and ‘Valencia’ sweet orange. As ‘Valencia’ saplings were not available, we
used a pool of leaves taken from ‘Valencia’ grafted on ‘Rangpur’ lime and ‘Swingle’ citrumelo.
One day before the curves started, plants were placed inside a dark room to minimize
transpiration and make sure the initial water potential was higher than -0.4 MPa. Leaves (n=5
for ‘Rangpur’ lime and ‘Swingle’ citrumelo, and n=10 for ‘Valencia’ sweet orange) were air-
dried on a laboratory bench. Leaves were weighed and Wx was measured with a pressure
chamber (Model 1000, PMS Instrument Company, Albany OR, USA). Subsequently, leaf dry
mass was determined after drying leaves in an oven with forced air circulation at 70 °C until
constant weight.

Pressure-volume curves were built by plotting the inverse of Wx against relative water
content (RWC), according to Sack and Pasquet-Kok (2011). The turgor loss point was

determinate as the point of transition between linear and nonlinear portions of the curve, thereby
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we were able to obtain the relative water content at the turgor loss point (RWCrrp) and the
osmotic potential at the turgor loss point (WrLp). First-order regressions were performed on the
linear portion of the curves, and the osmotic potential at full turgor (o) was estimated by
extrapolating the straight-line section to 100% RWC. The bulk modulus of elasticity (&) was
determined from the initial part of the curve, as the slope of the pressure potential between full

turgor and turgor loss point.

Experiment 2: Citrus signaling under water deficit

Plant material, growing conditions and treatments

This experiment was carried out in a growth chamber with three-month old plants (about
30 cm tall) of “Valencia’ sweet orange, ‘Rangpur’ lime and ‘Swingle’ citrumelo. We used a split-
root system, in which the roots of each plant were divided and placed in two plastic bags (0.8
L) to allow partial root irrigation. Plastic bags were filled with organic substrate, as described
in experiment 1. After the split-root procedure, plants were grown under greenhouse conditions
for four months to allow root establishment. Before the experiment started, plants were moved
to the growth chamber for two weeks and were irrigated (both plastic bags) every morning until
substrate saturation. When the experiment started, plants were about seven months old and
growth conditions were: PAR 800 pmol m ™ s™!, at the top of plant canopy; 12 h photoperiod;
air temperature was 30/25 °C (day/night); and relative air humidity was 80%.

Plants were divided into three groups of five plants each, one group of plants was
maintained with both root portions well-irrigated (Control), while another group was subjected
to partial water deficit (PWD), with one root portion maintained well-watered and the other
non-watered. The third group of plants was subjected to full water withholding for both root
portions (water deficit, WD). The water deficit period was ended when there was a reduction
of at least 70% in stomatal conductance in WD treatment, which depended on citrus species

and varied between seven and ten days.

Leaf gas exchange and %

Leaf gas exchange was evaluated in four plants of each treatment, between 10h00 and
11h00, with an infrared gas analyzer (LI-6400F, LI-COR, Lincoln NE, USA). Measurements
were taken under air CO2 concentration of 400 umol mol™! and PAR of 900 pmol m™ s!. CO,
assimilation (4), stomatal conductance (gs) and transpiration (£) were measured in mature

leaves positioned at the apex of the plant shoot. Wx was measured with a pressure chamber
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(Model 1000, PMS Instrument Company, Albany OR, USA), in fully expanded leaves covered
with aluminum foil for 2 h to minimize transpiration (Pérez-Pérez et al., 2007). Measurements

were taken in three plants at midday, on the same day in which leaf gas exchange was evaluated.

Sap ABA analysis

We collected sap from three plants of each treatment using an adapted pressure chamber
(Model 3005F01, Soilmoisture Equipment Corp., Santa Barbara CA, USA) in which an entire
plant was placed. Firstly, we cut off a leaf and immediately inserted the remaining petiole, that
was still attached to the plant, through the chamber lid with the entire plant inside the chamber.
Then, pressure was applied, and the exuded sap collected from the petiole. Sap ABA content
was determined as described by Marcos et al. (2018). Briefly, a UPLC Acquity chromatographer
(Waters, Milford CT, USA) coupled to a TQD mass spectrometer (MicromassWaters,
Manchester, UK) with ESI source was used for the chromatographic analysis. A deuterium-
labeled ABA (D6ABA) was used as internal standard added to the aliquot. We used a Waters
Acquity BEH C18 (100 x 2.1 mm i.d., 1.7 um) column equipped with a VanGuard BEH C18
precolumn (5 x 2.1 mm i.d., 1.7 um). The mass spectra of ABA were acquired by ESI ionization
in the negative ion mode using selected reaction monitoring (SRM) and individually optimized

using the Intellistart Waters software.

Leaf ABA analysis

Leaf ABA was quantified by the Proteomics and Mass Spectrometry facility at the
Danforth Plant Science Center (St. Louis, MO, USA) as previous described by Garrido-Bigotes
et al. (2018). In three plants of each treatment, leaf ABA content was measured by liquid
chromatography coupled to tandem mass spectrometry using a LC-MS/MS. Each lyophilized
and ground leaf sample was mixed to 900 pL of ice-cold MeOH/ACN (1:1 v/v) and 10 pL of
2.5 uM deuterium-labeled standard (D6ABA). Samples were homogenized with the
TissueLyser II (Qiagen, Hilden NW, Germany) for 5 min at a frequency of 15 Hz, then
centrifuged at 16,000 g for 10 min at 4°C. The supernatants were transferred to 2 mL tubes and
the pellets were re-extracted. The pooled supernatants were evaporated, and the resulting pellet
dissolved in 200 pL of 30% methanol (v/v) and centrifuged again to remove un-dissolved
material. The supernatant was transferred to vials for LC-MS/MS analysis and the injected
volume was 50 pL of sample. The LC-MS/MS system used is composed of a Shimadzu LC
system with two Shimadzu solvent delivery pumps (LC20AD, Shimadzu Corp., Kyoto, Japan)
and autosampler (SIL20AC, Shimadzu Corp., Kyoto, Japan) with a 100 puL. sample loop, and a
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two-position diverter valve (Valco Instruments Co. Inc., Houston TX, USA). This LC system
is interfaced with a 4000 QTRAP (AB SCIEX, Foster City CA, USA) mass spectrometer
equipped with a TurbolonSpray (TIS) electrospray ion source. ABA was detected using MRM
transitions that was previously optimized using D6ABA. For LC separation, a monolithic C18
column (Onyx, 4.6 x 100 mm, Phenomenex) with a guard cartridge was used, flowing at 1 mL
min!. The gradient was from 60% solvent A (0.1% [v/v] acetic acid in Milli-Q water), held for
2 min, to 100% solvent B (90% acetonitrile [v/v] with 0.1% acetic acid [v/v]) in 5 min. The LC
was then ramped back to initial conditions in 1 min and re-equilibrated for 2 min. For
quantification, a series of standard samples containing different concentrations of unlabeled
hormone was prepared. The sample peak area was first normalized in the same way as used for

the standard samples and then quantified according to the standard curve.

Experiment 3: Recovery of leaf gas exchange and ¥ in citrus species

Plant material, growing conditions and treatments

This study was performed with three-year-old plants of ‘Valencia’ sweet orange,
‘Rangpur’ lime and ‘Swingle’ citrumelo grown under greenhouse conditions. Each pot (10 L)
contained one plant of each citrus species and was filled with a mixture of 70% of soil and 30%
of organic substrate composed of Pinus bark (Multicitrus, Terra do Paraiso Ltda., Holambra SP,
Brazil). Five pots were maintained well-irrigated with tap water during all experimental period
(control) while other five pots were subjected to water withholding (water deficit). After six
days of water deficit — when photosynthesis and stomatal conductance reached values close to
zero in all species, watering was resumed, and the recovery ability of each citrus species was

monitored for three days.

Leaf gas exchange and ¥

Leaf gas exchange was evaluated in five plants of each species every day with an
infrared gas analyzer (LI-6400F, LI-COR, Lincoln NE, USA) and CO> assimilation (4) and
stomatal conductance (g;) were measured under 400 pmol CO, mol ! and PAR of 900 pmol m 2
s~ in fully expanded leaves between 11h00 and 14h00. In parallel to leaf gas exchange, Wx was
measured at midday with a pressure chamber (Model 1000, PMS Instrument Company, Albany
OR, USA), as described in experiment 2.
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Statistical analyses

The experiments 1, 2 and 3 were carried out in a completely randomized design, and the
data were analyzed using Bayesian statistics with JASP software (https://jasp-stats.org/). Water
regimes and citrus species were sources of variation. When significant effects were detected in
Bayesian ANOVA, the mean values were compared using the Bayes Factor (BFi¢). Our
interpretation of Bayes Factors as evidence for alternative hypothesis (Hi) was: 3<BF0<20
indicates positive support to Hi; and BF10>20 indicates strong support to the alternative
hypothesis (Miranda et al., 2021). Linear correlations between variables were evaluated using
the software OriginPro v9.3. (OriginLab Corporation, Northampton, MA, USA) and we

considered significant correlations when p<0.05.

Results

Hydraulic traits

Roots of “Valencia’ sweet orange showed the lowest hydraulic conductivity (Koot) and
‘Rangpur’ lime roots had higher Koot When compared with ‘Valencia’ sweet orange (BF10=30.5)
and ‘Swingle’ citrumelo roots (BFi0=5.7) under well-watered conditions (Fig. 1). Unlike
‘Rangpur’ lime and ‘Swingle’ citrumelo, Koot of ‘Valencia’ sweet orange was not reduced due
to water deficit (Fig. 1c). Water deficit reduced Kroot 0f ‘Rangpur’ lime and ‘Swingle’ citrumelo
by 74% and 58%, respectively.

There was no statistical difference in vessel element length among species, for both
roots and stems (Table 1). Roots and stems of ‘Swingle’ citrumelo showed smaller vessel
diameter and higher vessel frequency when compared with ‘Valencia’ sweet orange and
‘Rangpur’ lime (Table 1), but all three citrus species presented similar Wso and Wss and the
overall mean values were -1.8 + 0.6 MPa and -4.3 £+ 1.4 MPa, respectively (Table 2; Fig. S1).
Although W¥so values were similar, the Wy differed among citrus species (Table 2). Hence,
hydraulic safety margin values were different among species, with ‘Rangpur’ lime being the
only species showing positive values (Table 2). Yo, Y1p, RWCrp and ¢ derived from the

pressure-volume curves were all similar among species (Table 3).

Water stress signaling
In general, water deficit caused decreases in leaf gas exchange of all three species,
except for leaf CO» assimilation in ‘Valencia’ sweet orange (Fig. 2). Citrus species under partial

irrigation (PWD treatment) were able to maintain leaf gas exchange similar to the control
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condition (Fig. 2). Overall, stomatal conductance and transpiration of ‘Valencia’ sweet orange
were lower and less sensitive to water deficit as compared to ‘Rangpur’ lime and ‘Swingle’
citrumelo (Fig. 2).

‘Rangpur’ lime showed higher Wx under well-watered conditions when compared with
the other two species (Fig. 3a). ‘Valencia’ sweet orange plants were again less sensitive to water
stress when considering Wx, while ‘Rangpur’ lime and ‘Swingle’ citrumelo presented large
reductions in W under low water availability (Fig. 3a-c). When plants were well-irrigated, sap
ABA concentration was similar among citrus species (Fig. 3g-i) and leaf ABA concentration
was lower (BF19>18) in “‘Valencia’ sweet orange plants as compared with the other species (Fig.
3d-f). Water deficit increased ABA concentration in both leaves and sap (Fig. 3d-i) and the
highest concentrations and accumulation (given by the difference between control and WD)
were found in ‘Rangpur’ lime (Fig. 3d-1). On the other hand, ‘Valencia’ sweet orange plants
showed the lowest values of ABA in both sap and leaves when facing water deficit. Only
‘Swingle’ citrumelo plants showed increases in leaf and sap ABA concentration due to PWD
treatment (Fig. 3e,h).

In “Valencia’ sweet orange, sap ABA concentration was negatively correlated with leaf
CO3 assimilation (# =-0.999, p = 0.026). In both ‘Rangpur’ lime and ‘Swingle’ citrumelo, leaf
ABA concentration was negatively correlated with stomatal conductance (» =-0.998, p =0.031,
and r = -0.998, p = 0.032, respectively). In ‘Swingle’ citrumelo, sap and leat ABA were also
negatively correlated with transpiration ( = -0.999, p = 0.009, and » = -0.998, p = 0.030,
respectively), while sap ABA concentration was negatively correlated with stomatal
conductance in ‘Rangpur’ lime (r = -0.999, p = 0.019). When considering all species, sap and
leaf ABA were negatively correlated with leaf CO; assimilation (» =-0.755, p = 0.019, and r =
-0.691, p = 0.039, respectively). Sap ABA was negatively correlated with stomatal conductance
(r=-0.679, p = 0.040) and transpiration (r = -0.677, p = 0.045).

Leaf gas exchange recovery in citrus species

On the first day after rehydration, all species showed full recovery of Wx (Fig. 4a-c).
However, the Wx of ‘Rangpur’ lime previously exposed to water deficit was even higher than
the control plants (BF10>5) during the following two days after re-watering (Fig. 4a). Full
recovery of leaf gas exchange was noticed in ‘Swingle’ citrumelo and ‘Valencia’ sweet orange
after two days of re-watering, while three days were needed for full recovery of ‘Rangpur’ lime

(Fig. 4d-1).
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Discussion

How do hydraulic, anatomical, and physiological traits vary among citrus species?

Roots of ‘Rangpur’ lime and ‘Swingle’ citrumelo were more water conductive than
‘Valencia’ sweet orange roots (Fig. 1), which supports their higher stomatal conductance (Fig.
2d-f). Moreover, water deficit caused a reduction in Koot only in ‘Rangpur’ lime and ‘Swingle’
citrumelo, indicating more sensitive roots and suggesting a conservative strategy when facing
low water availability (Zekri and Parsons, 1989). Such differences between species used as
rootstocks (‘Rangpur’ lime and ‘Swingle’ citrumelo) or as scion (‘Valencia’ sweet orange) are
expected as the latter is usually bred for fruit quality and yield and rootstocks for resistance
against biotic and abiotic stresses (Cohen and Naor, 2002; Ribeiro et al., 2014).

When considering anatomical traits, our study showed that vessel diameter was higher
in roots than in shoots for all species (Table 1). Accordingly, the diameter of xylem conduits
within plant body tend to decrease in acropetal direction, from roots to the terminal branches
(Gongalves et al., 2007; Tyree and Zimmermann, 2002). Narrower vessels tend to be less
susceptible to dysfunction caused by water deficit when compared with wider vessels (Hargrave
et al., 1994). While roots do not experience as large water potential gradient as leaves and are
less susceptible to embolism, shoot vessels would have narrower diameters to tolerate more
frequent negative pressures due to large water potential gradients (Jacobsen et al., 2018; Langan
et al., 1997). Besides, shoots and roots of ‘Swingle’ citrumelo showed smaller vessel diameters
and more vessels per area (vessel frequency) when compared with ‘Rangpur’ lime and
‘Valencia’ sweet orange, which could be associated with more resistance to embolism (Hargrave
etal., 1994).

However, plant water status and water movement are also determined by water potential
gradient and stomatal responses to low water availability (Brodribb, 2009). Besides regulating
plant water status, hydraulic traits provide important information about the plant sensitivity to
drought and its capacity in supplying water to photosynthetic and growing tissues (Brodribb,
2009; Melcher et al., 2012; Tyree and Zimmermann, 2002). Herein, stomatal closure due to
water deficit varied among species, with Wy being higher in ‘Rangpur’ lime than in ‘Valencia’
sweet orange and ‘Swingle’ citrumelo (Table 2). Reduction of 70% in stomatal conductance
was found after seven days of water deficit for ‘Rangpur’ lime, while this happened after eight
and ten days for ‘Valencia’ sweet orange and ‘Swingle’ citrumelo, respectively. Although we
have not monitored soil moisture, it is possible that ‘Rangpur’ lime has used the available water

faster than the other species, as found by Magalhaes Filho et al. (2008). Besides that, ¥so and
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Ysgs were similar among species, with plants showing the same pattern of change in hydraulic
conductivity as water deficit increases (Table 2) and also similar Wo, Wtrp, RWCrrp and € (Table
3). Taken together Ws. and Wso values, all three citrus species had low hydraulic safety margin
when compared with other tree species (Choat et al., 2012). However, ‘Rangpur’ lime had
higher hydraulic safety margin, which probably indicates a safer strategy to deal with water
stress, closing stomata before hydraulic damage (Figs. 3 and 5; Table 2). As Wso values
estimated herein were similar to ones reported for citrus species using either hydraulic or
pneumatic methods (Pereira et al., 2016, 2020), we can discard possible artifacts related to the
use of air-pressurization method (Ennajeh et al., 2011).

In experiments 2 and 3, plants of all species experienced Wx lower than Wso (<-1.7 MPa)
and even lower than Wrrp (Table 3), indicating that plants lost more than 50% of their hydraulic
conductivity and leaf turgor. Since citrus orchards are often subjected to seasonal drought
(Ribeiro and Machado, 2007), the rapid recovery of leaf gas exchange after a drought event is
crucial to maintain growth and yield. Our data revealed that citrus plants were able to recover
Y, and leaf gas exchange in few days (Fig. 4). However, further investigation needs to evaluate
the impact of embolism formation on a permanent loss of conductivity and, consequently, plant
performance since it is possible to notice death of leaves and branches after a drought in field

condition.

Chemical signaling and recovery: a way to maintain plant performance under varying water
availability

‘Rangpur’ lime and ‘Swingle’ citrumelo were able to accumulate more ABA in leaves
and sap than ‘Valencia’ sweet orange under water deficit (Fig. 3). One would argue that species
able to produce more ABA in response to water deficit are those ones with faster stomatal
closure as ABA is a root signal inducing stomatal closure and preventing excessive water loss
(Gomes et al., 2003, 2004). Herein, citrus species used as rootstocks had higher ABA levels in
both sap and leaves than ‘Valencia’ sweet orange, which was correlated with stomatal closure
and can be a consequence of breeding for increasing drought tolerance (Cimen and Yesiloglu,
2016).

Previous studies have shown that ABA is synthesized in roots under soil drying and then
transported to leaves by the transpiration stream (Holbrook et al., 2002; Zhang et al., 1987,
Zhang and Davies, 1987). However, recent findings have proven that stomatal closure due to
low water availability does not require ABA from roots as it can be produced in guard cells

(Bauer et al., 2013; Christmann et al., 2007; Holbrook et al., 2002) and also in leaf mesophyll
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(McAdam and Brodribb, 2018). As leaves are the main organ losing water to the atmosphere,
leaf ABA synthesis is advantageous during drought to avoid excessive reduction of W (Cardoso
et al., 2020). Increased ABA biosynthesis is known to increase water use efficiency due to low
transpiration (Forner-Giner et al., 2011; Gomes et al., 2004; Santana-Vieira et al., 2016). In fact,
we found significant correlation between leaf ABA and stomatal conductance in ‘Rangpur’ lime
(r=-0.998, p=0.031) and ‘Swingle’ citrumelo (» =-0.998, p = 0.032) under water deficit, with
plants showing leaf ABA accumulation and stomatal closure.

‘Swingle’ citrumelo was the only citrus species to accumulate ABA under partial water
deficit (Fig. 3e,h), without any significant reduction in stomatal conductance (Fig. 2e). A
possible explanation for the absence of ABA accumulation in ‘Rangpur’ lime under partial
water deficit could be the hydraulic redistribution, a phenomenon found in citrus species
(Miranda et al., 2018, 2021). If water was redistributed in ‘Rangpur’ lime under PWD, roots
under water withholding would not send chemical signals to shoots because they were receiving
water from wet roots, as previous found by Miranda and colleagues (Miranda et al., 2021).
Another possible explanation for the absence of stomatal closure in all species under PWD is
that leaves were not subjected to any decrease in water availability as there was a root portion
providing enough water to avoid ABA buildup in leaves (Dietrich et al., 2018; Marino et al.,
2017). For instance, in a study with citrus saplings in a split-root system, Pérez-Pérez et al.
(2018) showed that leaf ABA accumulation occurred only when the partial irrigation was not
enough to maintain leaves well-hydrated.

During rehydration, leaf gas exchange of ‘Valencia’ sweet orange and ‘Swingle’
citrumelo reached values of close to their control plants and recovered faster than ‘Rangpur’
lime. While one could argue that ‘Valencia’ sweet orange and ‘Swingle’ citrumelo perform
better than ‘Rangpur’ lime under short-term water stress, ‘Rangpur’ lime showed a more
conservative strategy, with higher hydraulic safety margin, significant reduction in root
hydraulic conductivity and higher ABA content in both sap and leaf (Figs. 1 and 4; Table 2). At
this time, one interesting finding was the higher Wx of ‘Rangpur’ lime as compared to the other
species (Fig. 4a-c). After rehydration, stomata were partially closed, preventing transpiration
and therefore further declines in Wx (Figs. 3g and 4d). As water was supplied to shoots during
the recovery period, Wx was increased for all three species reaching values higher than the
osmotic potential at full turgor, with the highest W values being noticed in ‘Rangpur’ lime (Fig.
3 and Table 3). Turgor is key for cell expansion, and ‘Rangpur’ lime would resume growth
faster than the ‘Swingle’ citrumelo and ‘Valencia’ sweet orange, a hypothesis needing further

experimentation. Our initial hypothesis about chemical signaling through ABA was confirmed,
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with ‘Rangpur’ lime accumulating more ABA and showing higher stomatal closure than the

other citrus species.

Conclusions

Concluding, ‘Swingle’ citrumelo and ‘Valencia’ sweet orange were able to recover
photosynthesis and stomatal conductance faster than ‘Rangpur’ lime after rehydration. Our
results also revealed that chemical signaling, an effective stomatal regulation of water loss and
decreased root hydraulic conductivity sustained a more conservative strategy of ‘Rangpur’ lime
— a drought tolerant species — under water deficit when compared with the other two citrus

species.
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Tables

Table 1: Root and shoot anatomical traits of ‘Rangpur’ lime, ‘Swingle’ citrumelo and “Valencia’

sweet orange: vessel element length (VL); vessel diameter (VD); vessel frequency (VF).

Traits* ‘Rangpur’ ‘Swingle’ “Valencia’

VL root (M) 272 +45a 292+32a 321+70a
VDroot (M) 28+4a 25+2h 26 + 4 ab
VFroot (Units mm2) 38+9b 88+23a 46+16b

VLshoot (m) 263 + 45 a 232+44a 273 + 66 a
VDshoot (M) 20+4a 15+2 b 18+4a
VFshoot (UNits mm) 14+60Db 21+7a 13+5b

* Anatomical traits (n=12 to 15): Mean values + SD, different letters indicate statistical

differences among species at BFi10>3.
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Table 2: Shoot hydraulic traits derived from the PLC curves for ‘Rangpur’ lime, ‘Swingle’
citrumelo and ‘Valencia’ sweet orange: xylem water potential inducing 50% (W¥so0) and 88%
(Wss) loss of conductivity; water potential at stomatal closure (Wsc); and hydraulic safety margin

(SM).

Traits* ‘Rangpur’ ‘Swingle’ “Valencia’
Wso (MPa) -1.84+0.68a -191+064a -1.75%£0.65a
Wss (MPa) -467+1.76a -409+10la -414%+129a
Wsc (MPa) -0.83+0.30a -230+£0.26b -250+0.17b
SM (MPa) 1.01 -0.39 -0.75

*Mean values (n=13 for Wso and Wss; and n=3 for Wsc and SM) + SD, different letters indicate

statistical differences among species at BF1o>3.
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Table 3: Physiological traits derived from Pressure-volume (PV) curves for ‘Rangpur’ lime,
‘Swingle’ citrumelo and ‘Valencia’ sweet orange: osmotic potential at full turgor (Wo); osmotic
potential at the turgor loss point (P1rp); relative water content at the turgor loss point (RWCrrp);

and bulk modulus of elasticity (¢).

Traits* ‘Rangpur’ ‘Swingle’ ‘Valencia’

Yo (MPa) -153+0.22a -163*x17a -137+040a
YL (MPa) -181+0.16a -199%+024a -169+031a
RWCrrp (%) 86.6+39a 859+35a 91.6+29a

e (MPa) 1416 +343a 1541+215a 18.14+6.95a

*Mean values (n=5) £ SD, same letters indicate no statistical differences among species at BF g

> 3.
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Figures
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Figure 1: Root hydraulic conductivity (Kioot) of ‘Rangpur’ lime (a), ‘Swingle’ citrumelo (b)

and ‘Valencia’ sweet orange (c) plants maintained well-watered (control, white color) or

subjected to water withholding (WD, dark gray color). Boxplots consider the median, 25" and

75" percentiles (n = 3). Capital letters indicate statistical difference (BFio> 3) between water

regimes for a given citrus species and lower-case letters between species for a given water

regime.
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Figure 2: Leaf CO» assimilation (a-c), stomatal conductance (d-f) and transpiration (g-i) in
‘Rangpur’ lime (a, d, g), ‘Swingle’ citrumelo (b, e, h) and ‘Valencia’ sweet orange (c, f, 1) plants
maintained well-watered (control, white color), subjected to partial root drying (PWD, light
gray color) or to full water withholding (WD, dark gray color). Measurements were taken after
7, 8 and 10 days under water deficit for ‘Rangpur’ lime, ‘Valencia’ sweet orange and ‘Swingle’
citrumelo, respectively. Boxplots consider the median, 25" and 75™ percentiles and error bars
indicate the minimum and maximum values (n = 4). Capital letters indicate statistical difference
(BF10 > 3) among water regimes for a given citrus species and lower-case letters between

species for a given water regime.
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Figure 3: Xylem water potential (a-c) and ABA concentration in leaves (d-f) and sap (g-1) of
‘Rangpur’ lime (a, d, g), ‘Swingle’ citrumelo (b, e, h) and ‘Valencia’ sweet orange (c, f, 1) plants
maintained well-watered (control, white color), subjected to partial root drying (PWD, light
gray color) or to full water withholding (WD, dark gray color). Measurements were taken after
7, 8 and 10 days under water deficit for ‘Rangpur’ lime, ‘Valencia’ sweet orange and ‘Swingle’
citrumelo, respectively. Boxplots consider the median, 25" and 75" percentiles (n = 3-4).
Capital letters indicate statistical difference (BF10> 3) between water regimes for a given citrus

species and lower-case letters between species for a given water regime.
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Figure 4: Xylem water potential (a-c), leaf CO, assimilation (d-f) and stomatal conductance
(g-1) of ‘Rangpur’ lime (a, d, g), ‘Swingle’ citrumelo (b, e, h) and ‘Valencia’ sweet orange (c, f,
1) plants during the re-watering period. Symbols represent plants maintained well-watered
(control, in white) or subjected to water deficit (WD, in black) and the gray area marks the last
day of water withhold. Each symbol represents the mean value (n =5 for leaf gas exchange and
n =3 for Wx) £ SD. * indicates statistical difference (BFi0 > 3) between water regimes for a

given evaluation time.
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Figure S1: Embolism vulnerability curves of ‘Rangpur’ lime (a), ‘Swingle’ citrumelo (b) and
‘Valencia’ sweet orange (c), generated by plotting percentage loss of conductivity (PLC) against
the corresponding xylem water potential (Wx). Each symbol represents a measurement and we

had 84, 82 and 87 measurements in (a), (b) and (c), respectively.
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Leaf PIP2.1 and PIP2.5 are down-regulated in ‘Mandarin’ lime under drought
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Abstract

Aquaporins are water channel proteins that facilitate water transport through the transcellular
pathway, a route with high resistance due to lipid bilayer membranes. Aquaporins occur as
multiple isoforms and plasma membrane aquaporins (PIPs) are known to modulate plant
responses to abiotic stress such as drought. Previous studies have reported changes in PIPs
expression in roots of Citrus plants under abiotic stresses; however, our knowledge is limited
to grafted citrus trees with plant responses to environmental stresses being driven by two
species. Therefore, the ability of a given citrus species — i.e., non-grafted citrus saplings — in
modulating aquaporin expression under water deficit remains unknown. This study aimed to
evaluate how water deficit changes aquaporin expression (PIP1; PIP2.1; and PIP2.5) and leaf
gas exchange of saplings of three Citrus species: ‘Mandarin’ lime, ‘Swingle’ citrumelo and
‘Valencia’ sweet orange. Root aquaporin expression did not vary under water deficit or among
species, but the predawn leaf water potential of ‘Valencia’ sweet orange was reduced due to
water deficit. Decreases in stomatal conductance were found in all species under water deficit,
which was associated with reduced PIP2.1 expression in leaves. However, ‘Mandarin’ lime
showed the largest reduction in stomatal conductance and significant gene repression of not
only PIP2.1 but also PIP2.5 in leaves under water deficit. ‘Mandarin’ lime is known as a drought
tolerant rootstock widely used in citriculture and our data suggest this rootstock presents a fast-
response mechanism against drought based on stomatal closure associated with the

downregulation of PIP2.1 and PIP2.5 aquaporins in leaves.

Keywords: Stomatal conductance, leaf gas exchange, rootstocks, ‘Swingle’ citrumelo,

‘Valencia’ sweet orange
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Introduction

Inside plant body, water movement through long distances usually takes an apoplastic
and symplastic low resistance routes guided by the transpiration stream. However, some
apoplastic barriers can restrict the apoplastic pathway in roots and leaves, forcing water to cross
the lipid bilayer membranes of the transcellular pathway (Steudle, 2000). Aquaporins (AQPs)
are a class of water channel proteins in plants and other living organisms known to facilitate
water transport through membranes. Plant AQPs are found in both vacuolar and plasma
membranes, and known to regulate stomatal aperture, water use efficiency, and then plant water
balance (Aharon et al., 2003; Maurel, 2007). In fact, AQPs occur as multiple isoforms and play
critical roles in controlling water transfer into and out of plant cells, preserving cell viability
(Shekoofa and Sinclair, 2018).

A single plant can express a large number of AQP homologues, with specific expression
patterns throughout plant development and in response to environmental stimuli (Zhao et al.,
2008). Two important AQP subfamilies that contribute to the regulation and movement of water
in plants are the Plasma membrane Intrinsic Proteins (PIPs) and the Tonoplast Intrinsic Proteins
(TIPs), the most abundant aquaporins in the plasma and vacuolar membranes, respectively
(Maurel et al., 2016). Regarding water transport through the plant, PIPs probably have a more
important role in regulating water uptake by roots than TIPs because the tonoplast is generally
more permeable to water than the plasma membrane (Javot and Maurel, 2002). Under non-
limiting conditions, PIPs and TIPs have lower expression in leaves when compared to roots
(Baiges et al., 2001; Smart et al., 2001; Zhang et al., 2008). However, this pattern of expression
has some variation, with similar AQP expression between organs or with AQP being expressed
more abundantly or even exclusively in leaves (Azad et al., 2008; Heinen et al., 2009).

The activity of PIPs is modulated by abiotic stresses, such as drought (Hu et al., 2012;
Li et al., 2015). Drought-induced changes in AQP gene expression depend on plant species,
AQP isoform, plant organ, and stress level (Zhao et al., 2008). Since AQPs are proteins, the cell
has the ability to modulate its abundance and activity (Maurel, 2001). For instance, direct
exposure of roots to water stress generally causes inhibition of AQP activity and reduced water
transport; however, some plants show opposite responses and present an enhancement of root
cell hydraulic conductivity (Hachez et al., 2012; Sutka et al., 2011). In a study with upland
(drought-tolerant) and lowland (drought-sensitive) rice, PIP proteins increase markedly in the

roots of both types, but only in upland rice leaves, showing that AQPs can respond differently
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to water stress, depending on the degree of drought tolerance of cultivars from the same species
(Lian et al., 2006).

Citrus is a worldwide horticultural commodity and is mostly cultivated in soils without
irrigation and under seasonal drought. In citriculture, the grafting technique has been used to
improve plant performance under varying water conditions and citrus species have several
morpho-physiological strategies to deal with water deficit (Pedroso et al. 2014; Santos et al.
2019; Miranda et al. 2021; Silva et al. 2021). Root hydraulic conductivity varies among citrus
species, modulating shoot hydration and stomatal conductance (Medina et al., 1998). However,
the role of AQPs in sustaining leaf gas exchange of citrus trees remains poorly understood under
drought, mainly when comparing congeneric Citrus species. In a recent study, Wei et al. (2019)
identified 34 AQP genes in sweet orange, classified into five subfamilies, including 11 genes of
the PIP subfamily. While Boscariol-Camargo et al. (2007) found membrane proteins that
showed homology with PIP2.1 class in roots of ‘Mandarin’ lime, Cavalheiro et al. (2020)
associated the downregulation of PIP1 and PIP2 aquaporins in roots with low shoot water status
in ‘Mandarin’ lime during aluminum stress. In addition, Rodriguez-Gamir et al. (2011) found
reduced AQP expression in fine roots of grafted citrus under water stress, a response species-
dependent. One point is clear, little is known about AQP expression in leaves of citrus under
water deficit and there are few studies with non-grafted citrus saplings, which limits our
understanding of how a given citrus species deal with drought, without the influence of grafting.

Our aim was to evaluate AQP expression in leaves and roots and leaf gas exchange of
three Citrus species under drought. Moving to a molecular target such as AQP, we give a step
further towards the understanding of how citrus species deal with drought once we already
know they differ in hydraulic conductivity and stomatal conductance (Medina et al., 1998).
Herein, we hypothesized that ‘Mandarin’ lime would present fast-response mechanisms against
drought, showing larger stomatal closure and inhibition of AQP gene expression in leaves and

roots as compared to ‘Swingle’ citrumelo and ‘Valencia’ sweet orange saplings.

Material and Methods

We performed an experiment with 10-month-old non-grafted saplings of ‘Valencia’
sweet orange [Citrus sinensis (L.) Osbeck], ‘Mandarin’ lime (Citrus limonia Osbeck pro. sp.),
previously known as ‘Rangpur’ lime, and ‘Swingle’ citrumelo [Citrus paradisi Macf. x
Poncirus trifoliata (L.) Raf] grown in a growth chamber (PGR15, Conviron, Winnipeg MB,
Canada) at 30/25 °C (day/night), 12-hour photoperiod, photosynthetically active radiation

45



(PAR) of 800 pmol m 2 s™! and air relative humidity close to 70%. Since seed germination,
plants were grown in pots (3.5 L) filled with an organic substrate composed of Pinus bark
(Multicitrus, Terra do Paraiso Ltda., Holambra SP, Brazil). Plants were irrigated every morning
until substrate saturation before beginning the experimental period. One group of plants was
maintained well-irrigated (Control), while another group was subjected to full water
withholding (water deficit, WD). The water deficit period was ended when there was a
reduction >80% in stomatal conductance in plants under water deficit, which depended on citrus
species and varied between seven days for ‘Mandarin’ lime and eight days for ‘Swingle’
citrumelo and ‘Valencia’ sweet orange.

Leaf gas exchange was evaluated in four plants of each treatment, between 10h00 and
11h00, with an infrared gas analyzer (LI-6400F, LI-COR, Lincoln NE, USA). Measurements
were taken under air CO, concentration of 400 pmol mol™! and PAR of 800 pmol m? s,
saturating light according to Machado et al. (2005). CO; assimilation (4), stomatal conductance
(gs), and transpiration (£) were measured in mature leaves positioned at the apex of the plant
shoot. Leaf water use efficiency (WUE) was calculated as the ratio A/E.

Predawn leaf water potential (‘\Vpq) was measured with a pressure chamber (Model 1000,
PMS Instrument Company, Albany OR, USA) in fully expanded leaves. Measurements of
Wpoa were taken on the last day of experiment, at 6h00, also in four plants. At this day, root and
leaf samples were collected, immediately frozen in liquid nitrogen, and then kept at -80°C.

Total RNA was isolated, contaminating DNA was removed and each RNA sample was
then quantified on a Thermo Scientific NanoDrop (Thermo Fisher Scientific, Waltham MA,
USA) before cDNA preparation. After quantification, and cDNA synthesis, gene expression
was made with real-time quantitative PCR (RT-qPCR) with an Applied Biosystems 7500 Real-
Time PCR (Thermo Fisher Scientific, Waltham MA, USA) and a SYBR-green detection system
(Wittwer et al., 1997). Each run consisted of three replicates of the sample and a non-template
control. UPL7 and GAPC2 were used as reference genes in root analysis, and EF-1a and f3-
actin were used in leaf samples, following Mafra et al. (2012). The expressions of PIP1 and
PIP2.1 genes in roots and leaves and PIP2.5 in leaves were evaluated using relative
quantification based on the 2! method (Livak and Schmittgen, 2001). PIP2.1 was chosen
because a previous study revealed differential expression in Citrus species under water stress
(Boscariol-Camargo et al., 2007). PIP1 and PIP2.5 were evaluated to expand the isoforms under
analysis and also check some inconclusive results (data not shown). Amplification of PIP2.5
gene in roots was not possible due to low expression found. Finally, the expression of PIP genes

was indicated as the fold-change relative to a well-irrigated plant (control).
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The experiment was carried out in a completely randomized design, and the data were
analyzed using Bayesian statistics, with water regimes and citrus species being sources of
variation. When significant effects were detected, the mean values were compared using the
Bayes Factor (BF10). Our interpretation of BF o as evidence for alternative hypothesis (H1) was:
3<BF10<20 indicates positive support to Hi; and BFi10>20 indicates strong support to the
alternative hypothesis (Miranda et al., 2021).

Results and Discussion

In leaves, the expression of PIP2.1 was downregulated by water deficit in all species,
with ‘Mandarin’ lime and ‘Valencia’ sweet orange showing lower expression than ‘Swingle’
citrumelo (Fig. 1a). The expression of PIP1 was reduced by water deficit only in leaves of
‘Valencia’ sweet orange, while the expression of PIP2.5 was reduced only in leaves of
‘Mandarin’ lime (Fig. 1b,c). We did not find significant changes in the expression of PIP2.1 and
PIP1 in roots of any species due to water deficit (Fig. 1d,e).

We expected a similar pattern of repression in leaves and roots; however, roots did not
show repression of AQP genes. Under drought conditions, the down-regulation of AQP genes
in roots could reduce water flow through cell membranes and decrease water loss to drying soil
(Luu and Maurel, 2005). On the other way, AQPs can be upregulated in roots under water stress
to improve water uptake (Vandeleur et al., 2009). By down-regulating AQP expression in leaves
and maintaining AQP expression in roots, citrus plants could minimize water loss through leaf
transpiration while maintaining water uptake by roots. This was the general pattern found
herein, with repression of PIP2.1 in leaves and non-significant changes in expression of PIP2.1
and PIP1 in roots (Fig. 1a,d,e).

Accordingly, the predawn leaf water potential of ‘Mandarin’ lime and ‘Swingle’
citrumelo did not vary due to water regimes, suggesting that stomatal closure avoided decreases
in Wpa (Fig. 2d,e). Only “Valencia’ sweet orange showed decreases in ¥4 under drought (Fig.
2f), even showing downregulation of PIP1 expression in leaves (Fig. 1b). As a likely
consequence of reduced leaf PIP2.1 expression (Fig. 1a), citrus species presented decreases in
stomatal conductance under water deficit.

While ‘Mandarin’ lime exhibited decreases in stomatal conductance after five days of
water withholding (Fig. 2d), ‘Swingle’ citrumelo and ‘Valencia’ sweet orange reduced stomatal
aperture after four and three days, respectively (Fig. 2e,f). ‘Valencia’ sweet orange was the first

species to decrease transpiration, and ‘Mandarin’ lime and ‘Swingle’ citrumelo maintained
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transpiration rates even after five days of water deficit (Fig. 2g-1). Moreover, photosynthesis
was reduced in all three species at the end of water deficit period (Fig. 2a-c). The reduction in
stomatal conductance in the last days of water deficit caused a higher impact on transpiration
than on CO» assimilation, and therefore the leaf water use efficiency was increased in all three
species (data not shown).

‘Mandarin’ lime is one of the most used citrus rootstocks because of its superior
agronomic performance under water deficit (Ribeiro et al., 2014), which is associated with
several morpho-physiological characteristics, such as fast stomatal changes under varying water
availability (Miranda et al., 2021; Silva et al., 2021). As the movement of stomatal guard cells
requires rapid transport of water across membranes, AQPs have a potential regulatory role along
the transcellular pathway, affecting leaf gas exchange under water limited conditions (Martre
et al. 2002; Moshelion et al. 2015).

Herein, stomatal closure was noticed due to soil drying and AQP expression was
downregulated, with our data suggesting that PIP2.1 have a special role in such response for
‘Mandarin’ lime, ‘Swingle’ citrumelo and ‘Valencia’ sweet orange (Figs. 1a and 2d,e,f). In fact,
the largest reduction in stomatal conductance (-80%) was found in ‘Mandarin’ lime, which
showed significant repression of both PIP2.1 and PIP2.5 in leaves under water deficit (Figs.
la,e and 2d). It is known that AQPs critically determine the water permeability of bundle sheath
cells, which is an important resistance for leaf water supplying (Maurel et al., 2016; Shatil-
Cohen et al., 2011). Then, AQP downregulation could decrease membrane permeability to
water, preserving cell water content and maintaining proper plant water balance under varying

water availaibility (Rodriguez-Gamir et al., 2011).
Conclusions

Overall, our data indicate the downregulation of PIP2.1 and PIP2.5 aquaporins in leaves
of ‘Mandarin’ lime is part of a physiological mechanism related to drought tolerance, driving
stomatal closure and preserving leaf water status.
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Figure 1: Relative expression of PIP2.1 (a,d), PIP 1 (b,e), and PIP2.5 (¢) aquaporins in leaves

(a-c) and roots (d,e) of ‘Mandarin’ lime, ‘Swingle’ citrumelo, and ‘Valencia’ sweet orange

saplings. Boxplots consider the median, 25 and 75" percentiles (n = 3). Lower-case letters

indicate statistical difference (BF10> 3) among species and * indicates significant change (BF1o

> 3) due to water deficit for a given citrus species.
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Figure 2: Leaf CO; assimilation (a-c), stomatal conductance (d-f), transpiration (g-i) of
‘Mandarin’ lime (a,d,g), ‘Swingle’ citrumelo (b,e,h), and ‘Valencia’ sweet orange (c,f,1) saplings
under water deficit. In (d-f), the predawn leaf water potential is shown for each species (n = 4,
+ SD). Symbols represent plants maintained well-watered (control, in white) or subjected to
water deficit (WD, in gray). Each symbol represents the mean value (n = 4) + SD. * indicates

statistical difference (BF10 > 3) between water regimes for a given evaluation time.
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Water in cut-open vessels increases the initial gas discharge during pneumatic measurements
and changes the embolism vulnerability curves in Citrus trees
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Abstract

Considerable progress has been made in understanding the mechanisms of embolism formation
based on the pneumatic method, which relies on gas discharge measurements. Here, we explore
a novel artefact that may occur during the initial stages of pneumatic experiments. We
performed vulnerability curves with the Pneumatron and analysed sap extraction from cut-open
vessels in Citrus branches. An increase in gas discharge during early stages of dehydration
affecting parameters obtained with the embolism vulnerability curves was found in Citrus trees.
Xylem sap does not seem to be absorbed immediately by surrounding tissue in cut Citrus
branches, and removing gas discharge measurements until the initial plateau would be an
alternative solution for the artefact reported, i.e., initial shift. A method for removing the initial
shift based on analysing the variation of the slope in gas discharge and water potential between
all measurements in the beginning of the curve is proposed and tested for other 11 species.
Adjusting the curves by removing the initial shift in gas discharge reduced the variability in the
vulnerability curves and improve the estimation of W12 and Wso in Citrus trees and other species,

giving results similar to those obtained with the optical method.

Keywords: embolism, Pneumatron, artefact, xylem, turgor loss point
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Introduction

Inside the xylem, the sap is under negative pressure, and therefore, it is prone to changes
in liquid-gas interfaces that lead to transport failure by embolism (Dixon and Joly, 1895).
Studies on the mechanisms behind sap transport, as well as on embolism formation, are
hampered by the size dimensions of the transport pathway, varying from micrometre wide
conduits to nanometre sized pore constrictions in pit membranes, and the dynamic complexity
of multiphase interactions between liquids, gasses, and cell walls (Kaack et al., 2021). As a
consequence, manipulation of plant material, especially under negative pressure, can result in
artefacts when evaluating plant embolism (Jansen and Schenk, 2015; Lamarque et al., 2018;
Wheeler et al., 2013).

Embolism resistance varies among species and is typically evaluated by a vulnerability
curve (VC), which gives the relationship between xylem water potential and the corresponding
degree of xylem embolism (Pereira et al., 2016). As the plant dries, water potential decreases,
and the likelihood of embolism formation may increase. From VCs, we can obtain water
potentials inducing 12%, 50% and 88% of embolism (‘¥'12, ¥'s0 and Wss respectively). While Y12
is considered to be the threshold for air entry in the xylem causing embolism, ¥so is commonly
used to compare the characteristic embolism resistance of a particular species to embolism, and
Ysgs represents the water potential associated with the threshold leading to irreversible drought
damage and mortality risk (Urli et al., 2013).

Several methods have been developed to study xylem vulnerability to embolism, which
may be estimated either indirectly by measuring the loss of conductivity due to embolism
formation, or directly by quantifying the gas volume of embolised vessels (Venturas et al.,
2019). The loss of conductivity can be measured with a hydraulic apparatus (Sperry et al., 1988)
or by the centrifuge method (Cochard, 2002; Peng et al., 2019), whereas embolism can be
quantified through imaging methods (Brodersen et al., 2010; Brodribb et al., 2016; Meixner et
al., 2020), or gas extraction using the pneumatic method (Pereira et al., 2016, 2020).

The pneumatic method quantifies the amount of gas that can be extracted from intact
and embolised conduits that are connected via interconduit pit membranes with the cut-open
conduits. Increases in the discharged air volume during progressive dehydration are then related
to the loss of hydraulic conductivity due to embolism (Pereira et al., 2016). During dehydration,
the threshold for inducing embolism in the next intact (i.e. non-cut-open) conduits is reached,
which means that a larger gas volume can be extracted than prior embolism propagation (Guan

et al., 2021; Yang et al., 2023). Recently, Pneumatron devices have been used to obtain
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pneumatic measurements and then embolism vulnerability curves (Pereira et al., 2020). These
devices are automated instruments that capture at a high temporal resolution the amount of gas
extracted from xylem conduits, and therefore evaluate the gas kinetics during xylem
dehydration over several hours to days. Detailed modelling of gas diffusion kinetics that
underlies pneumatic vulnerability curves, combined with a comparison of various methods,
provide strong evidence to consider the pneumatic method as a highly accurate, easy, and low-
budget method to estimate embolism resistance of xylem (Brum et al., 2023; Guan et al., 2021;
Yang et al., 2023, Paligi et al., In press).

Although the pneumatic method has become a highly appropriate method to
constructure vulnerability curves, misinterpretation of the data measured may still be possible
(e.g. Brum et al., 2023; Chen et al., 2021). During earlier work, we have noticed that for some
woody species, such as Citrus spp., a sharp initial increase in gas discharge can be found in
well-hydrated xylem, in which no embolism formation would be expected to occur at xylem
water potentials higher than -1 MPa. As an initial plateau in gas discharge measurements is
needed for the calculation of the percentage of embolism with the pneumatic method, the
question is whether or not an initial increase in gas discharge volume leads to an
underestimation of ¥so. Sometimes ¥so would be close to the water potential that corresponds
to the turgor loss point (WrLp), but no embolism is expected in such condition (Sergent et al.,
2020).

Once a xylem tissue is cut open in air under atmospheric pressure, it is generally
assumed that the cut-open conduits are instantly embolised (Tyree and Zimmermann, 2002; Van
Ieperen et al., 2001). It is important that cut-open conduits are filled with air, mainly because
the conduits function as an extension of the discharge tube of the Pneumatron, and thus
determine the extraction of gas from intact (i.e., non-cut-open) conduits. Moreover, we noticed
recently that some water came out of cut xylem of a branch sample that was connected to the
pneumatic apparatus when a partial vacuum was pulled. Based on this evidence, we
hypothesized that once we cut the branch in air, the air-water meniscus may not immediately
pull back to the end of cut-open vessels in some tree species, while its xylem sap is gradually
absorbed by intact vessels or surrounding tissues. Having cut-open vessels filled with sap that
is then gradually replaced by air could explain the initial sharp increase in gas discharge, and
then the large increase in the percentage of gas discharged (PGD) at the beginning of pneumatic
measurements.

Here, we tested if the initial shift in gas discharge is related to the volume of sap found

in the cut-open vessels of Citrus plants. We also examined if sap removal from the cut-open
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vessels is related to the Wrip, as the loss of turgor would allow complete water absorption from
the cut-open vessels to the surrounding tissues. Then, we proposed and tested a method for
removing such initial shift in Citrus trees, comparing the corrected VCs with those obtained
with the optical method. The initial shift removal method was then tested for other 11 tree

species.

Material and Methods

Plant material

We constructed vulnerability curves (VCs) using the Pneumatron for species from two
sites with different climate conditions. Two years old plants (n = 4) of ‘Doppio Sanguinello’
blood orange (Citrus sinensis (L.) Osbeck grafted on Poncirus trifoliata (L.) Raf. were grown
in 5 L pots filled with commercial soil (Flora-Toskana GmbH, Kempten, Germany), under
greenhouse conditions. To identify the occurrence of the initial shift in GD in other species, we
evaluated trees from a forest near Ulm University (Germany, 48°25'20" N, 9°5720" E, 620 m
a.s.l.): Acer campestre (L.) (n = 6), Acer pseudoplatanus (L.) (n = 3), Carpinus betulus (L.) (n
= 06), Fagus sylvatica (L.) (n = 6), Populus tremula (L.) (n = 4), Prunus avium (L.) (n = 3),
Quercus petraea (Matt.) Liebl (n = 6), and Quercus robur (L.) (n = 6). For Coffea arabica (L.)
(n = 3), we used potted plants growing under greenhouse conditions at Ulm University. Six
years old plants of Coffea arabica were grown in 18 L pots filled with a standardized soil type
ED 73. Branches of Olea europaea (L.) (n = 5) were collected from trees at the Agronomic
Institute in Campinas SP Brazil (22°52°18” S, 47°04°39” W, 679 m a.s.l.). For Eucalyptus
camaldulensis Dehnh (n = 3), we used the same curves presented previously (Pereira et al.,
2020), obtained from plants growing in Campinas SP Brazil.

Branches were cut from plants early in the morning and transferred into plastic bags
with the cut end underwater to the laboratory, which took about five minutes. Branches were
kept in moist plastic bags in the dark for at least 60 min to ensure that stomata were closed

before preparing the branch and leaves for imaging and pneumatic measurements.

Pneumatic measurements in branches
A Pneumatron apparatus was used to measure the gas diffusion kinetics of desiccating
branches (Jansen et al., 2020; Pereira et al., 2020; Trabi et al., 2021). Measurements were taken

every 15 minutes and the xylem water potential was monitored in bagged leaves with a pressure
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chamber (PMS 1505D, PMS Instruments, Corvalis OR, USA). Using a vacuum pump, 40 kPa
of absolute pressure was applied to a rigid tube with known volume that was connected with
the proximal end of a branch to extract gas. The vacuum pump reached 40 kPa (i.e., the initial
pressure Pi) within less than a second and pressure was recorded every 500 ms during the gas
discharge. The final pressure (Pf) was taken after 15 s. According to the ideal gas law, the moles

of air extracted from vessels (An, mol) were given as follows:

(Pf-Pi)xV
T (1)

An = nf —ni =
where ni and nf represented the initial and final number of moles of air at the initial and final
pressure, respectively. V was the fixed discharging tube volume (in liter), R is the gas constant
(8.314 kPa-L-mol -K!), and T was the room temperature (25°C).

The equivalent volume of air (GD, in pL) at atmospheric pressure (Pam, 98 kPa) and the
percentage of gas discharged (PGD, %) were calculated as:

AnRT

GD = x 10° 2)

atm

GD—GDpin

PGD = 100 X ———
GDmax— GDmin

3)

where GDmin was the minimum volume of air when the branch was well-hydrated, and GDmax
was the maximum volume when the branch was severely dehydrated and GD stopped
increasing even with decreasing xylem water potential.

VCs were then generated by plotting PGD or percentage of embolised pixels (PEP, as
described below for the optical method) against xylem water potential (V) and fitted by the
following equation (Pammenter and Vander Willigen, 1998):

100

PGD or PEP = S
1+exp(5o) (W= ¥so)

4

where S represented the slope of the curve, and Wso the xylem water potential corresponding to
50% of GDmax. The xylem water potential at 12% and 88% of gas discharged, known as W12

and Wss respectively, were calculated following Domec and Gartner (2001):
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Y, = 2 (5)

S
G+ ¥so

-2

Wgg = =——— (6)

S
G +¥so

Adjustment of the pneumatic measurements
To determine the beginning of the plateau in the vulnerability curves obtained with the
Pneumatron, the slope between two points/measurements was calculated every hour as:
_ GDi—GD;_,

A= {0

where S; is the slope, GD; and ¥; are the volume of and water potential at a measurement point
and GDi.1, and ;.1 are the volume of gas discharge and water potential one-hour prior GD; and
;. The slope was calculated using measurements every hour instead of every 15 minutes, to
minimize noise between measurements. By plotting the slope of the VC by each measurement
point in time order (Fig. la,c), we were able to identify when there was a shift in GD at the
beginning of the curve (Fig. 1d). When there was an initial shift in GD, the slope was higher at
the beginning of the curve and then reached values close to zero, which represents the initial
plateau (Fig. 1c). In that case, the initial plateau was visually identified as the smallest slope
(close to zero) at the beginning of the curve, after the initial shift peak. And then, all points
preceding the beginning of the initial plateau were removed. When there was no initial shift in
GD, the slope of the curve at the beginning of the measurements showed values close to zero,

in that case, no adjustment was applied (Fig. 1a,b).

Optical measurements on leaves and branches of Citrus plants

A healthy terminal branch of approximately 3 to 6 mm in diameter and 50 cm in length
was selected and a leafless region of the branch was prepared. A region of bark approximately
15 to 20 mm in length was carefully removed from one side of the branch to expose the
underlying wood without causing damage to the xylem. Once a window was created, it was
firmly secured onto a stereo microscope (Axio Zoom.V16, Zeiss, Jena, Germany) using duct
tape to ensure no movement of the sample while drying. A thin layer of hydrogel (Tensive Gel,
Parker Laboratories, Fairfield NJ, USA) was applied to the exposed xylem surface to improve

light transmission and reduce evaporation from the surface (Brodribb et al., 2017).
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For leaves, we used both the same stereo microscope cited previously and the optical

clamps (for more details, see http://www.opensourceov.org/) (Brodribb et al., 2016). A healthy,

mature and undamaged leaf was selected from each branch and fixed with duct tape under the
stereo microscope or in optical clamps. During the scanning, the leaf remained attached to the
branch. The leaf surface area (1 cm?) was scanned while the leaf dried.

For both leaves and branches, images were taken every 5 min, and the water potential
was monitored in bagged leaves with the pressure chamber mentioned previously. For
measurements of leaf water potential leaves, we used other leaves, similar in size, on the same
branch of the leaf that was being scanned, and exposed to similar conditions. The water potential
between each measurement interval was estimated assuming a linear decrease during
dehydration (Pereira et al., 2020). Images were processed using Image] and the
“OpenSourceOV Image] Toolbox” was used to analyse the images. Embolism events were
determined by analysing differences in pixels of individual images from the previous images
due to changes in the brightness of the xylem, which were then transformed into masks for
quantification. The Percentage of Embolised Pixels (PEP) was quantified as the sample dried
over time (Brodribb et al., 2016, 2017) and W¥so, W12 and Wsg were calculated using equations 4
to 6.

The Pneumatron was connected to the part of the Citrus branch that was cut from the
whole plant, while a leaf or branch from the same terminal branch was selected for the optical
measurements. For 4. pseudoplatanus, C. betulus, F. Sylvatica, P. avium, Q. petraea and Q.
robur, we used optical method data on embolism resistance from Guan et al. (2022). In their
study, samples were collected at Ulm University, in the same forest from which we took some
of our samples for VCs using the pneumatic method. Therefore, were able to compare W12, Wso
and Wsg values obtained with the pneumatic method with those obtained by Guan et al. (2022)
with the optical method.

Sap extraction from cut-open vessels in Citrus

This experiment was made to measure the amount of water extracted from cut-open
vessels of Citrus branches under negative pressure. Branches of 5 to 15 mm in diameter were
cut from plants early in the morning and transferred into plastic bags to the laboratory. The
transfer took about five minutes. Once in the lab, branches were let to dehydrate on the bench
top for different periods and we used one branch for each measurement. After a certain amount
of dehydration, the branch was put in a dark plastic bag for one hour to minimize transpiration.

Then, xylem water potential was measured in a leaf using the pressure chamber mentioned
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earlier, and the terminal part of the branch was cut off, leaving a leafless segment of about 10
cm. We choose 10 cm segments to make sure that most of the vessels were cut open as the mean
vessel length of Citrus sinensis plants is about 24 cm (data not shown). Immediately after
cutting, the proximal end of the segment was connected to the Pneumatron apparatus and a
vacuum reservoir of 100 mL using elastic tubing and plastic clamps. Inside the elastic tubing,
there was an 8 mm cotton filter previously weighted (W41) in direct contact with the sample to
collect exudated sap. A vacuum of about 40 KPa was applied for 2 minutes to the sample, and
then the cotton filter was weighed again (W>). Then, branch dry mass (Badry) was determined
after drying samples in an oven with forced air circulation at 60 °C until constant weight. We
assumed that the weight difference between cotton filters before and after the vacuum (W1 and
W5, respectively) was due to sap extracted from the cut-open vessel. Since samples were not
the same size, we standardized data by dividing the difference in weight in the filter by the dry

mass of each sample:

SAP = Wi=W2) (8)

Bdry

where SAP is the mass of sap extracted from samples with cut open vessel standardized by the

sample dry mass (Bary), expressed in mg of extracted sap per g of dry mass.

Turgor loss point

Based on the pressure-volume curves from literature data, we estimated the xylem water
potential at turgor loss point (‘W1Lp) for 4. campestre, A. pseudoplatanus, C. betulus, C. sinensis,
C. arabica, E. camaldulensis, F. sylvatica, O. europaea, P. tremula, P. avium, Q. petraea, and

0. robur (Supl. Table 1).

Data analyses

Data processing and statistical analyses were performed using R v.4.3.0 (R Core Team,
2013), OriginPro v.9.3 (OriginLab Corporation, Northampton MA, USA), and JASP software
(https://jasp-stats.org). Pearson’s correlation coefficient was used to test for linear correlation.
W12, Ws0 and Wss were compared using Bayesian statistics. After detection of significant effects
in Bayesian ANOVA, Bayes Factors (BFi9) were used to compare mean values. Our

interpretation of Bayes Factors as evidence for the alternative hypothesis (Hi) was: 1 <BFjo <
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3 indicates a weak support for Hi, 3 < BFi0 <20 indicated positive support for Hi, while BF1g
> 20 indicated strong support for the alternative hypothesis (Miranda et al., 2021).

Results

Embolism vulnerability curves of Citrus branches and leaves

When constructing VCs using the Pneumatron for Citrus plants, some curves were
exponential, with Wso close to -1 MPa and positive values of W12 (Fig. 2). A large discrepancy
between the curves and therefore W12 and Wso values were also noticed (Fig. 2). Mean values
of W1, and Wso were -0.9 MPa and -2.4 MPa, with a standard deviation of 1.7 and 1.5 MPa,
respectively. Embolism resistance of leaf and branch xylem based on the optical technique
revealed mean Wso for branches and leaves of -3.63 = 0.2 and -4.13 + 0.6 MPa, respectively
(Fig. 3). There was no statistical difference in W12 and W50 between leaves and branches using

the optical method, while Wgg was less negative for branches (BFi0 = 3.2).

Sap extracted from Citrus cut-open vessels

Sap was extracted from 10 cm long Citrus segments by connecting the branch end to a
Pneumatron. We found an exponential correlation between the sap extracted after applying the
vacuum and the xylem water potential. At xylem water potentials below -1 MPa, a considerably
high amount of sap was extracted from the branches (Fig. 4). Sap was no longer extracted at

water potentials close to the turgor loss point for Citrus sinensis (-2.3 MPa)

Adjustment of VCs by considering the stable initial plateau

We adjusted several VCs from tree species growing either in temperate or tropical
conditions. Firstly, we detected and removed the initial shift, using the method described earlier
in Material and Methods section. Then, curves with and without an initial shift in GD were
compared and shown in Fig. 5. In all adjusted VCs, the initial plateau was clearly identified
before the turgor loss point (Y1rp), as shown by dashed lines (Fig. 5). In four of the 12 studied
species, E. camaldulensis, O. europaea, Q. petraea, and Q. robur, there was no need for
adjustment because the VCs started at the plateau, without any initial shift in GD (Fig. 5). For
A. campestre, A. pseudoplatanus, C. betulus, C. sinensis, C. arabica, F. sylvatica and P. avium
a shift in GD before the initial plateau was detected (Fig. 5). After the removal of the initial
shift in AD, the curves between replicates were more similar and the standard deviations of

derived parameters W1 and Wso reduced (Figs. 5, 6 and Table S2).
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Statistical differences between W12 and Wso with and without the adjustment were found
for C. sinensis (BFi0 = 2.8 and 2.5, respectively), and F. sylvatica (BFio = 43 and 13,
respectively) (Fig. 6a,b). Besides, Wss was not significantly affected by the initial shift
adjustment in any species. Although we found absolute differences in W1> when comparing
adjusted and non-adjusted VCs for A. campestre, A. pseudoplatanus, C. betulus, C. arabica, P.
tremula, and P. avium, there was no statistical difference for this parameter probably due to a
large standard deviation without the adjustment (Fig. 6 and Table S2). In fact, the standard
deviations of all VC derived parameters were considerably reduced with the adjustment for the
majority of species (Table S2).

When comparing W12, Wso and Wss values obtained with the pneumatic method with
those obtained with the optical method and reported by Guan et al. (2022), a large discrepancy
was observed for the pneumatic ¥ without any adjustment (red symbols, Fig. 7a): 12 values
were considerably higher for the pneumatic than the optical method. However, the discrepancy
for W12 and Wso between the methods was considerably reduced when applying the correction

for the initial shift in GD (blue symbols, Fig. 7a,b).

Discussion

An increase in GD during the initial stages of xylem dehydration occurred in pneumatic
experiments with Citrus trees and other species, which affects the estimation of embolism
resistance. This artifact was associated with changes in the air-water interfaces in cut-open
conduits, and may significantly change estimations of W12 and ¥so. However, no effect was
found for the estimation of Wgs. Here, we proposed an adjustment of the VCs obtained with the
Pneumatron by detecting the initial plateau and removing the artificial shift in GD before the
plateau is reached. In general, the absolute effect of the correction was more pronounced for
Y12 than for Wso and Wss (Figs. 5 and 6). Besides, the standard deviation was considerably
reduced when our initial plateau of VCs was corrected. The standard deviations for W12 and ¥so
of Citrus plants, for instance, were reduced from £1.7 to +£0.8 MPa, and from +1.5 to 0.3 MPa,
respectively (Fig. 6 and Table S2).

The shift in GD during initial dehydration stages was found in some species and we
noticed minimal differences when comparing adjusted and non-adjusted Wso values for most of
the species studied. The large intraspecific variability in whether or not this artifact occurs may
explain why some previous methodological comparisons on embolism resistance did not detect

the artifact (Guan et al., 2021; Pereira et al., 2020; Sergent et al., 2020; Zhang et al., 2018;
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Paligi et al., In press). Our findings may also explain why previous reports described a weak
correlation for W12 between various vulnerability curve methods (Fig. 7; Paligi et al., In press;
Yang et al., 2023). As shown in Fig. 7a, the proposed adjustment can improve the accuracy of
Y12 estimation, at least when comparing the pneumatic and optical methods.

According to the Cohesion-Tension theory, sap will be under negative pressure if the
plant is transpiring at the time the conduit is cut open, then water should be drained from open
vessels to rehydrate the surrounding tissue immediately after the cut (Dixon and Joly, 1895;
Tyree et al., 2003). Our explanation for the artifact observed, however, is that xylem sap is most
likely not quickly removed from cut-open conduits. When applying a partial vacuum with the
Pneumatron, the amount of sap extracted from fully cut-open conduits in short branch segments
of Citrus depended on the water potential. The highest amount of sap was extracted under well
hydrated conditions, while sap extraction was no longer observed beyond the turgor loss point
(Fig. 4). Based on this, we can assume that water in cut-open vessels was not immediately
absorbed by surrounding tissues in some species. If transpiration is low and xylem water
potentials are close to zero, it is possible that, after the cut, xylem sap is gradually drained by
the surrounding tissue. As long as this surrounding tissue, which includes parenchyma and
living fibres, has still turgor pressure, the xylem sap may not be drained immediately after
cutting fresh samples (Fig. 8b). Why some species show the artefact more pronounced than
others is unclear, but we speculate that variation in tissue fractions and connectivity of vessels
with living cell types could be associated with the interspecific variation. When the turgor loss
point is approached, a large amount of xylem sap is quickly absorbed and replaced by gas in
cut-open conduits, which explains a fast increase of GD during the initial pneumatic
measurements (Fig. 8d).

The vessels in angiosperms are commonly surrounded by highly specialized living
parenchyma cells, those vessel-associated cells can be connected to vessels via half-bordered
pits (Morris et al., 2018). Besides, the influx of water from the surrounding living cells in the
xylem infiltrating embolised vessels has been proposed as a mechanism to refill embolised
vessels (Brodersen et al., 2010, 2018). When looking for embolism refilling in grapevines,
Knipfer et al. (2016) found that in excised branches, water droplets emerge from the inner vessel
walls adjacent to xylem parenchyma or fibres. An alternative explanation for the water extracted
from branches with cut-open vessels in our study could be the active secretion of liquid from
living cells that are directly connected to conduits, a hypothesis to be tested. The vessel-
associated parenchyma cells are also related to tylosis and gel production, where balloon-like

sacs of cytoplasm enter the embolised vessel resulting in partial or full vessel occlusion (Morris
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et al., 2018). However, the vessel occlusion by tylosis would block the air extraction when
performing vulnerability curves, which was not the case for our samples.

Since it is unclear how fast xylem sap is withdrawn within cut-open conduits of a
particular sample, we suggest removing all data before an initial plateau in GD is a general
protocol when measuring embolism resistance with a Pneumatron, if an initial shift in GD is
detected. For this reason, we strongly recommend users to work with the automated Pneumatron
device as the high temporal resolution will be most useful for this purpose. In fact, a large
similarity was found in estimations of VC-derived parameters obtained with the pneumatic and
optical methods when there was no initial increase in GD (Figs. 7). Also, the adjustment
suggested can be useful to reduce the variability in embolism resistance, even if the artificial
increase in GD is small. For instance, applying a correction to data obtained for C. arabica
reduced the standard deviation from +1.8 to £0.6 MPa, and from £0.9 to +£0.1 MPa for ¥, and
Yso, respectively (Fig. 6 and Table S2).

In fact, removing the GD measurements before the initial plateau is a reasonable
approach for improving the estimation of W12 and W50 in some species since xylem sap appears
to be completely absorbed when the surrounding tissues lose turgor. Yet, users will not be
required to accurately measure Wrip, because a stable plateau in GD should be obtained before
the turgor loss point has been reached. Therefore, the removal of all points before the initial
plateau in pneumatic VCs would still be a safe strategy since embolism formation is unlikely
before plants lose cell turgor. Previous studies have shown that stomata close at or before turgor
loss, earlier than the onset of embolism (Brodribb et al., 2016; Martin-StPaul et al., 2017,
Nardini et al., 2003; Skelton et al., 2018). In addition, Martin-StPaul et al. (2017) found that
most species close their stomata at water potentials long before embolism starts.

A practical consequence of our results is that VCs obtained with the pneumatic method
can be started with slightly dehydrated branches, at least up to Wrrp, which facilitates branch
sampling when it is not possible to find a completely hydrated plant in the field, or when plants
are already transpiring during the day. Starting with slightly dehydrated samples and not putting
them under water after cutting would help the gas-liquid meniscus to pull back more quickly,
which would be especially appropriate for drought-resistant species with fairly high embolism

resistance, as Citrus species.
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Conclusion

For the first time, we report the presence of xylem sap in cut-open vessels affecting
embolism vulnerability curves obtained with the pneumatic method. As an easy correction for
improving the estimation of important parameters related to embolism resistance, we propose
the removal of all points before the initial plateau in pneumatic VCs if an initial shift in GD is
detected. As long as a Pneumatron with high temporal resolution is used, it is possible to easily
detect a stable plateau before embolism occurs. Further research should reveal the physiological

importance of xylem sap in cut-open vessels for tree species.
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Figure 1: Examples of how to identify if an adjustment in VCs is needed for a sample without

initial shift in GD [Q. robur in (a) and (b)] and a sample with initial shift in GD [C. sinensis in

(c) and (d)]. First, the slope of the VC between every hour was plotted [in (a) and (c)]. When

there was no initial shift in AD, the initial slope was close to zero due to the initial plateau in

the VC (a), then, no adjustment was performed (b). When there was an initial shift in AD, the

slope of the points at the beginning of the VC were far from zero, as shown by the red symbols

in (c). Then, the points corresponding to the initial shift in GD (red points in d) were removed

and the curve was fitted again (blue symbols in d).
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Figure 2: Embolism vulnerability curves of Citrus branches obtained with the Pneumatron.
Five replications with varying curve shapes. Lines represent the logistic function by Pammenter
and Vander Willigen (1998). W12, Wso and Wsg mean values + standard deviation are shown.
PGD stands for the percentage gas discharge extracted with a Pneumatron, and ¥ is the xylem

water potential.
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Figure 3: Embolism vulnerability curves of Citrus plants using the optical method in branches

(a, n=4) and leaves (b, n=8). Red lines represent the logistic function by Pammenter and Vander

Willigen (1998). W12, Wso and Wss values (MPa) are presented, mean + standard deviation. PEP

stands for the percentage of embolised pixels, and W is the xylem water potential.
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Figure 4: Relationship between the weight of sap extracted from cut-open vessel (SAP in mg
of extracted sap per g of branch dry weight) in 10 cm long branches of Citrus sinensis, and
xylem water potential measured during bench dehydration. Each symbol represents one
measurement, and there were 17 measurements. The red line represents the exponential
relationship, and the equation and r? value are shown. The mean value of the osmotic potential
at the turgor loss point (TLP) is indicated on the x-axis (-2.31 MPa).
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Figure 5: Embolism vulnerability curves obtained with the Pneumatron without any correction
for xylem sap in cut-open conduits (red symbols), and with correction by removing
measurements before the initial plateau (blue symbols). Dashed lines indicate the water
potential at the turgor loss point (WrLp). Species included Acer campestre (a, n=6), Acer
pseudoplatanus (b, n=3), Carpinus betulus (c, n=6), Citrus sinensis (d, n=5), Coffea arabica
(e, n=3), Eucalyptus camaldulensis (f,n=3), Fagus sylvatica (g, n=6), Olea europaea (h, n=5),
Populus tremula (1, n=4), Prunus avium (j, n=3), Quercus petraea (k, n=6), and Quercus robur

(1, n=6). PGD stands for the percentage gas discharge, and ¥ is the xylem water potential.
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Figure 6: Values of W12 (in a) Wso (in b) and Wss (in ¢) derived from VCs obtained with the

Pneumatron without correction (red) and with correction for xylem sap in cut-open conduits

(blue). Boxplots consider the median, 25" and 75 percentiles, and mean values are represented

by squares (n=3 to 6). * indicates differences between adjusted and non-adjusted values for a

given species, and ¢ indicates outliers.

79



1 Ha) Yz 1 Ub) Wso 2 Hc) Weg
;“? ol | I
= - 2+ ® 3F
c-1F @ T r
2 | ‘ 3+ n 4+ :
® oL i
ECl i
T 4 L 5L
23 Lo _ e o
o LI T = 1
4 -5+ -6 I
1 1 1 | I P | 1 N 1 N 1 i 1 N 1 1 N 1 N 1 N 1 M 1
4 3 2 1 0 1 5 4 3 2 - 6 5 -4 -3 -2
OV (MPa)

Figure 7: Correlations between W12 (a), ¥so (b) and Wss (c) obtained with the optical method
(OV) and the Pneumatron method for A. pseudoplatanus, C. betulus, C. sinensis, F. sylvatica,
P. avium, Q. petraea, and Q. robur. Values are presented as mean + standard error. Pneumatron
data were adjusted (blue) or non-adjusted (red). The OV data for A. pseudoplatanus, C. betulus,
F sylvatica, P. avium, Q. petraea, and Q. robur were taken from Guan et al. (2022). For C.

sinensis, the OV data were measured and shown in Fig. 3.
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Figure 8: Gas-liquid dynamics in a hypothetical branch with a turgor loss point of -2 MPa. (a)
hydrated intact branch, before cutting it at -0.1 MPa, with sap-filled conduits. (b) the same
branch at high water potential after cutting, some menisci are formed as large gas bubbles, and
water starts to be drained to rehydrate the surrounding tissue. As this tissue still has turgor
(given by the dark green colour in surrounding, non-conductive tissue), water is not drained
immediately and completely. (¢c) more xylem sap is absorbed by the non-conductive cells as
surrounding tissues dehydrate further. (d) complete uptake of xylem sap by non-conductive
cells, with the cut-open conduit being completely filled with air, which happens at a water

potential close to the turgor loss point. PM = pit membrane and M = meniscus.
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Supplementary material

Table S1. The xylem water potential at turgor loss point (WrLp, MPa) for the species studied;

average values are provided (£SD), as well as the lowest and highest values. Data were retrieved

from literature.

Species

YrLp
(mean and range)

References

Acer campestre

-1.92 + 0.40 MPa
(-1.28 to -2.51)

Burghard and Riederer 2003; Nardini et al.
2012; Banks et al. 2019; Kunert and
Tomaskova 2020; Thom et al. 2022

Acer
pseudoplatanus

-2.05 + 0.42 MPa
(-1.40 to -2.75)

Nardini et al. 2012; Sjoman et al. 2015; Li et
al. 2016; Libbe et al. 2017; Leuschner et al.
2019; Kunert et al. 2020

Carpinus betulus

-2.45 + 0.35 MPa
(-1.85 to -2.71)

Li et al. 2016; Llbbe et al. 2017; Leuschner
et al. 2019; Kunert et al. 2020

Citrus sinensis

-2.31+0.49 MPa
(-1.69 to -2.82)

Savé et al. 1995; Gongalves et al. 2016; Silva
et al. 2019; Miranda et al. 2022;

Coffea arabica

-1.60 + 0.20 MPa
(-1.34 to -1.82)

Meinzer et al. 1990; Da Matta et al. 1993;
Nardini et al. 2014

Eucalyptus
camaldulensis

-2.06 + 0.22 MPa
(-1.8 to -2.4)

Dreyer et al. 1992; White et al. 2000;
Lemcoff et al. 2002; Siddiqui et al. 2008

Fagus sylvatica

-2.41 +0.30 MPa
(-1.80 to -2.82)

Aranda et al. 1996; Backes and Leuschner
2000; Leuschner et al., 2001; Burghardt et al.
2003; Libbe et al. 2017; Tomasella et al.
2018; Leuschner et al. 2019; Kunert et al.,
2020

Olea europaea

-2.88£0.72 MPa
(-1.67 to -3.57)

Hinckley et al., 1980; Dichio et al. 1997;
Dichio et al. 2003; Bacelar et al. 2006

Populus tremula

-2.10 MPa

Kunert and Tomaskova, 2020

Prunus avium

-2.48 £0.18 MPa
(-2.24 o0 -2.71)

Peschiutta et al., 2013; Kunert et al., 2020

Quercus petraea

-2.27 +0.45 MPa
(-1.3 to -2.77)

Aranda et al., 1996; Backes and Leuschner
2000; Tomas et al., 2000; Burghardt et al.,
2003; Nardini et al., 2012; Kunert et al.,
2020

Quercus robur

-2.45 £ 0.22 MPa
(-2.16 t0 -2.68)

Tomas et al.,, 2000; Kunert et al., 2020;
Hanley et al., 2021
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Table S2: Variation of W12, Wso and Wss (in MPa) obtained from VCs obtained with

Pneumatron without and with adjustment based on the initial plateau in AD.

the

Y12 Wso Wss

Species non- non- non-
) adjusted ) adjusted ) adjusted

adjusted adjusted adjusted
A. campestre -20+11 -30+06 -43+08 -48+04 -66+05 -65%0.3
A. pseudoplatanus -22+0.3 -27+x02 -3.0x01 -32+02 -38+02 -3.7x0.1
C. betulus -14+11 -23+x02 -3.0+x05 -34+x02 -46+£02 -46£0.3
C. sinensis -10+18 -33+08* -24%+15 -42+03* -39+x13 -51x0.7
C. arabica -16+18 -3.7+06 -43+09 -53+01 -70+01 -6.9%0.3
E. camaldulensis -3.8+0.3 -38+04 -48%+02 -48+03 -59+02 -59%0.1
F. sylvatica 01+09 -19+04* -18+07 -3.0+03* -38+04 -40%0.2
O. europaea -33+03 -34+02 -42%+01 -42+01 -51+02 -50zx02
P. tremula -16+11 -23+06 -32+07 -35+09 -47+12 -47+12
P. avium -24+14 -33+04 -35+04 -38+01 -46+06 -44%04
Q. petraea -34+02 -34+02 -44%+03 -45+03 -55+05 -55x05
Q. robur -32+03 -32+03 -41+02 -41+02 -51+£02 -51%0.2
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Abstract

Embolism resistance of xylem tissue varies among species and is an important trait
related to drought resistance, with anatomical attributes like pit membrane thickness playing an
important role in embolism resistance. Citrus plants are cultivated using grafting technique,
with the rootstock being able to affect the drought resistance of the whole plant. Here, we
analyzed the effects of grafting on the scion anatomy and vulnerability to embolism using
several rootstock/scion combinations. ‘Tahiti’ lime, ‘Hamlin’, ‘Pera’ and ‘Valencia’ oranges
grafted on the same rootstock presented similar vulnerability to embolism and the lowest water
potentials experienced during the dry season were not low enough to induce significant
embolism formation under field conditions. Our results revealed that Citrus plants presented a
conservative strategy to deal with drought, with a large safety margin and stomata closure under
low water availability. When considering the same scion species grafted on several rootstocks,
pit membrane thickness, and other shoot anatomical traits varied according to the rootstock, the
main novelty herein. ‘Rangpur’ lime - a drought resistant rootstock - increased the pit membrane
thickness of the scion and reduced its vulnerability to embolism, in addition, the alternative
rootstock ‘IAC 1710’ citrandarin presented vulnerability to embolism similar to ‘Rangpur’ lime,

a promising result.

Keywords: Grafting, drought resistance, xylem anatomy, hydraulic safety margin, stomatal

conductance, ‘Rangpur’ lime
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Introduction

One of the main causes of drought-induced tree mortality around the globe is considered
to be embolism formation, resulting in reduced xylem conductivity and tissue dehydration
(Choat et al., 2018; McDowell et al., 2008). Inside the xylem tissue, the sap is transported under
negative pressure, and therefore, water conducting cells are prone to failure by embolism
formation (Dixon and Joly, 1895). Since plant water relations account for much of the variation
in leaf gas exchange and crop yield, some studies investigate embolism resistance in crops (H.
B. Ahmad et al., 2018; Charrier et al., 2018; Lamarque et al., 2020; Sorek et al., 2021).

Embolism resistance varies among species and is typically evaluated by vulnerability
curves (VCs) based on the relationship between xylem water potential and embolism formation
in vessels and tracheids (Pereira et al., 2016). Such vulnerability to embolism can be assessed
through measurements of the amount of gas extracted from intact and embolised conduits,
which are connected via interconduit pit membranes with cut-open vessels (Pereira et al.,
2020a). When xylem water potential decreases during plant dehydration, there is an increased
risk that embolism will occur. Embolism can be detected pneumatically by the discharged air
volume, which increases with plant dehydration and is shown to be related to embolism-induced
loss of hydraulic conductivity (Pereira et al., 2016). The xylem water potential inducing 50%
loss of conductivity, or 50% loss of the maximum amount of gas that can be extracted (Wso) is
commonly used to compare embolism resistance among species, specimens, or Xylem tissue of
different organs, depending on the method applied. The water potentials inducing 12% and 88%
of embolism (W12, Wss respectively) are also important traits related to the threshold of air entry
in the xylem causing embolism (¥12) and the threshold leading to irreparable damage and
mortality risk due to dehydration (Wss) (Urli et al., 2013). The difference between the minimum
water potential experienced by plants (Wmin) and the Wso is known as the safety margin, a trait
used to predict the probability of a plant experiencing hydraulic failure and subsequent
dehydration under field conditions (Meinzer et al., 2009; Oliveira et al., 2021).

Anatomical characteristics of xylem conduits (including vessels and tracheids) affect
hydraulic conductivity and vulnerability to embolism. Driven by the transpiration stream,
xylem sap crosses numerous interconduit walls between adjacent conduits along the pathway
between roots and leaves (Kaack et al., 2021). Bordered pits make up the connections between
xylem conduits and are represented by small openings in the lignified secondary walls. Pits in
conductive elements have an overarching secondary cell wall with a narrow inner aperture that

flares into a wider outer pit chamber or pit border (Choat et al., 2008). It is well known that
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bordered pits play an important role in water transport across adjacent vessels, and also in
embolism spreading during water deficit (Kaack et al., 2019; Sperry and Tyree, 1988), acting
as safety valves in the hydraulic system. Inside the pit chamber, the primary walls and
intervening middle lamella of two opposing cells make up the pit membrane (Choat et al.,
2008). Pit membrane thickness varies among species and plays a major role in embolism
resistance, with thick pit membranes being found in species with relatively high embolism
resistance (Jansen et al., 2018; Kaack et al., 2019; Lens et al., 2011; Li et al., 2016).

Brazil is the largest producer of oranges in the world (FAO, 2021). Most of the
production is concentrated in an area of subtropical climate with an autumn-winter season,
characterized by low soil water availability and moderately low temperatures, and a spring-
summer season with abundant rainfall and high air temperature (R. V. Ribeiro and Machado,
2007). As Citrus plants are perennial, they are often submitted to seasonal drought. One of the
primary responses of plants to drought stress is stomatal closure to prevent excessive water loss
by transpiration, which also affects photosynthesis and water use efficiency. Since drought is a
major environmental stress that affects plant growth and productivity, understanding drought
resistance is important to improve crop productivity in rainfed areas where dry seasons are
common (Martinez et al., 2007).

Grafting is widely used to improve crop yield and fruit quality in commercial orchards
of Citrus, mainly by enhancing plant resistance against biotic and abiotic stresses (Albacete et
al., 2015; Mouhaya et al., 2010; Ribeiro et al., 2014). In a grafted Citrus tree, the rootstock is
responsible for the interactions with the soil, modulating plant performance under varying water
availability. While scions are selected according to fruit quality and yield, rootstocks are
selected based on the strength of the root system and resistance to diseases under particular
climate conditions (Cohen and Naor, 2002; Ribeiro et al., 2014). The ‘Swingle’ citrumelo
rootstock is used in Brazilian citriculture because of its resistance to Citrus Sudden Death, and
moderate resistance to drought and frost while maintaining a reasonable yield with high-quality
oranges (Castle, 2010). Although sensitive to Citrus Sudden Death, ‘Rangpur’ lime has a
superior agronomic performance in rainfed areas (Cimen and Yesiloglu, 2016). Currently, the
complex mechanism of drought resistance induced by ‘Rangpur’ lime is based on (i) its ability
to enhance root growth under water deficit (Pedroso et al., 2014; Silva et al., 2021), (ii) high
root hydraulic conductivity (Medina et al., 1998; Miranda et al., 2022b), (iii) upregulation of
transcription of genes related to proline, aquaporins, and dehydrins under water deficit
(Boscariol-Camargo et al., 2007; Miranda et al., 2022a), (iv) chemical signaling through

abscisic acid (Miranda et al. 2022b), and (v) root osmotic adjustment combined with the ability
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to redistribute water internally when facing water deficit (Miranda et al., 2018, 2021).
Moreover, the mandarin selection ‘Sunki Tropical’ is a promising, new rootstock, compatible
with commercial scions, and it shows tolerance to soil diseases and intermediate drought
resistance (Sousa et al., 2022a,b). Other promising alternatives for a new generation of
rootstocks are the citrandarins. Citrandarins are hybrids that combine the beneficial
characteristics of mandarins and Poncirus trifoliata, such as tolerance to several diseases and
the ability to form compact plants with high fruit quality (Lima et al., 2018). Since the use of
citrandarins as rootstocks in citriculture is relatively new, only few studies are addressing its
physiological mechanisms to drought resistance.

Here, we investigated the influence of the rootstock on the xylem anatomy and the
vulnerability to embolism in several Citrus species, uncovering how anatomical and functional
traits are related to drought resistance. VCs were performed for several scion species grafted on
the same rootstock species, and leaf gas exchange and water potential were measured for one
year under field conditions to check whether the Citrus trees face water potentials inducing
embolism during the dry season. We also performed VCs and evaluated xylem anatomy and pit
membrane thickness in ‘Valencia’ orange scions grafted on four rootstocks differing in drought
resistance. We hypothesized that Citrus rootstocks have a major role in the scion's vulnerability
to embolism, which is likely associated with anatomical traits. As rootstocks have different
capacities to transport water, variation in xylem pressure during branch development could
induce anatomical changes, such as pit membrane thickness, which might be associated with

shifts in embolism resistance.

Material and Methods

Plant material and environmental conditions
Several Citrus species grafted on the same rootstock species

Embolism resistance and vessel length distribution were performed on branches
(without fruit) collected from field-grown citrus trees in Cordeiropolis SP, Brazil, (22°27'43" S,
47°23'58" W, 737 m a.s.l.), which is characterized by a subtropical humid climate. Leaf gas
exchange and water potential measurements were accessed monthly in leaves of the same trees
during 2021. We investigated ‘Tahiti’ acid lime (Citrus latifolia Tanaka) and three cultivars of
orange trees [Citrus sinensis (L.) Osbeck] — ‘Hamlin’, an early-maturing selection; ‘Pera’, a
mid-season cultivar; and ‘Valencia’, a late-maturing cultivar — all grafted on ‘Rangpur’ lime

rootstocks. Citrus trees were about seven years old, in a 7 x 4 m area, and with fruit loading
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when measurements were taken. Air temperature, relative air humidity and rainfall were
monitored by a weather station inside the experimental field. With these data, we calculated the
vapour pressure deficit and the cumulative water deficit (CWD) based on climatological water
balance (Rolim et al., 1998; Thornthwaite and Mather, 1955), considering 100 mm of soil water

storage capacity.

Same scion species grafted on several rootstock species

‘Valencia’ orange [Citrus sinensis (L.) Osbeck] was grafted on ‘Rangpur’ lime (Citrus
limonia Osbeck), ‘Swingle’ citrumelo [Citrus paradisi Macf x Poncirus trifoliata (L.) Raf.],
‘Sunki Tropical’ mandarin [Citrus sunki (Hayata) hort. ex. Tanaka cv. ‘Tropical’], and ‘IAC
1710’ citrandarin (C. reticulata cv. Changsha x P. trifoliata cv. English Small). Plants were
cultivated in 4.5 L pots filled with organic substrate (Pinus bark, Tropstrato V8 Citrus, Vida
verde, Mogi Mirim SP, Brazil) in a greenhouse with an average air humidity of 70%, maximum

-1 and maximum and

photosynthetically active radiation (PAR) of about 970 pumol m™2 s
minimum air temperature of 38 °C and 12 °C, respectively. Potted plants had their top pruned
at 40 cm height to induce lateral branching. Plants were maintained with daily irrigation and
branches were two years old when vulnerability to embolism, vessel length distribution, and

anatomy were studied.

Leaf gas exchange and leaf water potential

In field-grown ‘Valencia’, ‘Hamlin” and ‘Pera’ oranges and ‘Tahiti’ lime grafted on
‘Rangpur’ lime, leaf gas exchange evaluations were performed monthly, between 9h00 and
12h00, the period of highest photosynthetic activity (Ribeiro et al., 2009), on mature and
sunlight exposed leaves. Measurements were taken with an infra-red gas analyzer (LI-6400F,
LI-COR, Lincoln NE, USA) under air CO: concentration of 400 pmol mol' and
photosynthetically active radiation (PAR) about 1000 umol m2 s™!. Leaf CO» assimilation (A),
stomatal conductance (gs) and transpiration (E) were assessed and water use efficiency (WUE)
was calculated as the ratio A/E.

Leaf water potential (W) was measured using a pressure chamber (PMS 1000, PMS
Instruments Co., Albany OR, USA). Measurements were taken while leaf gas exchange was

assessed in mature leaves using neighbouring branches of the same tree.
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Vulnerability to embolism

We obtained vulnerability curves for all scion/rootstock combinations of this study:
Valencia’, ‘Hamlin’ and ‘Pera’ oranges and ‘Tahiti’ lime grafted on ‘Rangpur’ lime rootstocks
under field conditions; and ‘Valencia’ oranges grafted on four different rootstock species. VCs
were performed using the Pneumatron (Jansen et al., 2020; Pereira et al., 2020a; Trabi et al.,
2021), an apparatus based on the pneumatic method (Pereira et al., 2016) with a methodological
adjustment proposed by Miranda et al. (2023, in preparation), which corrected for an artificial
increase in the amount of gas extracted at relatively high xylem water potentials and avoided
misinterpretation of exponential VCs. With a small vacuum pump, the Pneumatron measures
the air volume extracted from dehydrating branches, while increases in air discharge are related
to embolism formation in intact conduits (Yang et al., 2023). Measurements of air discharge
were taken every 15 min and the stem water potential was simultaneously measured with a stem
psychrometer (ICT International, Armidale NSW, Australia). Leaf water potential was also
measured regularly on bagged leaves of the same branch using a pressure chamber (PMS
Instrument Co., Albany OR, USA) to validate the psychrometer data. An absolute pressure of
40 kPa was applied with the vacuum pump to a rigid tube with known volume that was
connected to a branch. The vacuum pump reached 40 kPa within less than a second and changes
in pressure were recorded every 500 ms during air discharge. The final pressure was taken after
15 s, and the amount of air extracted from vessels (An, mol) was calculated according to the

ideal gas law:

(Pf-Pi)xV
T (1)

An = nf — ni =
where ni represented the number of moles of air at the initial pressure (P;) and nf represented
the number of moles of air at the final pressure (Pr). V was the fixed volume of the discharging
tube (in L), R was the gas constant (8.314 kPa L mol ' K™!) and T was the room temperature
(25°C).

The equivalent volume of air (AD, in puL) at atmospheric pressure (Pam, 98 kPa) was
calculated as shown in equation 2, and the percentage of air discharged (PAD, %) was calculated

as shown in equation 3:

AD = AnRT

x 106 (2

atm
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AD—ADpin

PAD = 100 X —=—
ADmax— ADmin

3)

where ADmin was the minimum volume of air extracted when the branch was well-hydrated,
and ADmax was the maximum volume when the branch was severely dehydrated and AD
stopped increasing despite further decreases in xylem water potential.

VCs were then generated by plotting PAD against xylem water potential (‘) measured
with psychrometers and fitted by the equation proposed by Pammenter and Vander Willigen
(1998):

100

PAD = 4
Lt+exp(>) (¥- ¥s0) 4)

where S represented the slope of the curve and Wso the xylem water potential at which 50% of
embolism was reached in the intact (i.e. non-cut open) conduits. The xylem water potential at
12% and 88% of ADmax, known as W12 and Wsg respectively, were also estimated (Domec and

Gartner, 2001):

Yy, = & (5)

5
G+ ¥so

-2

Weg = =——— (6)

5
() + ¥so

As branches were relatively short in potted plants, we used the entire plant for measuring
air discharge. Each curve was performed on one plant. A branch of about 1 cm in diameter was
partially cut off, and the Pneumatron was connected to the cut branch segment, which was about
3 cm long, and still attached to the trunk. A psychrometer was installed on the trunk, which was
about 1.5 cm in diameter. After that, we uprooted the potted plants by carefully removing the
soil to speed up the dehydration process.

For trees grafted on ‘Rangpur’ lime under field conditions, branches of about 40 to 50
cm long and 1 to 1.5 cm in diameter were bagged and collected in the early morning. They were
immediately transported in wet dark bags to the laboratory, where a Pneumatron was installed
at the proximal end and a psychrometer was installed on the same branch, at about 20 cm from

the cut end.
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Once vulnerability curves were obtained, the data were adjusted by removing all points
before the initial plateau was reached (Miranda et al, 2023, in preparation). The slope between

points was calculated every hour as:

AD;—AD;_
S — 3 1—1
Wi-¥i4

(7)

Where S represents the slope, AD; and Wi the volume of air discharge and water potential at a
measurement point, and AD;.1, and Wi.i represent the volume of air discharge and water potential
one-hour prior AD; and ¥;. By plotting the slope of the VC by each measurement point in
chronological order, the shift in AD at the beginning of the curve was detected. Subsequently,
the initial plateau was visually determined as the smallest slope (near zero) at the beginning of

the curve. And then, all data points preceding the beginning of the initial plateau were excluded.

Hydraulic safety margin
In field-grown plants, the minimum water potentials (\Wmin) for each Citrus scion were
selected as the absolute minimum value measured during the dry season. Then, the hydraulic

safety margin (HSM) was calculated as:
HSM = ¥,;,, — W5 ®)
where Wso is the water potential inducing 50% of embolism formation.

Vessel length distribution

The analysis of vessel length distribution was performed with a Pneumatron on branches
similar to those used for the VCs (Pereira et al., 2020b). To determine the vessel length
distribution, successive cuts were made in branches, followed by measurements of gas
conductivity. For each measurement, the length of the cut branch was measured using a digital
caliper rule. The shorter the branch was cut, the higher the volume of air sucked by the
Pneumatron, as the number of open vessels increased with reduced stem length. The vessel

distribution curve and mean vessel length were established according to Cohen et al. (2003).
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Light microscopy
Five branch samples of ‘Valencia’ orange grafted on ‘Rangpur’ lime, ‘Swingle’
citrumelo, ‘Sunki Tropical’ mandarin, or ‘IAC 1710 citrandarin were collected, fixed in
buffered neutral formalin for 48 h (Lillie, 1948), dehydrated, and stored in 70% alcohol. The
median region of the branch was sectioned in a transverse plane with a sliding microtome
SM2010 R (Leica Microsystems GmbH, Wetzlar, Germany) and disposable razors, with a
thickness of the sections ranging from 10 to 16 um. The transverse sections were clarified with
30% sodium hypochlorite for 5 min, stained with 0.05% toluidine blue (Sakai, 1973) in
phosphate and citrate buffer pH 4.5. Then, samples were mounted under a slide/cover glass in
Kaiser's glycerine gelatin and sealed with nail polish. Images were captured using an Olympus
DP71 video camera coupled to an Olympus BX 51 microscope. The images were analyzed
using the Imagel software.
An area of about 1 mm? was analyzed for each of the five samples, for each rootstock.
In total, measurements were made in at least 450 vessels per rootstock. All anatomical traits
were calculated following Scholz et al. (2013) and xylem vessels close to the pith were avoided
because of differences in conduit anatomy near the primary xylem (Scholz et al., 2013). The
diameter of the vessels (D) was calculated as the arithmetic average of the equivalent circle
diameter considering perimeter measurements, and intervessel wall thickness (Tvw) was
measured in at least 80 vessels as the double intervessel wall thickness in the middle of adjacent
vessels. The intervessel contact fraction (Fc) was defined as the portion of the vessel wall in

contact with other vessels:

YL
Fe =53, ©)

where Lvw is the intervessel wall length and Py is the vessel perimeter. Vessel lumen fraction

(Vir) was calculated as:
Vip =Va X Vp (10)
where Vp was the vessel density quantified as the number of conduits per area (mm?) and Va

was the vessel area measured as the lumen area of each vessel. The vessel grouping index (Vg)

was calculated as described in equation 9:
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VG — Nyessels (11)

Ngrouping

where Nyessels 1S the total number of vessels, and Ngrouping 1S the number of vessel groups, with
a solitary vessel counted as one vessel group. The total intervessel pit membrane surface area
(Ap, in mm?) for a vessel with average diameter and length was calculated as follows (Wheeler

et al., 2005):
Ap:T[XDXLVxFCXFPF (12)

where D was the diameter of the vessels (in mm), Ly was the mean vessel length (in mm), Fc
was the intervessel contact fraction, and Fpr was the pit field fraction. Fpr was the ratio of
intervessel surface area occupied by intervessel pits to the total intervessel wall area measured.

We used an Fpr value of 0.4149 as measured for C. sinensis by Pereira et al. (2022).

Pit membrane thickness

Branch samples of ‘Valencia’ orange grafted on ‘Rangpur’ lime, ‘Swingle’ citrumelo,
‘Sunki Tropical’ mandarin, or ‘IAC 1710’ citrandarin were collected, immediately wrapped in
wet tissue and double plastic bags to avoid dehydration. Samples were cut into 1-2 mm blocks
and fixed with a standard fixation solution (2.5% glutaraldehyde, 0.1 mol phosphate, 1%
sucrose, pH 7.3) overnight at 2°C and post-fixed with 2% buffered osmium tetroxide for two
hours at room temperature. The samples were then washed with a buffer solution and
dehydrated with a graded series of ethanol (30%, 50%, 70%, 90%, and 100%). Afterward,
samples were embedded using LR resin (London Resin Co., Reading, UK). Cross sections were
made and stained with 0.5% toluidine blue in 0.1 M phosphate buffer and mounted on glass
slides. For transmission electron microscopy (TEM) the resin-embedded material was prepared
by cutting transverse, ultrathin sections between 60 and 90 nm using a diamond knife. The
sections were attached to 300 mesh hexagonal copper grids (Agar Scientific) and stained with
uranyl acetate and lead citrate. The pit membrane observations were conducted in a JEOL 1210
TEM (JEOL, Tokyo, Japan), as described by Jansen et al. (2009). The pit membrane thickness
was measured in 13 interconduit pit membranes obtained from two sections per species. Pit
membrane thickness (Tpm, nm) was determined as the mean value of three measurements near

the center of the pit membrane using ImagelJ software.
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Data analysis

Data were analyzed using Bayesian statistics with JASP software (https://jasp-
stats.org/). Rootstock or shoot species were sources of variation. When significant effects were
detected in Bayesian ANOVA, mean values were compared using the Bayes Factor (BF1o).
When the Bayes Factor was higher than 3, we considered positive support for the alternative
hypothesis (Miranda et al., 2021). Pearson’s linear correlations were tested between measured
physiological and climate traits using the software R v4.2.2 (R Core Team, 2013). For CWD
and VPD, we considered values from the day when physiological measurements were taken.
For rainfall, we considered the sum of the rain in the interval between two consecutive
measurements. The software OriginPro v9.3 (OriginLab Corporation, Northampton MA, USA)

was used for constructing figures.

Results

Seasonal variation of leaf water potential and gas exchange: four scion genotypes on one
rootstock species

During the experimental period, the whole year of 2021, the daily maximum air
temperature varied from 13.0 to 37.2 °C, while the minimum air temperature ranged from -2.1
to 20.3 °C (Fig. 1a). The mean maximum air temperature was similar between all seasons, with
an annual average of 27.7 £+ 3.9 °C. Most of the rain occurred during the summer. A total of 639
mm of rain fell during this season, which represented 55% of the annual rain volume (1153
mm) in 2021. During autumn and winter, it was dry, with a total rainfall amount of 128 mm
(Fig. 1b). Consequently, maximum values of cumulative water deficit and air vapour pressure
deficit occurred at the end of the winter season (Fig. 1c,d).

‘Valencia’, ‘Hamlin’ and ‘Pera’ oranges and ‘Tahiti’ lime presented similar seasonal
variation in their water potential and leaf gas exchange (Figs. 2 and S1), with higher leaf CO»
assimilation and transpiration during the summer, and lower values during the autumn and
winter, especially from April to September. During the winter, leaf CO- assimilation (Fig. S1a),
stomatal conductance (Fig. 2b), and transpiration (Fig. S1b) were reduced in all genotypes,
reaching values close to zero. Leaf water potential was also reduced during winter, with the
lowest values in August and September: -1.93 £+ 0.26 MPa for ‘Valencia’ orange, -1.86 + 0.24
MPa for ‘Hamlin’ orange, -1.51 + 0.2 MPa for ‘Pera’ orange and -1.85 + 0.25 MPa for ‘Tahiti’
acid lime (Fig. 2a). The absolute minimum water potential measured for ‘Hamlin’ orange,

‘Valencia’ orange and ‘Tahiti’ acid lime was -2.2 MPa, while -1.8 MPa was found for ‘Pera’.
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By the end of the winter, when the rainfall resumed, leaf water potential increased and the
highest values were found in October for all scion/rootstock combinations (Fig. 2a).

When considering all scion/rootstock combinations, leaf gas exchange traits were
positively correlated with each other (r > 0.87, p<0.001). The cumulative water deficit was
negatively correlated with leaf CO assimilation (r = -0.67, p<0.001), stomatal conductance (r
=-0.6, p<0.001), transpiration (r = -0.64, p<0.001) and leaf water potential (r =-0.58, p<0.001).
Rainfall was positively correlated with leaf CO» assimilation (r = 0.73, p<0.001), stomatal
conductance (r = 0.74, p<0.001), and transpiration (r = 0.82, p<0.001). Finally, water use
efficiency was negatively correlated with the maximum air vapour pressure deficit (r = 0.55,

p=0.002), as shown in Fig. S2.

Vulnerability to embolism: four scion genotypes grafted on ‘Rangpur’ lime rootstock

Vulnerability to embolism was similar among orange scion cultivars (‘Hamlin’, ‘Pera’
and “Valencia’) grafted on ‘Rangpur’ lime rootstock. This similarity applied to values of W12,
W50 and Wsg (Figs. 3 and S3). ‘Tahiti’ acid lime grafted on ‘Rangpur’ lime showed similar ¥1»
and Wso as the orange cultivars but presented a lower Wgs value than ‘Pera’ orange (BFi0 = 3.8,
Figs. 3 and S3). All species presented similar and positive hydraulic safety margins (Fig. 4),
with an overall average (£SE) 0f 2.94 + 0.17 MPa.

Vulnerability to embolism: the ‘Valencia’ orange scion grafted on four rootstock species
For ‘Valencia’ orange grafted on four rootstock species, the initial part of the
vulnerability curve was fairly similar, with ¥» ranging from -2.61 to -2.88 MPa (Fig. 5a)
regardless of the rootstock. Values of Wso and Wss, however, differed significantly among
rootstock species, with plants grafted on ‘Rangpur’ lime and ‘IAC 1710’ citrandarin showing
higher embolism resistance than on ‘Sunki Tropical’ mandarin (BFio > 4.2), and those on

‘Swingle’ citrumelo showing intermediate values of Wso and Wss (Figs. 5b,c and S5).

Anatomy of ‘Valencia’ orange branches is affected by rootstocks

In all scion/rootstock combinations, the xylem consisted of grouped and solitary
vessels, uni- or biseriate parenchyma rays, fibres, and marginal parenchyma bands with similar
distribution among the scion/rootstock combinations (Fig. 6a,c,e,g). Rootstocks did not change
the average vessel area in ‘Valencia’ orange (Table 1); however, the vessel diameter was smaller
on ‘Swingle’ citrumelo than on ‘Rangpur’ lime (BF1o = 255.8) and ‘Sunki Tropical’ mandarin

(BF10=38.3) (Table 1). Plants on ‘Swingle’citrumelo presented the thickest average intervessel
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wall, which was larger than in ‘IAC 1710’ citrandarin (BF10 = 285.3). When comparing vessel
grouping, vessel density, and vessel lumen fraction, plants grafted on ‘IAC 1710’ citrandarin
showed higher values than on ‘Sunki Tropical’ mandarin (BF1o > 3), with those on ‘Rangpur’
lime and on ‘Swingle citrumelo’ presenting intermediate values (Table 1). The portion of the
vessel wall in contact with other vessels and the total pit membrane surface area for one vessel
were not affected by rootstocks (Table 1). Interestingly, we found that Valencia’ orange grafted
on ‘Rangpur’ lime presented thicker interconduit pit membranes than ‘IAC 1710’ citrandarin
(BF10 = 4.4) and ‘Sunki Tropical’ mandarin (BF1o = 88), with the latter presenting the thinner
pit membrane herein (BFio > 6.8) (Fig. 7a). Pit membrane thickness was well correlated with
Y12, W50, and Wss (r=-0.76 to -0.99, Fig. 7b) for a given rootstock.

There was no significant difference in mean vessel length between scion/rootstock

combinations (Fig. S4), with an overall value (+SE) of 23.0 £ 0.7 cm.

Discussion

Since Citrus rootstocks affected the Wso and Wss values of the ‘Valencia’ orange scion
(Fig. 5b,c and S5), our data indicate that rootstocks can modulate the scion’s vulnerability to
embolism and therefore, drought resistance. This is the main finding and novelty of our paper,

reported here for Citrus species.

Rootstocks can modulate the scion vulnerability to embolism

‘Valencia’ orange grafted on ‘Sunki Tropical’ mandarin presented high Wso (Fig. 5¢) and,
therefore, relatively low resistance to embolism. Other studies with the rootstock ‘Sunki
Tropical’ mandarin under drought reported that this species presents osmotic adjustment and
increased cell-wall rigidity by inducing a high bulk modulus of elasticity (Gongalves et al.,
2016). Besides, Sousa et al. (2022b) showed that “Valencia’ orange grafted on ‘Sunki Tropical’
mandarin shared several common drought response mechanisms with plants grafted on
‘Rangpur’ lime. These include stomatal closure and accumulation of metabolites to overcome
drought effects, e.g. variations in root growth through the modulation of glutamate. By reducing
water loss, xylem water potential inducing embolism can be avoided by ‘Sunki Tropical’
mandarin, and this could be an alternative strategy to deal with water deficit.

While ‘Swingle’ citrumelo induced intermediated values of Wso, ‘IAC 1710’ citrandarin
and ‘Rangpur’ lime caused lower Wso than ‘Sunki Tropical’ mandarin (Fig. 5b). Previous studies

reported some hybrids of citrandarins as drought resistant based on leaf wilting and leaf drop
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under severe drought in field conditions (Costa et al., 2021; Schinor et al., 2013) and under
drought with large fruit production (Sampaio et al., 2021). Here ‘IAC 1710’ citrandarin induced
high embolism resistance (Fig. 5), which is an interesting new finding as the use of citrandarin
rootstocks is promising in citriculture and, to our knowledge, few studies have addressed the
physiology of citrandarins under low water availability. Together with IAC 1710’ citrandarin,
‘Rangpur’ lime presented high embolism resistance (Fig. 5). ‘Rangpur’ lime presents a drought
resistance syndrome (Silva et al., 2023) associated with complex morpho-physiological
strategies to deal with water deficit. Plants grafted on ‘Rangpur’ lime are able to increase root
growth (Pedroso et al., 2014; Silva et al., 2021) and hydraulic conductivity (Medina et al., 1998;
Miranda et al., 2022b), and redistribute water internally under water limiting conditions
(Miranda et al., 2018, 2021). These responses increase water uptake and therefore reduce

internal tension in the shoot hydraulic system.

Rootstocks change pit membrane thickness

The Valencia’ orange scion grafted on ‘Rangpur’ lime presented the thickest
interconduit pit membrane (Figs. 6 and 7a) combined with the lowest Wso (Fig. 5b), which is in
line with earlier findings that thick pit membranes are associated with high embolism resistance
(Kaack et al., 2021).

As rootstocks have different capacities to transport water (Medina et al., 1998; Miranda
etal., 2022a), one may expect this root transport capacity to affect xylem pressure during branch
development. We speculate that these differences in xylem water potential could be responsible
for causing morphological and anatomical changes that affect branch hydraulic traits and
vulnerability to embolism. Compared to ‘IAC 1710’ citrandarin, plants grafted on ‘Sunki
Tropical’ mandarin presented a lower vessel density and vessel lumen fraction, with ones on
‘Rangpur’ lime and ‘Swingle’ citrumelo presenting intermediate values (Table 1). In fact, vessel
lumen fraction is the product of vessel area and vessel density and has been considered an
indirect measure of connectivity between vessels (Zanne et al., 2010). According to Avila et al.
(2023), low vessel lumen fraction may increase the resistance to gas movement across conduits
and therefore, could be related to a high embolism resistance. Nevertheless, our results revealed
that the scion/rootstock combination with the lowest embolism resistance (i.e., ‘Valencia’
orange on ‘Sunki’ mandarin) also presented the lowest vessel lumen fraction. Thus, our results
suggest that the correlation between embolism resistance and vessel lumen fraction may not be
universal, especially when dealing with plant species that were selected by breeding programs

for high performance under biotic and abiotic pressures, as is the case of Citrus spp.
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Some anatomical traits were not affected by rootstocks, as noticed for vessel area,
intervessel contact fraction, total pit membrane surface area and vessel length (Table 1). In fact,
mean vessel length was also similar among scion cultivars grafted on ‘Rangpur’ lime (Fig. S4),
suggesting that this trait is well conserved within Citrus genera.

Pit membrane thickness was well correlated with parameters derived from the
vulnerability curves (Fig. 7b). While ‘Valencia’ orange scion grafted on ‘Sunki Tropical’
mandarin presented the thinnest pit membrane (446+£14 nm) and also higher W12 (-2.61£0.10
MPa), Wso (-3.80+0.13 MPa) and Wsg (-4.99+0.17 MPa), ‘Valencia’ orange scion grafted on
‘Rangpur’ lime presented the thickest pit membrane (561+23 nm) and lower W12 (-2.83+0.15
MPa), Wso (-4.70+£0.21 MPa) and Wss (-6.56+0.40 MPa) (Figs. 5 and 7a). Here, we revealed an
additional facet of the multi-trait and complex phenomenon related to drought resistance
induced in Citrus trees by ‘Rangpur’ lime rootstock. By inducing a thick pit membrane and
reducing vulnerability to embolism in shoots, plants grafted on ‘Rangpur’ lime can perform
better under water limiting conditions. Besides, our study showed promising results for ‘IAC
1710’ citrandarin, with vulnerability to embolism similar to ‘Rangpur’ lime.

In general, Citrus plants showed a relatively thick pit membrane (Fig. 7a). In a study
with 26 hardwood angiosperm species, Jansen et al. (2009) found a large variation in pit
membrane structures across species with the majority having an average thickness between 100
and 300 nm, and only six species presenting a thickness above 500 nm, including Citrus species
(C. reticulata). Thick pit membranes (>400 nm) have been found in species with relatively high
embolism resistance, while thin pit membranes (<300 nm) are typically found in species with
lower embolism resistance (Jansen et al., 2018; Lens et al., 2011; Li et al., 2016). Thick pit
membranes are associated with high embolism resistance if they show a higher number of
cellulose layers than thinner pit membranes. As such, thick pit membranes are likely to have
more pore constrictions per pore pathway, which also increases the likelihood of having a really
narrow pore constriction that determines fluid transport across the pit membrane (Kaack et al.,
2019). Although mechanistic details behind embolism formation remain unknown, it is clear
that pit membranes play an important role in embolism propagation from an embolised conduit
to a neighbouring one.

The low Wso and thick pit membranes corroborate with the large hydraulic safety
margins found in ‘Hamlin’, ‘Pera’ and ‘Valencia’ oranges and in ‘Tahiti’ acid lime under field
conditions. Large hydraulic safety margins are responsible for a low risk of hydraulic failure
due to embolism during a dry season (Ziegler et al., 2019). Citrus orchards are often subjected

to seasonal drought under subtropical conditions and leaf water potential close to -1.5 MPa is
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usually found at noon in field-grown trees even during the wet season (Ribeiro and Machado,
2007), as reported here (Fig. 2a). Hence, plants can optimize leaf gas exchange without
dehydration by increasing the capacity of the hydraulic system to endure water deficit (i.e.
embolism resistance) (Martin-StPaul et al., 2017; Sperry, 2004; Tyree and Sperry, 1988).
Protective mechanisms against the loss of xylem hydraulic conductivity such as those noticed
in plants grafted on ‘Rangpur’ lime are important as embolism is not reversible when the water

column is under negative pressure (Charrier et al., 2016).

Citrus trees operate at a low risk of hydraulic failure

Citrus trees presented a conservative strategy to deal with water deficit, closing stomata
and consequently reducing transpiration and CO> assimilation when soil water availability
decreased, as revealed by measurements taken in April (Figs. 2 and S1). Since gs is closely
related to the leaf water status (Brodribb and Holbrook, 2003), leaf gas exchange parameters
were negatively correlated with CWD and positively correlated with rainfall (Fig. S2). As a first
approach to deal with water deficit and maintain water status, leaves close stomata to minimize
water loss and dehydration when drought intensifies, which happened from July to September
when stomatal conductance reached values close to zero (Fig. 2b). There were no significant
correlations between A, gs, and E with VPDnax (Fig. S2), indicating that soil water conditions
rather than atmospheric ones were determining leaf gas exchange in our conditions. When water
availability increased at the end of winter, there was a rapid recovery of leaf gas exchange (Figs.
2b and S1), an important response for maintaining growth and yield under subtropical
conditions.

During the rainy summer (Fig. 1b), all Citrus trees presented high values of leaf gas
exchange, regardless of the scion nature (Fig. S1). Although plants were well hydrated during
the first months of the year, leaf water potential values were low (Fig. 2a). This is explained by
high transpiration rates under high water availability (Fig. S1b), as previously reported by
Ribeiro and Machado (2007).

When comparing ‘Hamlin’, ‘Pera’ and ‘Valencia’ oranges and ‘Tahiti’ lime grafted on
‘Rangpur’ lime rootstocks, the vulnerability to embolism was similar between these plants
(Figs. 3 and S3). Besides the lowest ¥ found during the dry season, those ¥ values were not
low enough to induce a considerable amount of embolism (Figs. 3 and 4). In our experimental
conditions where the CWD reached 193 mm (Fig. 1d), Wmin revealed that Citrus species usually
operate without developing much xylem embolism during the dry season. However, Miranda

et al. (2022b) showed that ungrafted Citrus saplings are sensitive to embolism, with Wso higher
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than -2 MPa. One possible explanation for this difference is that the plants used herein were not
grafted and, as mentioned before, grafting has a great influence on the scion vulnerability to
embolism. Nevertheless, the air injection method used by Miranda et al. (2022b) could be prone
to an effervescence artifact (Yin and Cai, 2018) and/or an open-vessel artifact in long-vessel
species (Torres-Ruiz et al., 2014), which is the case for Citrus based on a mean vessel length of
ca. 23 cm. Thus, a Wso higher than -2 MPa might be a considerable underestimation of the real
embolism resistance.

All Citrus species showed large hydraulic safety margins (Fig. 4), which means a low
risk of hydraulic failure during a normal dry season, as shown previously for rainforests (Ziegler
et al., 2019). We are aware that our hydraulic safety margin may be overestimated as plants
could have experienced more negative water potentials in the days between the measurements
during the dry season. However, our data considered a period when leaf stomata were closed
(Fig. 2b) under soil water deficit (Fig. 1d), and it is unlikely that plants experience much lower
water potentials during a normal dry season.

When considering the average rainfall between 1981 and 2021, rainfall was 10% lower in the
year of our experiment, and the cumulative water deficit was higher than on average (NASA-
POWER, 2023). In general, plants can keep a positive hydraulic safety margin due to high
embolism resistance and avoid very low water potentials through stomatal control (Oliveira et
al., 2021). These results reinforce the highly conservative strategy of Citrus plants grafted on

‘Rangpur’ lime when dealing with water deficit, as reported recently (Miranda et al., 2022b).

Conclusions

Citrus trees under field conditions adopted a conservative strategy to deal with seasonal
drought. Due to a large hydraulic safety margin and the ability to close stomata when there was
a decrease in soil water availability, plants avoided water potentials causing major embolism
formation. As such, the risk of hydraulic failure is low during a normal dry season, regardless
of the rootstock. In addition, our original hypothesis that Citrus rootstock affects the shoot
anatomy and vulnerability to embolism was corroborated. ‘Rangpur’ lime increased the pit
membrane thickness of the ‘Valencia’ orange scion and reduced its vulnerability to embolism.
Although several studies have shown that rootstocks can influence hydraulic traits in the shoot
for many crops such as olives (Trifilo et al., 2007), apples (Bauerle et al., 2011), sweet-cherries

(B. Gongalves et al., 2007) and Vitis (Shtein et al., 2017), for the first time we reported the
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influence of rootstocks on pit membrane thickness of scion species, an important finding

supporting the resistance against embolism provided by ‘Rangpur’ lime.
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Tables

Table 1: Vessel diameter (D), average vessel area (Va), intervessel wall thickness (Tvw),
intervessel contact fraction (Fc), total pit membrane surface area (Ap), vessel grouping index
(Vg), vessel density (Vp) and vessel lumen fraction (Vir) of ‘Valencia’ orange grafted on four
rootstock species'. Mean values = standard error.

‘Sunki
) ‘TAC 1710° ‘Rangpur’ ‘Swingle’
Variables _ ] ] Tropical’ _
citrandarin lime _ citrumelo
mandarin
D (um) 348+04ab 355+0.3a 354+04a 334+£04D
Va (um?) 770+ 76a 792 +54a 790+ 25a 731+60a
Tvw (um) 57+0.1b 6.0+0.1ab 6.0+0.1ab 6.2+0.1a
Fc 0.10+0.01a 0.10+0.01a 0.09+0.01a 0.10+£0.01a
Ap (Mm?) 1.05+0.15a 1.30+0.18 a 0.93+£0.06 a 1.03+0.14a
Ve 151+0.03a 1.39+0.03ab 1.36 +0.03 b 1.46 £ 0.07 ab
Vb (n° mm) 156 +9a 143 +19 ab 94+12b 139+ 14 ab
VLF 0.12+0.01a 0.11+0.02ab 0.07+£0.1b 0.10+£0.01 ab

Different letters indicate significant differences (BFio >3) among rootstocks. For light

microscopy, five samples of about 1 mm? were analyzed.
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Figure 1: Maximum and minimum air temperature (a), rainfall (b), maximum and minimum
vapour pressure deficit (VPD, in ¢) and cumulated water deficit (CWD, in d) in Cordeiropolis

during 2021. Dotted lines mark the day of physiological measurements.
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Figure 2: Seasonal variation of leaf water potential (¥, in a) and stomatal conductance (gs, in
b) for field-grown ‘Valencia’ orange (red), ‘Hamlin’ orange (blue), ‘Pera’ orange (yellow) and
‘Tahiti’ acid lime (green) grafted on ‘Rangpur’ lime. Mean values are represented by symbols

(n = 6) and the colored shadow represents the standard error.
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Figure 3: Boxplot of W12 (a), Wso (b) and Wss (¢) of ‘Hamlin’ orange, ‘Pera’ orange, ‘Valencia’
orange and ‘Tahiti’ lime scions grafted on ‘Rangpur’ lime (‘Rangpur’). Boxplots consider the
median, 25" and 75™ percentiles, error bars indicate the minimum and maximum values and

mean values are represented by squares (n=4). Small letters compare scions at BF9>3.
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Figure 4: Xylem water potential inducing 50% of embolism (‘¥so, in blue) and the minimum
leaf water potential during the dry season (Wnin, in red) of field-grown ‘Hamlin’ orange, ‘Pera’
orange, ‘Valencia’ orange and ‘Tahiti’ acid lime grafted on ‘Rangpur’ lime. The hydraulic safety

margin is given by Wmin — ¥s0. Mean values + SE.

117



¥y, (MPa)
A
.

L[

Y5, (MPa)
A
* I *T
|-|c

WVgg (MPa)
A
©
©
o

'TAC' 'Rangpur’ 'Sunki' 'Swingle'
Rootstock

Figure 5: Boxplot of W12 (a), Wso0 (b) and Wss (¢) of ‘Valencia’ orange scion grafted on ‘IAC
1710’ citrandarin (‘IAC’), on ‘Rangpur’ lime (‘Rangpur’), on ‘Sunki Tropical’ mandarin
(‘Sunki’) and on ‘Swingle’ citrumelo (‘Swingle’). Boxplots consider the median, 25" and 75
percentiles, error bars indicate the minimum and maximum values, mean values are represented
by squares (n=5) and 4 indicates outliers. When statistical significance was found (BF19>3),

this was reflected in the small letters for each rootstock.
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Figure 6: Transverse sections of stem xylem imaged with a light microscope, and transmission
electron microscope (TEM) images of interconduit pit membranes of ‘Valencia’ orange scion
grafted on ‘IAC 1710’ citrandarin (V/IC, in a,b), on ‘Rangpur’ lime (V/RL, in c,d), on ‘Sunki
Tropical’ mandarin (V/SM, in e,f) and on ‘Swingle’ citrumelo (V/SC, in g,h). Black bars
indicate scales, 50 um for xylem sections and 2 pm for pit membranes. A = pit aperture; F =
fibrous cells; PB = pit border; PC = pit chamber; PM = pit membrane (two-headed arrow); PR

= parenchyma rays; V = vessel element.
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Figure 7: Pit membrane thickness (Tpwm in a) and correlations between W12, ¥so and Wgs and pit

membrane thickness (Tpwm) for ‘Valencia’ orange scions grafted on several rootstock species (b).

Boxplots consider the median, 25" and 75" percentiles, error bars indicate the minimum and

maximum values and mean values are represented by squares (n=5 to 6). Small letters above

the rootstocks show statistical significance in pit membrane thickness (BF10>3). In (b), each

symbol represents the mean values + SE (n =5) for W12 (red symbols), ¥so (blue symbols), and

Yss (yellow symbols), and each Pearson r value is shown by the respective fitted line.
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Supplementary material
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Figure S1: Seasonal variation in leaf CO; assimilation (A, in a), transpiration (E, in b) and

water use efficiency (WUE, in c) for field-grown ‘Valencia’ orange (red), ‘Hamlin’ orange

(blue), ‘Pera’ orange (yellow) and ‘Tahiti’ acid lime (green) grafted on ‘Rangpur lime’

rootstock. Mean values are represented by symbols (n = 6) and the colored shadow represents

the standard error.
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Figure S2: Heatmap of Pearson’s correlation between physiological and environmental factors:
leaf CO, assimilation (A); stomatal conductance (gs); transpiration (E); water use efficiency
(WUE); leaf water potential (WP); cumulated water deficit (CWD); rain; and the maximum air
vapour pressure deficit (VPDmax). All scion/rootstock combinations were pooled. For CWD and
VPDmax, we used the values of the day on which physiological measurements were taken. For
rain, we summed all rainfall between two consecutive physiological measurements. Asterisks

represent statistical difference at p<0.05 (*), p<0.01 (**) and p<0.001 (***).
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Figure
S3: Vulnerability curves of ‘Hamlin’ orange (a), ‘Pera’ orange (b), ‘Valencia’ orange (c) and
‘Tahiti’ acid lime (d) grafted on ‘Rangpur’ lime (n = 4). Symbols represent the percentage of
air discharge (PAD) plotted against xylem water potential (), fitted by the equation of
Pammenter and Vander Willigen (1998).
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Figure S4: Boxplot of mean vessel length for several scion/rootstock combinations: field-
grown ‘Valencia’ orange grafted on ‘IAC 1710’ citrandarin (V/IC), on ‘Rangpur’ lime (V1/RL),
on ‘Sunki Tropical’ mandarin (V/SM) and on ‘Swingle’ citrumelo (V/SC); and potted-plants of
‘Hamlin’ orange (H/RL), ‘Pera’ orange (P/RL), ‘Valencia’ orange (V2/RL) and ‘Tahiti’ acid
lime (T/RL) grafted on ‘Rangpur’ lime. Boxplots consider the median, 25™ and 75™ percentiles,
error bars indicate the minimum and maximum values, mean values are represented by squares

(n=5 to 6) and @ indicates outliers.
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Figure S5: Vulnerability to embolism of ‘Valencia’ orange grafted on ‘IAC 1710’ citrandarin
(a), ‘Rangpur’ lime (b), ‘Sunki Tropical’ mandarin (¢) or ‘Swingle’ citrumelo (d) (n = 5).
Symbols represent the percentage of air discharge (PAD) plotted against xylem water potential
(), fitted by the equation of Pammenter and Vander Willigen (1998).
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FINAL CONSIDERATIONS

With this study, we were able to understand the mechanisms related to drought tolerance
in Citrus plants. In general, Citrus plants sustained a conservative strategy to deal with water
deficit by closing stomata to maintain water status and avoid low water potentials. Plants also
showed high embolism resistance related to thick pit membranes. In a normal dry season due
to a large safety margin, plants avoided water potentials causing major embolism formation in
xylem vessels and therefore, there was a low risk of hydraulic failure. When water resumes
after a water deficit period, plants were able to recover leaf gas exchange, an important reaction
for maintaining growth and yield under subtropical conditions.

In the first chapter, we understood how ungrafted Citrus saplings deal with water
shortage. When water was available, roots of ‘Rangpur’ lime and ‘Swingle’ citrumelo, species
usually used as rootstocks, were more water conductive, supporting a higher stomatal
conductance than ‘Valencia’ orange. Under drought conditions, those species used as rootstocks
accumulated more ABA in sap and leaves than ‘Valencia’ orange. After the rehydration,
‘Swingle’ citrumelo and ‘Valencia’ orange were able to recover photosynthesis and stomatal
conductance faster than ‘Rangpur’ lime. This was probably due to higher ABA levels in
‘Rangpur’ lime that maintained stomata partially closed when water resumed. The ABA
signaling, effective stomatal regulation of water loss and decreased root hydraulic conductivity
sustained a more conservative strategy of ‘Rangpur’ lime under water deficit when compared
with the other two citrus species.

In the second chapter, we reported the ability of ungrafted Citrus saplings in modulating
aquaporin expression under water deficit. We did not observe any variation in root aquaporin
expression under water deficit or among species, however, PIP 2.1 was downregulated in leaves
of ‘Rangpur’ lime, ‘Swingle’ citrumelo and ‘Valencia’ orange under drought. Besides,
‘Rangpur’ lime also exhibited the largest reduction in stomatal conductance and significant
repression of PIP2.5 in leaves under water deficit.

In chapter 3 we reported the presence of water in cut-open vessels, a phenomenon that
affects the embolism vulnerability curves obtained with the pneumatic method for some
species. An initial shift in gas discharged due to the presence of water in cut-open vessels
affected estimations of W12 and Wso for Citrus and other species. We also proposed an
adjustment by removing all points before the initial plateau is reached, for improving the

estimation of parameters related to the vulnerability curves.
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In chapter 4 we found that rootstocks affect the intervessel pit membrane thickness of
the shoot, changing the embolism resistance of the scion, as we hypothesized. Here, ‘Valencia’
orange grafted on ‘Rangpur’ lime presented the thicker pit membrane, which was associated
with high embolism resistance when compared with three other rootstocks. The citrandarin
rootstock ‘IAC 1710’ also presented promising results, with low vulnerability to embolism.
Besides, Citrus trees under field conditions showed a large hydraulic safety margin and stomatal
closure under low soil water availability, a conservative strategy to minimize water loss and
avoid hydraulic failure during the dry season.

When comparing our vulnerability curves obtained with the air injection method in the
first chapter and the ones obtained with the pneumatic method in chapter four, the estimations
obtained with the adjusted pneumatic method in chapter four are more consistent with the
literature and the water potentials experienced by Citrus under field conditions. One possible
explanation for this difference is that the plants used in chapter one were not grafted and, as
described in chapter 4, grafting has a great influence on the scion's vulnerability to embolism.
Another possibility is that the air injection method used in the first chapter is prone to an open-
vessel artifact in long-vessel species, which is the case for Citrus, then, the results might be
underestimated.

Taking together, our results revealed additional aspects of the complex mechanism
supporting the drought tolerance of ‘Rangpur’ lime as a rootstock. When facing water deficit,
‘Rangpur’ lime induced (i) chemical signaling through abscisic acid and an effective stomatal
regulation of water loss, (ii) decrease in root hydraulic conductivity, (iii) downregulation of
aquaporin in leaves driving stomatal closure and preserving leaf water status, and (iv) higher

embolism resistance related to thicker pit membranes in the shoot.
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