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Abstract

Pistachio (Pistacia spp.) is a tree nut crop with relatively high salinity tolerance. Currently, limited information exists on

its rootstock’s cellular responses to salinity stress, especially in its roots. In this study, we investigated salinity tolerance at

cellular level, in two pistachio rootstocks, Pistacia integerrima (PGI) and a hybrid, P. atlantica x P. integerrima (UCB1).

Root tip sections were categorized across a developmental gradient according to their xylem development, and their sodium

content and suberin deposition were analyzed with fluorescence microscopy. Our data demonstrated a correlation between

vacuolar sequestration of sodium ions (Na+) and salinity tolerance in the UCB1 genotype. In addition, UCB1 displayed higher

basal levels of suberization in both the exodermis and endodermis that increased further after salinity stress. Notably, the root

region immediately distal to the region of secondary xylem initiation showed the highest amount of vacuolar Na+ sequestration,

indicating a developmental regulation of this process. Our cumulative data demonstrate that salinity tolerance in pistachio

rootstock species is associated with both vacuolar Na+ sequestration and suberin deposition at apoplastic barriers, and both

are correlated with a root developmental gradient. These cellular characteristics are phenotypes that can be screened during

the selection for salinity tolerant woody plant species.

INTRODUCTION

The combination of global climate change and dwindling freshwater supplies has increased the need for
salt and drought tolerant crops. Among woody nut perennial crops, pistachio, a dioecious tree in the
family Anacardiaceae, exhibits relatively high drought and salinity tolerance (Walker et al., 1987; Ahmad
and Prasad, 2012). Thus, pistachio has emerged as a nut crop of increasing commercial interest in the
USA and around the world (Ferguson et al., 2002; Karimi et al., 2009; Ahmad and Prasad, 2012). In
laboratory and field conditions, thePistacia vera scions, grown on several Pistacia spp.rootstocks, can tolerate
sodium chloride (NaCl) concentrations of up to 150 mM (Walker et al., 1987; Ferguson et al., 2002). In
contrast, citrus, grape, and avocado are all characterized as relatively salinity sensitive tree crops, and
grape and avocado can only tolerate up to 50 mM and 15 mM NaCl respectively (Bernstein et al., 2004;
Mohammadkhani et al., 2016; Ahmad and Anjum, 2020).

Salinity tolerance is a complex trait that involves the coordination of several interconnected mechanisms to
minimize tissue damage upon salinity stress. These mechanisms include minimization of salt ion entry and
loading into the xylem, maximizing intracellular compartmentalization in tissue, and ion retrieval before it
reaches the leaves and shoot tips (Tester and Davenport, 2003; Gonzalez et al., 2012; Gupta and Huang, 2014;
Chen et al., 2018; Yang and Guo, 2018; Munns et al., 2020). One well-studied mechanism is the regulation
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of ion homeostasis via the Salt Overly Sensitive (SOS) pathway at the plasma membrane. The SOS1 ,
an H+/Na+antiporter, regulates Na+ efflux from the cytosol to the surrounding extracellular medium, and
has been associated with salinity tolerance phenotypes in Arabidopsis and halophytes, a group of plants
known for their ability to survive in high salinity environments (Shi et al., 2002; Yang et al., 2009; Ji et
al., 2013; van Zelm et al., 2020). The SOS pathway may also coordinate signaling with other salinity stress
response pathways, such as the high affinity potassium channel (HKT ) located at the plasma membrane,
to maintain ionic homeostasis by mediating potassium (K+) and Na+ flux (Yang and Guo, 2018). The
regulation of these pathways, for example HKT1, is considered one of the salinity tolerance determinants
in several diverse species including Arabidopsis, grape, and potato (Henderson et al., 2018; Yang and Guo,
2018; Zhang et al., 2019).

Plants can maximize intracellular compartmentalization of salt in tissues by sequestering excessive salt ions
within vacuoles to reduce cytosolic toxicity (Zhang and Blumwald, 2001; Gonzalez et al., 2012; Gupta and
Huang, 2014; Munns et al., 2016; Guo et al., 2020). This process is mediated by the H+ /Na+antiporters,
encoded by the NHX1/2 genes (Zhang and Blumwald, 2001; Bassil et al., 2019). Additional layers of
complexity include post-translational modification of antiporter proteins and retention of ions in the vacuole,
both of which are associated with salinity tolerance (Tester and Davenport, 2003; Munns et al., 2016; Wu et
al., 2019). There are limited studies in woody nut perennial species that investigate salinity stress responses
at the cellular level with structural analysis and imaging methodologies. However, evidence is emerging in
citrus for a role of vacuolar sodium sequestration in decreasing toxicity and minimizing sodium transported
to leaves (Storey and Walker, 1998; Gonzalez et al., 2012).

Plants can also minimize salt entry via the regulation of ionic uptake through blockage of apoplastic transport.
Specifically, apoplastic barriers can block bypass flow, which would otherwise allow Na+ to enter the shoot
through the transpiration stream (Chen et al., 2018). The endodermis and exodermis cellular barriers are
the innermost and outermost layers of the root cortex, respectively (Enstone et al., 2003; Barberon, 2017).
Their function as apoplastic barriers has been attributed to two notable features of their cell walls: 1) the
Casparian strip and 2) the suberin lamellae (Enstone et al., 2003; Doblas et al., 2017). The Casparian strip
diffusion barrier is a deposition of lignin along the radial and transverse cell walls of the endodermis and
exodermis. It forms a hydrophobic apoplastic barrier forces all apoplastic transport into the more tightly
regulated symplastic system (Naseer et al., 2012; Lee et al., 2013). In contrast, suberin lamellae, composed
mainly of long chain fatty acids, impregnate the entire exodermis/endodermis cell wall (radial, transverse,
and tangential), forming a hydrophobic barrier that may play a role in further regulating ion and water
uptake (Enstone et al., 2003; Serra et al., 2009).

Salinity influences both the timing and extent of suberization in apoplastic barriers, which in turn can affect
the entrance of salt into vascular tissue (Enstone et al., 2003; Chen et al., 2011; Byrt et al., 2018; Wang et al.,
2020). Apoplastic barriers can control Na+ uptake and transport to shoots, as demonstrated in rice, where
blockage of apoplastic transport using silicate reduced sodium uptake (Yeo et al., 1999). Inhibition of suberin
biosynthesis, via knockdown of CYP86A1/HORST, a cytochrome P450 dependent fatty acid ω-hydroxylase,
leads to increased levels of Na+concentrations in Arabidopsis shoots and roots (Wang et al., 2020). To date,
there have been very few investigations regarding the development of apoplastic barriers in woody fruit and
nut crop species. In citrus, preliminary studies indicate that suberin deposition may increase in response
to salt in higher order roots, and higher suberin deposition in exodermis may be associated with lower
sodium uptake (Rewald et al., 2012; Ruiz et al., 2016). Olive shows increased suberization in response to
drought stress, which reduced root hydraulics (Tataranni et al., 2015). In Pistacia species, the contribution
of apoplastic barriers to salinity tolerance has hitherto not been examined.

Studies on the effects of salinity on pistachio rootstocks have proposed multiple mechanisms that can con-
tribute to salinity tolerance, such as rootstock ion sequestration, increasing osmolyte concentration in shoot
and root, and sodium interception by xylem tissue, (Picchioni et al., 1990; Ferguson et al., 2002; Akbari et
al., 2018; Rahneshan et al., 2018; Godfrey et al., 2019; Jamshidi Goharrizi et al., 2020). Sodium exclusion in
stem vascular tissue, in combination with sequestration in roots, was postulated to decrease sodium trans-
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port to the leaves (Godfrey et al., 2019). Thus, a combination of multiple mechanisms working in tandem is
likely to account for pistachio salinity tolerance.

Among the few studies focusing on salt tolerance in the rootstocks of woody perennial nut species, none have
focused on fine roots, where the bulk of water and ion uptake occur, or in the root tips, where ions such as
potassium may accumulate (McCully, 1995; McCully, 1999; Ranathunge et al., 2011). We used fluorescence
microscopy to investigate the localization of sodium and the differentiation of the root endodermis and
exodermis across a developmental gradient in salt treated pistachio rootstocks. Our results indicate that a
combination of sodium sequestration and apoplastic barrier differentiation contribute to salinity tolerance
in pistachio rootstocks, and that these responses are coordinated across a root developmental gradient.

MATERIAL & METHODS

Plant material and growing conditions

P. integerrima and UCB1 seeds were provided by Foundation Plant Services, University of California (Davis,
CA, USA), the Kresha Agricultural Nursery (Bakersfield, CA, USA) and from the Wolfskill Experimental
Orchard (Winters, CA, USA).

Pistachio seeds were separated from shells and sterilized in a mixture of 5% (V/V) bleach and 1% (V/V)
Tween-20 in deionized water. Seeds were germinated in vitro in ½ Murashige-Skoog (MS) medium at adjusted
pH of 5.7 containing 1% (W/V) sucrose, 0.1% (W/V) activated charcoal, and 0.75% (w/v) agarose. The media
were supplemented with 4.5 μM 6-Benzylaminopurine, 0.5 μM indole-3-butyric acid, 0.29 μM gibberellic acid.
Germinated seedlings were grown for 8 weeks for UCB1 and 10 weeks for P. integerrima in the same medium,
at 22 ± 2°C using fluorescent light (100 to 150 mmol quanta PAR m–2 s–1) under long day conditions (16
h : 8 h light : dark). Plants were transferred to charcoal-free supplemented ½ MS medium for a minimum of
one week prior to the start of the experiment.

Salinity treatment

Seedlings were transferred to a fresh charcoal-free supplemented ½ MS medium or the same medium containing
100 mM of sodium chloride. The plants were grown for one week, under the same conditions described above,
before sectioning and further processing. Images of the plants were collected at the start and the end of the
treatment for further phenotypic assessment.

Sample collection

During sample collection, seedlings were imaged, removed from medium, and the roots carefully rinsed to
remove residual media. Excess water was removed by careful dabbing with Kimwipes (Thermo Fischer,
34120), and the length and weights of roots and shoots were measured.

Salt ion analysis

The roots from treated and control seedlings were carefully washed twice with deionized water and then
dried for 24 h at 70°C. Plant tissues were weighed and sealed in envelopes, then packed with desiccant
to avoid hydration prior to ion analysis. Ion analysis was performed using inductively coupled plasma-mass
spectrometry at the Baxter Laboratory Ionomoics Facility, Donald Danforth Plant Science Center (St. Louise,
MO, USA) (https://www.baxterlab.org ) using established procedures (Ramirez-Flores et al., 2017).

Fluorescent staining and microscopy

Plant root tips from all shoot phenotype groups were cut into 0.5 cm segments starting from the dis-
tal tip. Root tip segments were embedded in 5% (W/V) agarose in deionized water and sectioned to 100
μm thickness using vibratome (Vibratome 1000 Plus Sectioning System) as previously described (Pradhan
Mitra and Loqué, 2014). The sections were transferred into CoroNa Green incubation buffer (20 mM 3-(N-
morpholino)propanesulfonic acid, 0.5 mM calcium sulfate, 200 mM sorbitol). For CoroNa Green staining, 50
μg of CoroNa Green reagent (Thermo Fischer, C36676) was resuspended in 100 μL dimethyl sulfoxide, and
this solution was further diluted in incubation buffer to make 0.1 mM staining solution. Sections were either
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incubated in staining solution or incubation buffer (as controls) for 16 h in the dark at room temperature
before imaging. SNARF-1 staining (Thermo Fisher, C1270) was performed using a protocol adapted from
Rosquete et al, 2019. Briefly, 1 μL of 10 mM SNARF-1 was diluted in 1 mL of CoroNa Green incubation
buffer, and sections are incubated in this solution in the dark for 3 h at room temperature before imaging
(Rosquete et al., 2019). Suberin staining was performed using a protocol adapted from Naseer et al (Naseer
et al., 2012). Briefly, sections were incubated in 0.1 mg/mL Fluorol Yellow 088 (Santa Cruz Biotechnology
CAS-81-37-8) in lactic acid for 1 h at 70 °C in the dark, rinsed in double deionized water, and imaged while
mounted in 50% glycerol. FDA staining (Sigma, #F7378) was performed using protocol adapted from Jones
et al (Jones et al., 2016). Briefly, live root sections were incubated in 4 μg/mL of FDA in incubation buffer
for 5 min in the dark and imaged within 30 min.

Image acquisition and analysis

A Zeiss 700 laser scanning confocal microscope was used for all analyses. Fluorescence signals of CoroNa
Green (excitation 488 nm, 5% power, 493 nm emission filter) and CoroNa Green and SNARF-1 co-stain
(excitation 488 nm, 15% power with 555 nm emission filter, 555 nm, 20% power with 566 nm emission
filter) were collected with 20x objectives in CoroNa Green incubation buffer. Fluorescent signals of suberin
(excitation 488 nm, 5% power, 493 nm emission filter) were collected with 20x object in 50% (V/V) glycerol
in deionized water.

Quantification was performed using ImageJ software (Schneider et al., 2012). Briefly, the microscopy images
were separated into groups based on xylem development. For each CoroNa Green sample imaged, a 3D
maximum projection was assembled from z-stack using the Zen Black (Zeiss) software and exported as a
single image file to Image J, where Na+ positive vacuoles were counted and recorded. The same export
settings were used for all images of an experiment. For Fluorol Yellow 088 fluorescence quantification, lines
were drawn through cell layer perpendicular to the radial cell walls of export 3D maximum projection images
using the segmented line tool in ImageJ, and the signal intensity values along the line calculated by ImageJ.
The values corresponding to the radial cell walls were used to obtain the average fluorescence value for the
entire endodermis / exodermis cell layer in each section. For suberized cell count, the total number of cells
and the total number of suberized cells in endodermis / exodermis were counted in ImageJ. The images used
in figures were exported with Zen Black as described above and assembled using Illustrator

Statistical analysis

All statistical analyses were performed using R(R Core Team, 2017). All graphs are generated using Microsoft
Excel.

RESULTS

Phenotypic characterization of leaf tissue showed higher percentage of salinity tolerant plants
in UCB1 compared to P. integerrima

Pistachia integerrima (also known as PGI) and the hybrid UCB1 (P. atlantica x P. integerrima ) are popular
commercial rootstocks with P. vera scion cultivars (Zohary and Spiegl-Roy, 1975; Holtz et al., 2005). Earlier
studies demonstrated the superior salinity tolerance of UCB1 rootstock compared to its paternal genotypeP.
integerrima (Ferguson et al., 2002). In order to better understand the origin of their different salt tolerances,
we assessed the variation within and between UCB1 and P. integerrimaseedlings. Individual plants were
treated with 100 mM NaCl for 7 days and compared to 0 mM control plants of identical age (Fig. 1a). Salt
tolerance was qualitatively assessed by the severity of leaf senescence or burn symptoms. Plant phenotypic
classification after salt treatment was divided into three categories: 1) “high tolerance” when their leaf
phenotype was indistinguishable from those of untreated plants, 2) “low tolerance” when over 75% of their
leaves showed burns and / or senescence, 3) “moderate tolerance” when plants had an intermediate phenotype
between that of “high tolerance” and “low tolerance”. Based on this phenotypic characterization, over 40%
of UCB1 plants demonstrated high tolerance for salinity, which is approximately twice the rate observed for
P. integerrima (Fig. 1b). The dioecious nature of wind pollinated pistachio results in a heterogeneity of
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the seedlings (Ahmad et al., 2005), which likely contributed to the observed variation. Together, these data
demonstrated that the UCB1 genotype has a higher percentage of plants with leaf traits indicative of high
salinity tolerance, corroborating previous studies (Ferguson et al., 2002). The observed differences between
UCB1 and P. integerrimawere further explored to dissect their respective mechanisms of salinity tolerance.

Short term salt treatment does not affect pistachio growth

Next, we examined the roots and shoots of salt treated plants for developmental changes. It is known that
UCB1 plants show more robust growth, potentially as a result of hybrid vigor. Hence, in order to avoid
size effects on salinity tolerance and sequestration, we used 8 weeks old UCB1 plants and 10 weeks old P.
integerrima plants for all our assays. At these ages, the two genotypes have a virtually identical fresh weight
(Fig. 2a, NS, two-way ANOVA) After one week of salt treatment, neither P. integerrima nor UCB1 showed
significant decreases in root or shoot growth (Fig. 2a, NS, two-way ANOVA, Suppl. Fig 1a).

Since root system architecture remodeling is known to occur as a result of salinity stress (Koevoets et al.,
2016), we assessed the root architecture and root weight of the treated plants. Although the root weight of
UCB1 and P. integerrima were comparable (Fig. 2a), the UCB1 plants had more lateral roots compared
to P. integerrima,and this difference was further enhanced after salt treatment (Fig. 2b, P<0.05 between
genotypes, P<0.01 between treatment, two-way ANOVA, P=0.01 Tukey’s HSD). No significant difference
in lateral root lengths between the two genotypes was observed (Supp. Fig. 1b, NS, two-way ANOVA). In
Arabidopsis accession Columbia-0, low concentrations of salt have been shown to induce more lateral root
initiation, possibly due to an enhanced cell cycle activity and cell elongation through increased Na+ vacuolar
sequestration (Julkowska et al., 2014). Our results show that similar responses are occurring inPistacia spp.
after short term salt treatment.

UCB1 shows vacuolar Na+ sequestration

In order to investigate the mechanism of salt tolerance, we visualized the cellular localization of sodium ions
in live root sections with CoroNa Green, an indicator that exhibits an increase in green fluorescence emission
intensity upon Na+ binding (Park et al., 2009; Gonzalez et al., 2012). Root developmental signals have
several control points, and biotic stress has been shown to induce root differentiation closer to the apical
meristem (Rost, 2011; Cajero-Sanchez et al., 2019). To assess the relationship between root maturity and
salinity tolerance responses, Na+ localization was analyzed across a root developmental gradient, staged
by type and extent of xylem formation (Fig 3a, b, Supp. Fig. 2). The characterization of the stages was
established as follows: zone 0 represented the youngest (least mature) differentiated root region in which only
protoxylem is present, zone 1 represented the region of intermediate development in which both protoxylem
and metaxylem are present, zone 2 represented the most mature region, in which development of secondary
xylem has been initiated (Fig. 3b, Supp. Fig. 2).

We observed sodium localization in the cortical parenchyma cell vacuoles of salt treated UCB1 seedlings
(Fig. 3a). We confirmed the viability and physiological activeness of the cells in the root cross sections with
fluorescein acetate staining, which measures both enzymatic activity (required to activate its fluorescence)
and cell-membrane integrity (required for intracellular retention of their fluorescent product) (Supp. Fig.
3). Comparison of vacuolar staining across all developmental zones showed a consistent increase in Na+

positive vacuoles in UCB1 compared to P. integerrima (Fig. 3c, P<0.01 between genotype, P<0.05, between
treatment, two-way ANOVA). A post-hoc Tukey’s HSD analysis verified the significant difference between
control and treated UCB1 plants (Fig. 3c, P<0.05), and showed no difference in P. integerrimaseedlings
(Fig. 3c, NS, two-way ANOVA). Notably, the highest number of Na+ stained vacuoles was observed in zone
1 of the UCB1 salt treated plants (Fig. 3d). This indicates an increase in Na+ sequestration under salt stress
in the active growth zones of the root tips, before the onset of secondary growth. In contrast, P. integerrima
showed minimal vacuolar localization of sodium with no significant increase after salinity treatment (Fig 3a,
c, d). This suggests that root tip sequestration of Na+is likely a trait specific to UCB1. The majority of the
cortical parenchyma cells of both untreated UCB1 and P. integerrima plants did not stain positive for Na+
(Fig. 3a,c,d) demonstrating that Na+ vacuolar sequestration was enhanced in salinity stress.
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Co-localization with the established vacuolar red fluorescent marker SNARF-1 (Rosquete et al., 2019) demon-
strated that CoroNa Green indeed exhibited vacuolar localization (Fig. 4a-c). Negative controls did not show
cross talk between the acquisition spectra of the dyes (Fig. 4d-i), confirming signal specificity and true vac-
uolar Na+localization. Furthermore, CoroNa-Green and SNARF-1 signal were not affected by plant tissue
autofluorescence, confirming the validity of our imaging methodology (Supp. Fig. 4).

Since the vacuolar localization of Na+ suggests sequestration in root tissue, we measured the
Na+concentration in the roots of P. integerrima and UCB1 after one week of salt treatment. Although
both UCB1 and P. integerrimaroots showed a significant Na+ increase after NaCl treatment (Supp. Fig.
5, two-way ANOVA, P <0.01 between treatment), the increase in UCB1 was significantly lower than that
inP. integerrima (Supp. Fig. 5, two-way ANOVA, P=0.01). This corroborates earlier studies that UCB1
has lower Na+concentration in aerial tissues compared to P. integerrima(Ferguson et al., 2002). We also
measured the K+ concentration, since it is an ion that is known to accumulate during salt stress as a result
of the plant’s need to maintain ionic homeostasis (Chen et al., 2018; Ahmad and Anjum, 2020). We did not
observe significant changes in the K+concentration in roots of either UCB1 or P. integerrima after treatment.

Cumulatively, our data demonstrated increased sodium sequestration in the vacuoles of UCB1 roots compared
to P integerrima in response to salt treatment. However, the root Na+ concentration was higher in P.
integerrima, suggesting higher uptake and accumulation of non-vacuolar Na+ in this salt sensitive genotype.

UCB1 shows increased suberin deposition at the endodermis and exodermis

In addition to Na+ vacuolar localization, we observed a slight increase in Na+ signal in the cell walls of
the endodermis and the exodermis of the salt treated plants (Fig. 3a). Therefore, we investigated further
whether the development of suberin lamellae in these two cell layers is regulated as part of the salinity stress
response. We used a well-established methodology for suberin detection via staining with the lipophilic
fluorochrome Fluorol Yellow (Lux et al., 2005; Kreszies et al., 2019) to quantify suberin deposition in the
exodermis and endodermis.

Higher suberin deposition was observed throughout in the apoplastic barriers of UCB1 compared to P.
integerrima, a pattern that was maintained or emphasized under salt treatment (Fig. 5a). Of the two
barriers, UCB1 endodermis suberization showed a greater increase in response to salt treatment than P.
integerrima , though the increase is statistically significant for both genotypes (Fig. 5b P<0.05 for P.
integerrima, P<0.01 for UCB1, two-tailed t-test). In contrast, the exodermis of P. integerrimashows a
significant increase in suberization to salt treatment that was not observed in UCB1 (Fig. 5b, P<0.05 for
P. integerrima, NS for UCB1, two-tailed t-test). When we examined these changes by developmental zones,
we observed that in P. integerrima, the only statistically significant increase in suberization occurred in the
exodermis of zone 1 (Fig. 5c, P<0.05, two-tailed t-test). Interestingly, the increase in suberization observed
in UCB1 endodermis was statistically significant in both zones 0 and zone 1, with the greatest difference
observed in zone 0 (Fig. 5d, P<0.01 for zone 0, P<0.05 for zone 1, two-tailed t-test).

We then compared the zone-specific responses between genotypes, in salt and control treatments. In control
conditions, we found the greatest difference in zone 0 (Fig. 5e, P<0.01), which is the youngest region
possessing high developmental plasticity. While there was no significant difference between UCB1 and P.
integerrimasuberization in zones 1 and zone 2 of control plants, under salinity stress all developmental zones
showed significantly higher suberin deposition in UCB1 compared to P. integerrima (Fig. 5f, P<0.01 for zone
0, <0.05 for zone 1 and 2, two-tailed t-test). This suggests a greater salt response and higher developmental
plasticity of cellular barriers in UCB1, which would enable better control of apoplastic transport in all
developmental zones.

In order to further investigate the distinction between suberin deposition and endodermis differentiation in
the two genotypes, we quantified the percentage of suberized cells in the exodermis and the endodermis.
While UCB1 showed a significant increase in the number of cells suberized after salt treatment in both
endodermis and exodermis of (P<0.05 for exodermis and endodermis, two-tailed t-test),P. integerrima only
showed a significant increase in the endodermis (P<0.05, two-tailed t-test). Further analysis revealed that
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there is a significant difference between genotypes in the percentage of cells suberized in the endodermis,
but not the exodermis (P<0.01 between genotypes, P<0.001 between treatment, two-way ANOVA). UCB1
contained a reduced number of suberized cells in the endodermis layer compared to P. integerrima . This
shows that the higher suberin fluorescence intensity observed in UCB1 (Fig. 5e, 5f) is due to an increase in
the amount of suberin deposited per cell, and not the number of suberized cells in the endodermis.

DISCUSSION

Both vacuolar sequestration and suberin deposition are implicated in high salt tolerance

In the light of climate change based drought conditions which have led to increased soil salinity, pistachio
provides an attractive model to dissect mechanisms of salinity tolerance and abiotic stress response (Ahmad
and Prasad, 2012; Jazi et al., 2016; Bailey-Serres et al., 2019). While most of the studies so far have focused
on the overall physiological plant responses (Picchioni et al., 1990; Ferguson et al., 2002; Karimi et al., 2009;
Godfrey et al., 2019), there has been no analysis at the cellular and structural level in pistachio roots. In
order to determine salinity tolerance mechanisms in pistachio, we analyzed Na+ sequestration and apoplastic
barrier differentiation across a root developmental gradient using fluorescence microscopy. Our study demon-
strated a significant increase of vacuolar Na+ sequestration and levels of suberin in the endo/exodermis in
the more salinity tolerant UCB1 compared to P. integerrima, after salt treatment, suggesting that both
mechanisms are utilized in tandem for salinity tolerance in pistachios.

Salinity tolerance is a complex trait that includes coordination of maximizing salt ion exclusion, regulation of
salt ion transport, and ion sequestration at the cellular, tissue, and organ level (Tester and Davenport, 2003;
Yang et al., 2009; Chen et al., 2011; Gupta and Huang, 2014; Chen et al., 2018). While salt ion extrusion
at the plasma membrane is important in many species (Yang et al., 2009; Ji et al., 2013; Chen et al., 2018),
it does not provide complete salinity resistance, as significant amounts of Na+ still enter the roots. Thus,
additional mechanisms must be employed to limit salt transport to the salinity sensitive leaves. Vacuolar
sequestration of Na+ is one such mechanism that reduces the amount of salt reaching the shoot, therefore
reducing salt toxicity (Zhang and Blumwald, 2001; Gonzalez et al., 2012; Gupta and Huang, 2014; Guo et
al., 2020). The dominant role of vacuolar Na+sequestration over Na+ exclusion in salinity tolerance was
recently demonstrated in barley. Screening of 45 barley accessions for salinity tolerance mechanisms, using
a fluorescence microscopy approach, demonstrated a positive correlation of vacuolar Na+ sequestration with
the salinity tolerant varieties (Wu et al., 2019).

UCB1 plants showed a higher vacuolar Na+ sequestration capacity compared to P. integerrima (Fig 3).
It is likely that UCB1 is more efficient at vacuolar sequestration due to the increased activity of salt ion
antiporters such as the NHX transporter family (Gupta and Huang, 2014; Bassil et al., 2019; Guo et al.,
2020). Overexpression of NHX1 increases salt tolerance in diverse species such as wheat, rice, tomato and
mung bean (Zhang and Blumwald, 2001; Moghaieb et al., 2014; Kumar et al., 2017; Zeng et al., 2018) and
likely contributes to vacuolar sequestration in pistachio. Retention of Na+ in the vacuole is also regulated
by the control of Na+-permeable vacuolar channels, which mediate the back-leak of Na+ into the cytosol
(Isayenkov et al., 2010; Munns et al., 2016; Munns et al., 2020). Thus, control of expression or activity of
these channels can also contribute to the increased vacuolar Na+ in UCB1.

Another plausible scenario for lower P. integerrima vacuolar sequestration is that P. integerrima may be less
efficient at minimizing salt ion entry, which leads to Na+ levels exceeding its tolerance threshold, causing
cell damage and loss of vacuolar sequestration capacity. Analyses of expression and activity of salt ion
antiporters such as NHX, AKT1, and SOS1, along with other Na+-permeable channels and biotic stress
response markers can help dissect the prominent pathway in UCB1 (Yang et al., 2009; Gupta and Huang,
2014; van Zelm et al., 2020).

A root developmental gradient in vacuolar sequestration

Sodium uptake, transport, and sequestration across the three examined roots zones are closely linked to their
developmental stages. Thus, we have proposed a model of sodium tolerance based on the developmental
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gradient of pistachio roots (Fig. 6). Sodium uptake and transport at the meristematic region are relatively
unhindered by apoplastic barriers, and it is accompanied by vacuole sequestration to minimize the impact
of the salt ions. In the second developmental zone (zone 1), the peak of Na+ sequestration in parenchyma
cells likely reflects their higher vacuole storage capacity and maturation status compared to the meristematic
region. This corroborates the pattern of Na+ vacuolar sequestration in diverse species (Bojórquez-Quintal
et al., 2014; Wu et al., 2015; Wu et al., 2019). It is possible that more ionic uptake occurs in this zone, due
to the increase in the number of mature vessel elements compared to the younger, more meristematic zone
0 (Baum et al., 2002; Wachsman et al., 2015), and the higher rate of sodium entry becomes reflected in the
vacuolar sequestration. Apoplastic entry of sodium to the third developmental zone (zone 2) may be more
tightly controlled due to the extensive suberization of apoplastic barriers, resulting in enhanced blockage
of apoplastic transport and absorption (Serra et al., 2009; Ranathunge et al., 2011; Barberon, 2017). This
may lead to a reduction in the rate of sodium entry into root at zone 2 and reduced vacuolar sequestration
compared to the younger developmental zones.

Together, our results suggest that vacuolar sequestration is coordinated across different developmental zo-
nes. The responses of other subcellular compartments, such as the different endosomes/vesicles beyond the
vacuole, and cell type specificity (Oh et al., 2015) are added layers of complexity that can be considered
within the root developmental gradient in future studies.

Apoplastic barriers as a line of defense

UCB1 shows significantly higher levels of suberin than P. integerrima in both the endodermis and exoder-
mis before salt treatment, and this difference was maintained after treatment (Fig. 5b-f). Furthermore, we
detected a lower concentration of Na+in UCB1 roots compared to P. integerrima (Supp. Fig. 5), a pattern
that was observed earlier in shoot tissue (Ferguson et al., 2002; Godfrey et al., 2019). One can conclude
that UCB1 is more efficient at minimizing salt ion entry compared to P. integerrima, and that the high
Na+ concentration inP. integerrima roots is a result of higher amounts of un-sequestered “free” Na+. Since
the endodermis plays a role in the regulation of salt ion uptake by minimization of Na+ entry (Chen et al.,
2018), and that salinity stress can induce suberin deposition (Enstone et al., 2003; Chen et al., 2011; Byrt
et al., 2018; Chen et al., 2018), the superior salinity tolerance of UCB1 may be a result of the increased
suberization at the apoplastic barriers. Higher baseline level of suberization can help reduce the exposure
of root cells to ion toxicity at the initiation of salt treatment, increasing the overall health of the root cells
during the critical early stages of salinity stress response. Such mechanisms have been proposed for rice and
citrus (Ruiz et al., 2016; Vishal et al., 2019), and a similar mechanism may be taking place in UCB1.

The increase of suberin at the cellular barriers upon salinity stress was more pronounced in the endodermis
and it was significantly higher in UCB1 across all developmental zones (Fig. 5b, e, f). Interestingly, the more
sensitive genotype P. integerrima showed an increased number of suberized cells (Fig. 5g), but not increased
suberin fluorescence intensity (across the entire exodermis/endodermis), suggesting that the initiation of the
cellular barriers starts earlier in P. integerrima, but its rate of suberin biosynthesis and deposition is lower
than UCB1. It is possible that some P. integerrima root cell types mature earlier compared to UCB1, and
as a result, UCB1 maintains higher root plasticity in the same developmental zone. This is also a potential
explanation for the increased number of lateral roots we observed in UCB1 compared to P. integerrima, since
patterning of lateral root primordia is known to occur at the root tip and is highly responsive to abiotic
stress (Koevoets et al., 2016; Julkowska et al., 2017; Dinneny, 2019).

Salinity tolerance and suberin deposition are energetically expensive for plants, and the plant must choose
between the cost of cellular barrier enforcement and the cost of salinity stress (Tyerman et al., 2019). The
increased basal level in suberin deposition at the endodermis in UCB1 suggests an early energy investment
in enforcing salt exclusion from the vascular cylinder, and that this mechanism is more strongly utilized by
UCB1 under salinity stress. Selection pressure for crop varieties with increased apoplastic barriers suberiza-
tion has been shown for barley (Kreszies et al., 2020), suggesting that this energy investment is preferred in
monocots. The popularity of UCB1 in pistachio breeding indicates a similar trend is taking place in woody
perennial nut crops.
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Developmental gradient in suberization

An analysis of the developmental zones showed that the increase in endodermis suberization after salt
treatment in UCB1 can be mainly attributed to zone 0 and zone1 (Fig. 5d). Furthermore, in both apoplastic
barriers, the greatest difference in suberization between the two genotypes, when under salinity stress, was
observed in the youngest zone (Fig. 5f). The development of the apoplastic barriers is highly responsive
to abiotic stress (Enstone et al., 2003; Barberon, 2017; Byrt et al., 2018; Chen et al., 2018; Kreszies et
al., 2019; Wang et al., 2020), and contributes in salinity tolerance (Chen et al., 2018; Wang et al., 2020).
The root meristematic zone, in particular, represents a region with the highest plasticity (Rost, 2011) that
differentiates earlier under abiotic stress (Ji et al., 2014; Cajero-Sanchez et al., 2019). Our result suggests
that both the timing of apoplastic barrier differentiation and the increase of suberin deposition contributed
to the increase in suberization under salt stress. The development of the apoplastic barrier closer to the root
tip in response to salt and other abiotic stresses in maize, barley, and rice support this hypothesis (Shen
et al., 2015; Kreszies et al., 2019; Vishal et al., 2019). However, the increase in suberin deposition, rather
than earlier differentiation of the apoplastic barrier, appears to be the main contributor to salinity tolerance
in UCB1 when compared to P. integerrima . Salinity stress induces modifications in the overall cell wall,
including suberin, lignin, and polysaccharide deposition (Byrt et al., 2018; Rui and Dinneny, 2020; Wang et
al., 2020). It remains to be seen if the overall regulation of polysaccharide biosynthesis and deposition also
changes in pistachio to reinforce minimization of salt ion entry and to limit toxic ion transport to leaves
(Byrt et al., 2018).

Conclusion

Based on our data and the extended literature, we put forward a model describing aspects of salinity tolerance
in pistachio with respect to root developmental gradient. Pistachio roots contain both endodermis and
exodermis as apoplastic barriers (Fig. 6). During salinity stress, enhanced suberin deposition at these barriers,
particularly in the endodermis, and vacuolar sequestration both are associated with the high salinity tolerance
genotype.

This is a foundational study for the examination of pistachio root plasticity using fluorescence confocal
microscopy across a fine root developmental gradient. Together, our study illustrates the importance of
including different stages of development in evaluating stress tolerance mechanisms. It also suggests that
both development and cell type specificity is another layer of complexity that should be taken into account
in salinity stress response.

The data presented here provide a model to be considered for future investigation of the cellular mechanisms
of salinity tolerance, with additional potential application for analyzing within species variation of salinity
tolerance for plant breeding purposes. Woody perennial nut species, such as pistachio, provide useful examples
of natural adaptation in abiotic stress that can be further utilized for a mechanistic understanding of this
process. With the anticipated availability of the pistachio rootstock genomes, the aforementioned mechanisms
can be uncovered at a molecular level in future studies.
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Figure legends

Figure 1. More UCB1 seedlings exhibited high tolerance phenotype compared to P. integerrima

(a) Representative high and low salinity tolerance phenotypes for the paternal genotype P. integerrima and
hybrid line UCB1 after one week 100 mM NaCl treatment.

(b) Percentage of individuals in each genotype showing high, moderate, or low tolerance phenotypes. N=15
for P. integerrima , 22 for UCB1.

Figure 2. Short term salt treatment did not significantly reduce the growth of UCB1 or P. integerrima .

(a) Quantification of fresh weight after one week salt treatment showed that UCB1 seedlings were comparable
in fresh weight to P. integerrima , and neither showed significant decreases with salt treatment in either
total or tissue specific weight (NS, two-way ANOVA, N=7-9 plants per treatment per genotype).

(b) UCB1 exhibited a significantly higher number of lateral roots (LRs) per plant compared to P. integerrima
(P<0.05 between genotypes, two-way ANOVA). This difference was increased after salt treatment (P<0.01
between treatment, two-way ANOVA, P=0.01, Tukey’s HSD, N=16-17 per treatment per genotype). Error
bars = SEM.

Figure 3. UCB1 showed increased vacuolar sodium sequestration compared to P. integerrima .

(a) UCB1 and P. integerrima root tip section stained for Na+ showed increased number of vacuoles in UCB1
(indicated by arrowheads) after salt treatment and accumulation of Na+ at the exodermis and endodermis
(3D construction was shown for zone 1 salt treated UCB1 to better illustrate Na+ vacuole localization).

(b) Diagram of root tip zones staged by xylem development. z0 = zone 0, z1 = zone 1, z2 = zone 2.

(c) Quantification of average number of vacuoles per cross section. (P<0.01 between genotype, P<0.05
between treatment, two-way ANOVA; * P=0.05 Tukey’s HSD.) (d) Quantification of average number of Na+
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vacuoles staged by xylem development showed the highest vacuole count in zone 1 (NS, two-way ANOVA,
N=15-51 sections/zone/genotype from 3-5 plants). Error bars = SEM.

Figure 4. Sodium staining in UCB1 showed co-localization with a vacuolar marker.

(a-c) Co-staining of Na+ with CoroNa green (a) and SNARF-1 for vacuole (b) showed co-localization in the
vacuoles of salt-treated UCB1 root cross section (c, indicated by arrow). CoroNa Green staining alone (d-f),
or SNARF-1 alone (g-i) do not show vacuolar co-localization.

Figure 5. UCB1 showed higher suberin deposition than P. integerrima in control and salt treated plants.

(a) Cross sections of root tips in both UCB1 and P. integerrimashowed increased suberization at exodermis
(white arrow) and endodermis (red arrow) when stained with Fluorol Yellow 088. (b) Quantification of
suberin fluorescence intensity (a. u.) across cross sections indicated increase in suberization in response to
salt treatment in both exodermis and endodermis of P. integerrima and in endodermis of UCB1.

(c-d) Quantification of suberin fluorescence in zones staged by xylem development showed a peak in suberin
increase after salt treatment in zone 1 of P. integerrima exodermis. In UCB1 both zone 0 and zone 1 showed
an increase, with the greatest change occurring in endodermis of zone 0.

(e-f) UCB1 showed consistently higher suberization than P. integerrima in the exodermis of untreated plants
for all zones, and higher suberization in zone 0 of endodermis. After salt treatment, UCB1 showed higher
suberization than P. integerrima for all zones in both exodermis and endodermis.

(g) Salt treatment increased the percentage of suberized cells in the endodermis of P. integerrima and in
both the exodermis and endodermis of UCB1 (* P<0.05, ** P<0.01, unpaired 2-tailed t-test) (N= 28-62
sections collected from 3-5 plants for B, G. N=3-28 sections per zone per genotype per treatment for C-F).
Error bars = SEM.

Figure 6 . Model of UCB1 and P. integerrima root tip response to short-term salt treatment.

Under salinity stress, UCB1 plants were able to sequester excess Na+ in the vacuoles of cortical parenchyma of
the root tips in contrast to P. integerrima. Under control conditions UCB1 deposited more suberin in cellular
barriers. In addition, while both UCB1 and P. integerrima showed increased suberization of endodermis
and exodermis in response to salt treatment, UCB1 showed higher suberization than P. integerrima.
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Figure 1. More UCB1 seedlings exhibited high tolerance phenotype compared to P. integerrima 

(a) Representa�ve high and low salinity tolerance phenotypes for the paternal genotype P. integerrima and hybrid line UCB1 a�er one 
week 100 mM NaCl treatment. 
(b) Percentage of individuals in each genotype showing high, moderate, or low tolerance phenotypes. N=15 for P. integerrima, 22 for 
UCB1.
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Figure 2. Short term salt treatment did not significantly reduce the growth of UCB1 or P. 
integerrima. 

(a) Quan�fica�on of fresh weight a�er one week salt treatment showed that UCB1 seedlings 
were comparable in fresh weight to P. integerrima, and neither showed significant decreases 
with salt treatment in either total or �ssue specific weight. (NS, two-way ANOVA, N=7-9 
plants per treatment per genotype.) (b) UCB1 exhibited a significantly higher number of 
lateral roots (LRs) per plant compared to P. integerrima. (P<0.05 between genotypes, 
two-way ANOVA) This difference was increased a�er salt treatment. (P<0.01 between 
treatment, two-way ANOVA, P=0.01, Tukey’s HSD, N=16-17 per treatment per genotype.) 
Error bars = SEM.
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Figure 3. UCB1 showed increased vacuolar sodium sequestra�on compared to P. integerrima.

 (a) UCB1 and P. integerrima root �p sec�on stained for Na+ showed increased number of vacuoles in UCB1 (indicated by arrowheads) a�er salt 
treatment and accumula�on of Na+ at the exodermis and endodermis (3D construc�on was shown for zone 1 salt treated UCB1 to be�er illustrate 
Na+  vacuole localiza�on).  
(b) Diagram of root �p zones staged by xylem development. z0 = zone 0, z1 = zone 1, z2 = zone 2. 
(c) Quan�fica�on of average number of vacuoles per cross sec�on. (P<0.01 between genotype, P<0.05 between treatment, two-way ANOVA; * 
P=0.05 Tukey’s HSD.) (d) Quan�fica�on of average number of Na+ vacuoles staged by xylem development showed the highest vacuole count in zone 
1  (NS, two-way ANOVA, N=15-51 sec�ons/zone/genotype from 3-5 plants). Error bars = SEM.
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Figure 4. Sodium staining in UCB1 showed co-localiza�on with a vacuolar marker.  

(a-c) Co-staining of Na+ with CoroNa green (a) and SNARF-1 for vacuole (b) showed co-local-
iza�on in the vacuoles of salt-treated UCB1 root cross sec�on (c, indicated by arrow). CoroNa 
Green staining alone (d-f), or SNARF-1 alone (g-i) do not show vacuolar co-localiza�on. 
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Figure 5. UCB1 showed higher suberin deposi�on than P. integerrima in control and salt treated plants. 

(a) Cross sec�ons of root �ps in both UCB1 and P. integerrima showed increased suberiza�on at exodermis (white arrow) and endodermis (red arrow) when stained with Fluorol 
Yellow 088. (b) Quan�fica�on of suberin fluorescence intensity (a. u.) across cross sec�ons indicated increase in suberiza�on in response to salt treatment in both exodermis and 
endodermis of P. integerrima and in endodermis of UCB1. 
(c-d) Quan�fica�on of suberin fluorescence in zones staged by xylem development showed a peak in suberin increase a�er salt treatment in zone 1 of P. integerrima exodermis. In 
UCB1 both zone 0 and zone 1 showed an increase, with the greatest change occurring in endodermis of zone 0. 
(e-f) UCB1 showed consistently higher suberiza�on than P. integerrima in the exodermis of untreated plants for all zones, and higher suberiza�on in zone 0 of endodermis. A�er 
salt treatment, UCB1 showed higher suberiza�on than P. integerrima for all zones in both exodermis and endodermis. 
(g) Salt treatment increased the percentage of suberized cells in the endodermis of P. integerrima and in both the exodermis and endodermis of UCB1 (* P<0.05, ** P<0.01, 
unpaired 2-tailed t-test). (N= 28-62 sec�ons collected from 3-5 plants for B, G. N=3-28 sec�ons per zone per genotype per treatment for C-F.) Error bars = SEM.

20



P
os

te
d

on
A

u
th

or
ea

15
J
u
n

20
20

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
59

22
54

10
.0

33
02

60
6

—
T

h
is

a
p
re

p
ri

n
t

a
n
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

control NaCl control NaCl
UCB1 P. integerrima

suberin 
lamellae

suberin

vacuolar 
sequestration

protoxylem

metaxylem

secondary
xylem

Figure 6. Model of UCB1 and P. integerrima root �p response 
to short term salt treatment.

Under salinity stress, UCB1 plants were able to sequester excess 
Na+ in the vacuoles of cor�cal parenchyma of the root �ps in 
contrast to P. integerrima. Under control condi�ons UCB1 
deposited more suberin in cellular barriers. In addi�on, while 
both UCB1 and P. integerrima showed increased suberiza�on of 
endodermis and exodermis in response to salt treatment, UCB1 
showed higher suberiza�on than P. integerrima. 
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