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Mild and severe salt stress
responses are age-dependently
regulated by abscisic acid
in tomato
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Els L. J. Prinsen2 and Bram Van de Poel1,3*

1Division of Crop Biotechnics, Department of Biosystems, University of Leuven, Leuven, Belgium,
2Department of Biology, University of Antwerp, Antwerpen, Belgium, 3KU Leuven Plant Institute,
(LPI), University of Leuven, Leuven, Belgium
Salt stress hampers plant growth and development through both osmotic and

ionic imbalances. One of the key players in modulating physiological responses

towards salinity is the plant hormone abscisic acid (ABA). How plants cope with

salinity largely depends on the magnitude of the soil salt content (stress

severity), but also on age-related developmental processes (ontogeny). Here

we studied how ABA directs salt stress responses in tomato plants for both mild

and severe salt stress in leaves of different ages. We used the ABA-deficient

mutant notabilis, which contains a null-mutation in the gene of a rate-limiting

ABA biosynthesis enzyme 9-cis-epoxycarotenoid dioxygenase (NCED1),

leading to impaired stomatal closure. We showed that both old and young

leaves of notabilis plants keep a steady-state transpiration and photosynthesis

rate during salt stress, probably due to their dysfunctional stomatal closure. At

the whole plant level, transpiration declined similar to the wild-type, impacting

final growth. Notabilis leaves were able to produce osmolytes and accumulate

ions in a similar way as wild-type plants, but accumulated more proline,

indicating that osmotic responses were not impaired by the NCED1

mutation. Besides NCED1, also NCED2 and NCED6 are strongly upregulated

under salt stress, which could explain why the notabilis mutant did not show a

lower ABA content upon salt stress, except in young leaves. This might be

indicative of a salt-mediated feedbackmechanism onNCED2/6 in notabilis and

might explain why notabilis plants seem to perform better under salt stress

compared to wild-type plants with respect to biomass and water

content accumulation.
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Introduction

The sessile nature of plants forces them to cope with a

constantly changing and often hostile environment that hampers

growth and development. Salt stress is one of the most important

and rapidly emerging plant stressors worldwide (Munns and

Tester, 2008; Jamil et al., 2011; Zhu, 2016). Most salt-affected

soils have an excess of sodium chloride and provoke a complex

biphasic stress response in plants, characterized by altered

osmotic and ion balances (Farooq et al., 2017). Despite

inherent coping mechanisms, high salinity levels are

detrimental to plant growth, development, and thus

agricultural productivity (Rengasamy, 2006; Munns and

Tester, 2008).

Salt stress evokes a complex interplay between an initial

osmotic, and after prolonged exposure, a secondary ion toxicity

stress in plants (van Zelm et al., 2020). Although this biphasic

response implies temporal separation of sensing fast osmotic

changes and subsequent sodium cytotoxicity, actual sodium

sensing can occur before the onset of cytotoxicity as indicated

by rapid sodium-specific changes in root growth directionality,

c.f. halotropism (Munns and Tester, 2008; Galvan-Ampudia

et al., 2013). Recent advances indicate that salt stress responses

can be signaled by osmotic- and sodium sensors via the

hyperosmolality-gated Ca2+ permeable channel (OSCA1) and

the monocation-induced Ca2+ increases 1 (MOCA1),

respectively (Yuan et al., 2014; Jiang et al., 2019; Zhang et al.,

2020). Furthermore, prolonged sodium exposure can induce

destabilization of cell wall pectin crosslinking, which can be

perceived by the receptor-like kinase (RLK) FERONIA (FER)

(Dinneny et al., 2008; Voxeur and Höfte, 2016; Feng et al., 2018).

Osmotic and sodium sensing implies a cytosolic influx of

Ca2+and subsequent salt stress-specific Ca2+ signature, which

acts as a secondary messenger to trigger downstream salt stress

signaling cascades (Jiang et al., 2019; Zhang et al., 2020).

Together with reactive oxygen species (ROS), which

accumulate under salt stress, a continuous symplastic

progression of Ca2+ and ROS waves propagate stress signals to

provoke long-distance root-to-shoot and leaf-to-leaf

communication (Dat et al., 2000; Choudhury et al., 2017;

Devireddy et al., 2018; Wu et al., 2020; Zandalinas et al.,

2020). These signals ultimately activate a variety of

physiological responses to cope with and survive salt stress

(Munns and Tester, 2008; Horie et al., 2012; Park et al., 2016;

Yang and Guo, 2018a). Phytohormones, such as abscisic acid

(ABA), ethylene, jasmonic acid (JA) and salicylic acid (SA) play

a crucial role in coordinating these responses (Verma et al., 2016;

Yu et al., 2020). ABA is believed to be a key regulator during salt

stress, functioning as a central hub that links environmental cues

with endogenous developmental processes (Yu et al., 2020).

Under normal conditions, ABA is maintained at a low level

to ensure optimal plant growth and development (Finkelstein,

2013; Yoshida et al., 2015). However, under salt stress,
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endogenous ABA levels increase rapidly as a consequence of

calcium- and ROS-triggered transcriptional up- and

downregulation of ABA biosynthesis and catabolism genes

respectively (Mulholland et al., 2003; Xiong and Zhu, 2003;

Barrero et al., 2006; Golldack et al., 2014; Ismail et al., 2014;

Ruiz-Sola et al., 2014; Chen et al., 2020). Moreover, ABA

immobilization by protonation in chloride-induced

acidification of the cytoplasm can lead to ABA accumulation

during NaCl induced salt stress (Geilfus et al., 2015).

Nevertheless, upregulation of the rate-limiting ABA

biosynthesis gene 9-cis-epoxycarotenoid dioxygenase (NCED)

plays a crucial role in the fast accumulation of ABA in roots and

leaves upon osmotic stress sensing (Xiong and Zhu, 2003).

Through ABA-signaling, specific ABA RESPONSIVE

ELEMENT-BINDING FACTOR (ABF) transcription factors

and additional salt-stress transcription factors (e.g. MYB-,

MYC-, NAC-, AP2/ERF-, HD-Zip- and WRKY-type families)

control downstream stress-responsive genes (Lan Thi Hoang

et al., 2017).

During salt stress, stomatal closure, osmolyte production

and ion-transport are three prime physiological plant responses,

which could function under control of ABA. ABAmodulates ion

fluxes of guard cells by Ca2+-dependent and independent

pathways leading to a decrease in turgor pressure and

subsequent stomatal closure to prevent water loss by

transpiration (Chen et al., 2020; Bharath et al., 2021).

Moreover, the accumulation of osmolytes, such as proline and

glycine betaine, aid plants in coping with salt stress by increasing

the cellular osmotic pressure and maintaining turgor (Sharma

et al., 2019). ABA plays a significant role in regulating proline

biosynthesis by modulating pyrroline-5-carboxylate synthase

(P5CS) and P5C reductase (P5CR) (Sripinyowanich et al.,

2013; Pál et al., 2018). Furthermore, ABA also plays a role in

the biosynthesis of other osmolytes such as polyamines and

sugars (Thalmann et al., 2016; Golestan Hashemi et al., 2018).

During salt stress, cytotoxic sodium levels hamper ion

homeostasis, leading to nutrient deficiencies, in particular K+

deficiency, and subsequent deterioration of plant growth (Wang

et al., 2013). ABA modulates Ca2+ influx at the plasma

membrane, which induces the salt overly sensitive (SOS)

pathway, leading to sodium export from roots (Edel and

Kudla, 2016). Moreover, ABA stimulates the deposition of

suberin at the endodermis to hamper apoplastic Na+ migration

towards the stele (Barberon et al., 2016; Doblas et al., 2017).

Finally, ABA promotes cytosolic K+ influx by activating

potassium import channels KAT1 and AKT1 (Osakabe et al.,

2014; Yang and Guo, 2018b).

The success of salt stress coping mechanisms in retaining

plant growth and survival vastly depends on stress severity and

plant or leaf age (ontogeny). Most salt-affected soils are only

mildly saline (Omuto et al., 2020), which does not evoke visible

salinity symptoms, yet leads to yield losses (Machado and

Serralheiro, 2017; Zörb et al., 2019). Furthermore, age-related
frontiersin.org

https://doi.org/10.3389/fpls.2022.982622
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Holsteens et al. 10.3389/fpls.2022.982622
elements can mask unknown developmentally controlled

adaptation responses towards abiotic stress (Rankenberg et al.,

2021). Although these under-explored factors (mild salinity and

ontogeny) are important to understand to grasp the holistic

coping mechanisms of plants towards salt stress they are often

neglected in research (Mulholland et al., 2003; Amjad et al.,

2014; Raziq et al., 2022). How ABA relates to stress severity and

whether it functions in an age-dependent way under salt stress is

studied here.
Materials and methods

Plant material and growth conditions

Seeds of tomato cultivar Ailsa craig (Solanum lycopersicum) and

notabilis, harboring a null mutation in theNCED1 gene in the Ailsa

craig background, were germinated in soil and after 14 days

transferred to Rockwool blocks. Plants were grown in a

controlled greenhouse with relative humidity set to be 70% and

65% during the day (6 am – 10 pm) and night respectively, and a

minimum temperature of 17°C and ventilated once exceeded 18°C.

When irradiation levels were below 250 W/m2, additional light was

provided with SON-T lamps (Phillips). Plant nutrition was given by

supplementing a fertigation solution with an electrical conductivity

(EC) of 2.5 dS/m and a pH of 5.75. The nutrient solution was

composed of K+ 9.1 mM, Ca2+ 6.5 mM, Mg2+ 1.95 mM, NO−
3 16.25

mM, PO3−
4 1.95 mM, SO2−

4 3.9 mM, MoO2−
4 0.1 µM, Zn2+ 8.6 µM,

Cu2+ 2.6 µM, Mn2+ 139.8 µM, BO3−
3 54.4 µM, Fe2+ 79.9 µM.

Fertigation frequency was programmed as follows: (1) every 45

minutes between 7 and 10 am, or 30 minutes when radiation

exceeds 250 W/m2; (2) every 60 minutes between 10 am and 1 pm,

or 45 minutes when radiation exceeds 250 W/m2.; (3) every 60

minutes between 1 and 5 pm, or 45 minutes when the radiation

sum exceeds 150 J/cm2.
Salt treatment and real-time
EC measurements

Tomato plants at the eight-leaf stage were divided into three

treatment groups: control, mild and severe salt stress. Each

group contained 10 plants (n = 10) and was randomized in

the greenhouse to minimize position and micro-climate effects.

The control solution (EC 2.5 dS/m) was supplemented with a

concentrated NaCl stock solution (6.16 M) to reach mild salinity

(EC of 5 dS/m; [NaCl] = 47 mM) and sever salinity (10 dS/m;

[NaCl] = 94 mM). The treatments started at 10 AM with 5-

minutes of continuous drip irrigation to ensure the Rockwool

blocks were drained and saturated with salt solution.

Subsequently, the salt treatment was applied for 7 days by

providing automated drip irrigation as described above.
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The EC of the Rockwool block of one plant per treatment

was monitored with an EC sensor (GS3 and Terros12, Meter).

These sensors were first calibrated by saturating Rockwool

blocks with known fertigation solutions with an EC ranging

from 0 dS/m – 15 dS/m in steps of 2.5 dS/m. Rockwool blocks

were air-dried on lysimeters to obtain real-time volumetric water

content (VWC) measurements. When dried, the relationship

between real-time VWC and known EC and raw sensor VWC

and EC was calculated using the bulk and pore water EC

relationship formulas as indicated by the work of (Hilhorst,

2000), specifically for Rockwool substrate.
Genotyping

DNA was extracted from 50 mg snap-frozen pulverized fresh

leaf material using the E.Z.N.A.® SP Plant DNA Kit (Omega

Biotek). Next, the quality and concentration of the extracted

DNA were assessed using the Nanodrop 2000 (Thermo Fisher

Scientific). Afterward, a polymerase chain reaction (PCR) was

performed to amplify a 500 bp amplicon, flanking the NCED1

mutation, using DreamTaq Green PCR Master Mix (2X) (Thermo

Scientific) and specific forward (CTTGAACACCCTTTGCCGAA)

and reverse (GAAACTGGGTCGAGCTTTGG) primers (IDT).

Samples with a verified amplicon length, using gel electrophoresis,

were gel-extracted and sequenced (LGC genomics).
Protein sequence alignment and
phylogenetic analysis

Candidate NCED protein sequences were retrieved by blast

using the NCED1 (Solyc07g056570) as a query on the

SolGenomics website, using the tomato genome (release ITAG

4.0), and arabidopsis.org website, using the Arabidopsis genome

(release Araport 11). Retrieved CCD and NCED protein

sequences of tomato and Arabidopsis were aligned in

Geneious (v10.2.2) using the MUSCLE (v3.8.425) tool. The

phylogenetic tree was built in Geneious using the Jukes-Cantor

genetic distance model and bootstrapping (1000 replicates).
Plant biometry and real-time
plant transpiration

For each plant (n = 10 biological replicates) per treatment

(control, mild and severe salinity), stem growth, and above-

ground plant fresh and dry weight were recorded. Whole plant

transpiration of individual plants was inferred from real-time

lysimeters, consisting of 30 custom-made scales with a logging

frequency of 30 s. These scales are composed of a 5 kg load cell

controlled by a microcontroller (Arduino Uno). The scale housing
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contains a drain to remove excess irrigation solution, and

Rockwool blocks were encapsulated with aluminum foil to

prevent evaporation. Raw transpiration data was analyzed using

an R-script that removes irrigation points, calculates, and models

weight loss over time, and generates a transpiration curve based

on the first derivative of the latter. Daily transpiration rates were

calculated by integration of the area underneath the diurnal

transpiration rate curves.
Leaf biometry, transpiration and CO2
gas exchange

To incorporate ontogenetic responses, we analyzed leaf

numbers 3 and 8, starting to count from the oldest leaf

(bottom) upwards, omitting the two cotyledons, for each plant

(n = 10 biological replicates per treatment). These leaf ages

represent old (no. 3) and young leaves (no. 8). Individual leaf

fresh and dry weight was measured at the end of the experiment.

Leaf area was quantified at the end of the experiment (day 7)

through analysis of top view images (Nikon D3200) using

ImageJ. Leaf photosynthesis and transpiration rate were

determined for individual leaflet patches with an LCi compact

portable photosynthesis system (ADC Bioscientific).
Leaf osmolality

The total osmolality of old and young leaves (n = 10

biological replicates) per treatment was quantified by taking

the supernatant of snap-frozen and pulverized fresh leaf samples

after centrifugation at 17.000 x g for 20 min. The osmolality of 50

µL leaf sap was measured using a freezing point osmometer

(Osmomat 3000, Gonotec).
Leaf proline content

Proline content of old and young leaves (n = 10 biological

replicates) per treatment was quantified using a spectrophotometric

method based on the reaction with ninhydrin (2,2-

dihydroxyindane-1,3-dione) in an acidic medium, as described by

Ábrahám et al. (2010), with slight modifications. First, proline was

extracted from 50 mg of snap-frozen pulverized fresh leaf material

using 25 µL pure ethanol. After homogenization by vortexing, the

samples were incubated at 65°C on a shaking heat block for 20 min

and centrifuged for 5 min at 17.000 x g. Next, the coloring reaction

was done by adding 50 µL of the supernatant to 100 µL of the

freshly made reaction mix, comprised of 1% (w/v) ninhydrin

dissolved in 60% (v/v) acetic acid and 20% (v/v) ethanol. After

homogenization, the samples were placed in a shaking heat block at

95°C for 20 minutes, covered with aluminum foil to avoid

ninhydrin degradation by light. The reaction was immediately
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stopped on ice and centrifuged for 1 min at 2500 rpm at 4°C.

Finally, 100 mL of supernatant was transferred to a 96-well

microtiter plate and absorbance was measured at 509 nm using a

plate spectrophotometer (Spectramax 384 plus, Molecular Devices).
Leaf ion content

For ion analysis, 125 mg of dried and ground leaf powder (n =

10 biological replicates per treatment) was transferred to a crucible

and subsequently incinerated in a muffle furnace (MR 170 E,

Heraeus) at 500°C for 4 h. After cooling down, the ash was

analytically transferred and dissolved in 50 mL of 2M HCl (37%,

VWR Chemicals) and placed in a water bad at 50°C for 2 h. The

samples were diluted 50 times for the determination of Na+ and K+,

and 8 times for the determination of Ca2+. The ion content was

quantified on a SOLAAR 969 atomic absorption spectrometer

(Unicam) using a photomultiplier tube (PMT) and the following

specifications; K+; Na+ and K+ hollow-cathode lamp (HCL) with a

max current of 8 mA (100% during measurement) using a

wavelength of 766.5 nm, a bandwidth of 0.5 nm and an air/

acetylene fuel flow of 0.8 L/min. Na+; Na+ and K+ hollow-cathode

lamp (HCL) with a max current of 8 mA (75% during

measurement) using a wavelength of 589 nm, a bandwidth of 0.2

nm and an air/acetylene fuel flow of 0.8 L/min. Ca2+; Ca2+ andMg2+

hollow-cathode lamp (HCL) with a max current of 6 mA (100%

during measurement) using a wavelength of 422.7 nm, a bandwidth

of 0.2 nm and an air/acetylene fuel flow of 0.8 L/min. Additionally,

the calcium measurements were performed in the presence of 2%

0.36 M lanthanum(III)oxide to eliminate phosphate interference.
Leaf ABA content

Leaf ABA content was measured (n = 5 biological replicates per

treatment) using 50 mg of snap-frozen pulverized fresh leaf

material. d-6 ABA (150 pmol, 3′,5′,5,7′,7′,7′-d-6-ABA, National
Research Council Canada, Saskatoon, Saskatchewan, Canada) was

added as an internal standard. After overnight extraction in 5 ml

80%MeOH, samples were centrifuged (20 min, 15,000 g, 4°C, in an

Eppendorf 5810R centrifuge, Eppendorf, Hamburg, Germany), the

supernatants was acidified using 5 mL of 6.0% v/v formic acid and

loaded on a reversed-phase (RP) C18 cartridge (500 mg, BondElut

Varian, Middelburg, The Netherlands). ABA was eluted with 5 mL

of diethyl ether and dried under a nitrogen stream (TurboVap LV

Evaporator, Zymark, New Boston, MA, USA). Samples

were derivatised using N-(3-Dimethylaminopropyl)-N′-
ethylcarbodiimide (EDC, Sigma, 0.1 mg/sample, pH 7, 1 h, 37°C

under continuous shaking, Eppendorf thermomixer) to improve

analysis sensitivity and analyzed using an Acquity UPLC system

linked to a TQD triple quadrupole detector (Waters, Milford, MA,

USA) equipped with an electrospray interface in positive ion mode.

Samples (6.0 mL) were injected on an Acquity UPLC BEH C18 RP
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column (1.7 mm, 2.1 × 50mm,Waters) using a column temperature

of 40°C and eluted at 0.42 mL with the following gradient of 0.1%

FA/H2O (solvent A) and 0.1% FA/ACN (solvent B): 0−0.8 min

isocratic 92/8 A/B; 0.8−5 min linear gradient to 60/40 A/B; 5-5.5

linear gradient to 10/90 A/B. Quantitative analysis was obtained by

multiple reactant monitoring of selected transitions, based on the

MH+ ion (dwell time 0.02 s) and the most appropriate compound-

specific product ions (420>349 and 420>304 for ABA-EDAC and

426>355 and 426>310 for d6-ABA-EDAC). All data were processed

using Masslynx/Quanlynx software V4.2 (Waters). Data are

expressed in picomoles per gram fresh weight (pmol g-1 FW).
RT-qPCR gene expression analysis

For NCED1, NCED2 and NCED6 quantitative gene expression

analysis, mRNA was extracted from 50 mg snap-frozen pulverized

fresh leaf material (n = 5 biological replicates per treatment) using

the Genejet Plant RNA Purification Mini Kit (Thermo Fisher

Scientific) and subsequent DNA removal using the RapidOut

DNA Removal Kit (Thermo Fisher Scientific). The quality and

concentration of the extracted RNA were measured using the

Nanodrop 2000 (Thermo Fisher Scientific). Next, mRNA was

converted to copy DNA (cDNA) using the iScript cDNA

Synthesis Kit (BioRad). Finally, expression levels were quantified

by real-time PCR using the SsoAdvanced Universal SYBR Green

Supermix (BioRad), specific primers (IDT, Supplementary Table 1)

on a CFX96 real-time PCR detection system (BioRad). Gene

expression was normalized against the average expression of two

reference genes (ACT and EGFR) and quantified based on a

calibration curve developed by a cDNA mix sample (of all

samples) in 3 orders of magnitude dilution.
Data analysis and statistics

Data analysis was performed using Graphpad (Version 9,

Delta Prism). Test for normal distributed data and equal

variance between the groups was performed using the Shapiro-

Wilk test and Spearman’s test for heteroscedacity, respectively. If

the data passed, a two-way ANOVA and subsequent Sıd́ák’s

multiple comparison test was used to test significance (p < 0.05).

Nonparametric data was analysed using the Mann-Whitney test

for significance (p <0.05).
Results

Characterization of the tomato NCED
gene family and notabilis mutation

Before assessing ABA-related ontogenic responses towards

mild and severe salinity, we first genotyped the notabilismutant.
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The null mutation, generated by x-ray mutagenesis, in the

notabilis NCED1 gene is reported to consist of a single base-

pare deletion at T596 in the Thr199 codon (Burbidge et al.,

1999). We confirmed notabilis contained this T deletion,

resulting in a frameshift that leads to an early stop codon at

position 256 (Figure 1A). This premature stop codon causes a

truncated protein that loses the enzyme’s iron-binding sites

(Figure 1B). Phylogenetic analysis revealed that the tomato

genome harbors three putative NCED genes compared to five

members retrieved in the Arabidopsis genome (Figure 1C). The

NCED protein family clusters in 2 clades with LeNCED1

(Solyc07g056570) and LeNCED2 (Solyc08g016720) belonging

to clade 1 where they closely relate to AtNCED3 (AT3G14440)

with respectively 71.2 and 70.0% sequence similarity. LeNCED6

(Solyc05g053530; Sussmilch and McAdam, 2017) belongs to

clade 2 and shows 57.4% sequence similarity with AtNCED6

(AT3G24220) (Figure 1C).
Notabilis and wild-type plants have
similar plant growth responses during
salt stress

After confirming the notabilis genotype, we analyzed how

the hampered nced1 protein would impact plant growth under

mild and severe salt stress. Our experimental setup provided the

desired experimental conditions, i.e control (EC of 2.5 dS/m),

mild (EC of 5 dS/m) and severe (EC of 10 dS/m), to the

Rockwool blocks and stayed stable after 7 days of continuous

salt stress (Supplementary Figure 1). Despite the NCED1 null

mutation in notabilis, minor differences in growth responses

towards salt stress were observed compared to wild-type plants

(Figure 2). Although wild-type plants showed no decrease in

stem growth under both mild and severe salinity, notabilis did

show a significant decrease under severe salinity (Figure 2A). In

general, besides the lower fresh weights of notabilis plants

compared to the wild-type plants, they showed a similar

decrease in fresh weight under salt stress as the wild-type

(Figure 2B). A similar pattern was observed for dry weight loss

(Figure 2C). Interestingly, the plant water percentage was only

significantly affected by severe salt stress for both wild-type and

notabilis plants (Figure 2D).
Salt stress impacts leaf growth in an
age-dependent way in notabilis

Despite the comparable whole-plant growth responses of the

notabilis mutant under salt stress, we evaluated leaf-specific

growth responses for old (leaf nr 3) and young (leaf nr 8)

leaves to assess whether there are otogenic salt stress responses.

Old leaves of notabilis plants have a lower fresh weight

compared to wild-type plants under control conditions, which
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is not the case for young leaves (Figure 3A). Salinity drastically

reduces leaf fresh weight, for both old and young leaves in wild-

type plants (Figure 3A). This salt effect on fresh weight was only

observed in young notabilis leaves (Figure 3A). Oppositely, the

dry weight of old notabilis leaves dropped during salt stress,

similar as the wild-type, while young notabilis leaves showed no

drastic decline (Figure 3B). Interestingly, notabilis showed an

increased water content under mild and severe salinity in old

leaves compared to the wild-type, due to the loss of dry matter

(Figure 3C). Severe salt stress led to a drop in leaf water content

of young wild-type leaves, suggesting that young leaves lost more

water than dry matter (Figure 3C). In contradiction, notabilis

leaves did not show a decline in leaf water content, despite old

leaves already having a lower water content in unstressed

conditions (Figure 3C). Water content stayed stable for young

leaves and even increased for old leaves during mild and severe

salt stress, suggesting that salt stress is able to evoke a water-

saving mechanism in notabilis leaves (Figure 3C). Moreover,

similar as the dry weight and water content, the leaf area of

young notabilis leaves did not drop under salt stress compared to

the wild-type, indicative of a growth-saving feature of young

notabilis leaves (Figure 3D).
Notabilis maintains high leaf transpiration
but has a reduced whole-plant
transpiration during salt stress

To further investigate the different water balances in notabilis

plants and leaves, we compared leaf and whole plant physiology.
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Salt stress reduced wild-type leaf photosynthesis only in young

leaves (Figure 4A) and led to a drop in transpiration in both old

and young wild-type leaves (Figure 4B). Interestingly, salt stress

did not influence leaf photosynthesis and transpiration in notabilis

leaves (Figures 4A, B). This can be explained by the hampered

stomatal closure in the notabilis mutant that allows leaves to

maintain high rates of gas exchange (Shi et al., 2015). Despite the

unaffected leaf transpiration rates, whole plant transpiration was

equally reduced for notabilis and wild-type plants under severe

salinity starting from day 4 onwards (Figures 4C, D). Moreover,

when calculating the daily transpiration rates, notabilis and wild-

type plants both showed a similar decline in plant

transpiration (Figure 4D).
Notabilis is able to maintain leaf osmotic
regulation under salt stress

To further address the disrupted leaf photosynthetic and

transpiration rate of notabilis mutants compared to wild-type

plants, we analyzed the osmotic changes in leaves of different

ages during mild and severe salt stress. The total osmolyte

content in young and old leaves increased comparably

between wild-type and notabilis leaves under salt stress

(Figure 5A). Despite the lack of osmotic differences between

notabilis and wild-type leaves, proline accumulated more in

notabilis leaves under both mild and severe salt stress,

especially in young leaves (Figure 5B). This suggests that

notabilis might preferably use proline to control its

osmotic potential.
A C

B

FIGURE 1

The NCED gene family and notabilis genotyping. (A) Protein sequence alignment of tomato NCED1 wild-type and notabilis, showing a single
amino acid deletion (Thr199) and a premature stop codon. Arrows mark the deletion and early stop codon. (B) Schematic representation of the
wild-type and notabilis (truncated) NCED1 protein, including functional domains. (C) Phylogenetic tree of the CCD and NCED proteins of
tomato and Arabidopsis. The two NCED clusters are shown in orange and blue.
frontiersin.org

https://doi.org/10.3389/fpls.2022.982622
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Holsteens et al. 10.3389/fpls.2022.982622
Previously it was reported that ion transport is controlled by

ABA to mediate ion toxicity during salt stress (Yu et al., 2020).

Our results show that there was no large difference in ion

content between notabilis and wild-type leaves for Na+, K+

and Ca2+ under salt stress (Figures 5C–E). In general, Na+

levels increased when salt stress became more severe, while K+
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levels dropped slightly and Ca2+ levels remained unchanged.

Noteworthy, under control conditions, old notabilis leaves had a

lower K+ content and a higher Ca2+ content compared to wild-

type leaves, and this difference was not present in young leaves

(Figures 5D, E). We can conclude that that notabilis plants have

a slightly different age-related regulation of their ion homeostasis
D

A B

C

FIGURE 2

Assessment of plant growth parameters in wild-type and notabilis plants during salt stress. (A) Stem length increase over the course of 7 days
(n = 10), (B) fresh weight (n = 10), (C) dry weight (n = 10) and (D) water content (n = 10) after 7 days under control (EC of 2.5 dS/m), mild (EC of
5 dS/m; [NaCl] = 47 mM) and severe (EC of 10 dS/m; [NaCl] = 94 mM) salt stress conditions for the wild-type (white) and notabilis (gray).
Significant differences are indicated with different letters (a = 0.05).
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but seem to have a similar ion coping mechanism during

salt stress.
Impaired NCED1 is not sufficient to affect
salt stress-induced ABA accumulation

Although we observed age-related physiological and

biochemical differences between notabilis and wild-type plants

(Figures 2-5), notabilis plants are still able to respond to salt

stress, despite a non-functional NCED1. An ontogenic ABA

analysis showed that notabilis plants are able to produce ABA,

similar to wild-type plants, and that old notabilis leaves are able

to accumulate ABA under severe salt stress in the same way as

old wild-type leaves (Figure 6A). Young notabilis leaves are not

able to accumulate higher levels of ABA during severe salt stress

(Figure 6A). These observations suggest that old notabilis leaves

have a mechanism to increase their ABA levels, independent of

NCED1. To investigate the role of the other NCED homologs,

we performed a gene expression analysis of the three NCED

genes of tomato (Figure 1). We found that NCED1 and NCED2

are upregulated in old wild-type leaves during salinity

(Figures 6B, C). This might suggest that NCED2 could
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contribute to the higher ABA levels in old notabilis leaves

(Figure 6A). Young leaves, on the other hand, show an

upregulated NCED6 expression upon severe salinity

(Figure 6D), indicating that the NCED gene family is

ontogenetically regulated during salt stress.
Discussion

Soil salinization induces a wide array of detrimental

effects on plant growth and development for which plants

have acquired numerous coping mechanisms to counteract

and survive the harmful effects of both osmotic and ion

toxicity stress during salinity (Parida and Das, 2005; Munns

and Tester, 2008). However, the success of these coping

mechanisms vastly depends on stress severity and plant or

leaf age (ontogeny), c.f. age-related developmental elements

can mask certain salt adaptation responses (Machado and

Serralheiro, 2017; Zörb, Geilfus and Dietz, 2019; Omuto et al.,

2020; Rankenberg et al., 2021). One of the key regulators

during salt stress is ABA, but to date its involvement in the

ontogenic regulation of salt stress responses is still unclear

(Yu et al., 2020).
D
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FIGURE 3

Assessment of leaf growth parameters for wild-type and notabilis plants under salt stress. (A) Leaf fresh weight (n = 10), (B) leaf dry weight
(n = 10), (C) leaf water content (n = 10) and (D) leaf area (n = 10) of old (leaf no. 3) and young (leaf no. 8) leaves after 7 days under control (EC
of 2.5 dS/m), mild (EC of 5 dS/m; [NaCl] = 47 mM) and severe (EC of 10 dS/m; [NaCl] = 94 mM) salt stress conditions for the wild-type (white)
and notabilis (gray). Significant differences are indicated with different letters (a = 0.05).
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The tomato NCED family directs leaf
age-dependent ABA accumulation under
salt stress

To address the involvement of ABA in age-related salt stress

coping mechanisms of tomato, we used the notabilis mutant,

harboring a null mutation in the rate-limiting ABA biosynthesis

gene NCED1 (Burbidge et al., 1999). The truncated NCED1

resulted in a lower ABA accumulation only in young notabilis

leaves during severe salt stress (Figure 6), suggesting that

impairment of NCED1 is not sufficient to prevent ABA

production in older leaves. Previously, ABA accumulation

under drought (Neill and Horgan, 1985) and salt (Mulholland

et al., 2003) stress was also observed in notabilis plants. We now

revealed that this stress-induced ABA accumulation is leaf-age

specific in notabilis. The accumulation of ABA in old leaves

should originate from local ABA production or ABA

translocation from e.g. the roots. However, recent findings

largely ruled out long-distance root-to-shoot ABA transport

during salt or osmotic stress (Waadt et al., 2014), indicating

that local ABA production in the leaves drives stress responses

(McAdam et al., 2016). It was shown that the small peptide

CLAVATA3/ESR-RELATED 25 (CLE25) might function as a
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long-distance root-to-shoot signal that induces ABA

biosynthesis using the BARELY ANY MERISTEM (BAM)

receptor-kinases (Takahashi et al., 2018).

Although earlier findings indicated the presence of two

additional NCED homologs in tomato (Burbidge et al., 1999),

their classification has been conflicting (Son et al., 2016). Our

phylogenetic analysis of the NCED family showed the presence

of two other NCED homologs in tomato (Figure 1),

corroborating findings of a recently published bioinformatics

study of the larger carotenoid cleavage oxygenase (CCO)

superfamily (Yao et al., 2022) and in agreement with Priya

and Siva (2015) and Sussmilch and McAdam (2017). In

Arabidopsis thaliana, the NCED family contains 5 members

(Tan et al., 2003; Ali et al., 2020) and research indicated that

AtNCED3 is upregulated under salinity stress, via ABA-

dependent and ABA-independent signals (Barrero et al., 2006).

We showed that under salt stress the closely related NCED1 and

NCED2 are mostly upregulated in old leaves, whereas NCED6 is

mostly upregulated in young leaves (Figure 6). Our results

indicate that the lack of a functional NCED1 in notabilis

might induce a feed-back mechanism on NCED2 and NCED6

which can activate ABA biosynthesis during salt stress, albeit

leaf-age specific. Although most studies in Arabidopsis thaliana
D
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FIGURE 4

Plant transpiration and leaf photosynthetic and transpiration rate of old (leaf no. 3) and young (leaf no. 8) leaves in wild-type (white) and notabilis
(gray) after 7 days under control (EC of 2.5 dS/m), mild (EC of 5 dS/m; [NaCl] = 47 mM) and severe (1EC of 10 dS/m; [NaCl] = 94 mM) salt stress
conditions. (A) Leaf photosynthetic rate (n = 10), (B) leaf transpiration rate (n = 10), (C) real-time plant transpiration rate (n = 10) and (D) daily
transpiration rate (n = 10) during 7 days of salt stress. Significant differences are indicated with different letters (a = 0.05). Lines in (C) represent
average leaf angles +/- the confidence interval (90%).
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investigate the role of AtNCED6 in seed dormancy (Lefebvre

et al., 2006; Chauffour et al., 2019; Yang et al., 2022), LeNCED6

upregulation has been shown in tomato leaves during heat stress

(Chi et al., 2021). However, to what extent NCED2 secures ABA

biosynthesis under salt stress and why the upregulation of

NCED6 under salt stress did not promote ABA accumulation
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in young notabilis leaves remains elusive. An earlier study by

Mulholland et al. (2003) also examined the relationship between

ABA and salt stress by using the ABA-deficient tomato mutant

notabilis. Their findings indicate that although ABA levels are

seemingly less affected by the dysfunctional NCED1 in roots,

ABA levels in leaves, although lower than wild-type, still
DA B C

FIGURE 6

Quantification of leaf ABA content and NCED transcript levels of old (leaf no. 3) and young (leaf no. 8) leaves in wild-type (white) and notabilis
(gray) after 7 days under control (EC of 2.5 dS/m) and severe (EC of 10 dS/m; [NaCl] = 94 mM) salt stress conditions. (A) Whole leaf ABA content
(n = 5). (B-D) Relative expression in the wild-type plants of (B) NCED1 (n = 5), (C) NCED2 (n = 5) and (D) NCED6 (n = 5) under control (white)
and severe (gray) salt stress conditions. Significant differences are indicated with different letters (a = 0.05).
D
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FIGURE 5

Osmotic balance of old (leaf no. 3) and young (leaf no. 8) leaves in wild-type (white) and notabilis (gray) after 7 days under control (EC of 2.5 dS/
m), mild (EC of 5 dS/m; [NaCl] = 47 mM) and severe (EC of 10 dS/m; [NaCl] = 94 mM) salt stress conditions. (A) Leaf osmolality as a
measurement for total osmolyte content (n = 10), (B) leaf proline content (n = 10), (C) leaf sodium content (n = 10), (D) leaf potassium content
(n = 10) and (E) leaf calcium content (n = 10). Significant differences are indicated with different letters (a = 0.05).
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accumulate during salt stress. Our results not only confirm these

findings in leaves, but also show that there is an ontogenic

relationship towards ABA accumulation during salt stress.

Moreover, together with their findings, a spatial expression

pattern between roots and leaves might suggest that

NCEDs operates differentially in roots and leaves in an

ontogenic fashion.
Notabilis compensates transpiration
losses of older leaves to secure growth

In the absence of stress, notabilis plants show clear

phenotypic differences compared to wild-type plants, i.e.

wilting phenotype with thinner longer stems and epinastic

leaves, as a result of the dysfunctional NCED1 protein

(Burbidge et al., 1999). The notabilis mutation results in an

abnormal stomatal behavior (Tal, 1966) and higher leaf

transpiration rates, explaining the wilted phenotype (Neill and

Horgan, 1985; Burbidge et al., 1999). In contradiction, our real-

time lysimeter measurements showed that notabilis plants have a

similar whole plant transpiration rate as wild-type plants

(Figure 4). We showed that only old leaves have an impaired

stomatal closing and therefore have a higher leaf transpiration

rate, while young notabilis leaves retain normal transpiration

rates (Figure 4). The higher transpiration rate of old leaves also

leads to a higher photosynthesis rate (Figure 4). Previously,

Ntatsi et al. (2014) showed that notabilis scions grafted on

notabilis root-stocks (notabilis self-graft) also had a higher leaf

transpiration and photosynthesis rates compared to wild-type

grafts, implying that perhaps a higher photosynthesis rate could

benefit growth of notabilis plants. However, our results show

that notabilis plants have a lower fresh and dry weight, and lower

water content in contrast to wild-type plants (Figure 2),

indicating that the extra photosynthetic assimilates are likely

used differently. We found that the above-ground loss in plant

biomass of notabilis is predominantly caused by having smaller

older leaves (Figure 3), which was also recorded by Mulholland

et al. (2003). Additionally, notabilis self-grafts showed a higher

root biomass compared to the wild type (Ntatsi et al., 2014).

Conceivably, notabilis plants invests the extra energy obtained

from a higher photosynthesis rate of old leaves in the

development of sinks, such as new leaves or additional

roots, to secure water uptake and compensate excessive

transpiration losses.
Notabilis shows leaf age-dependent
coping mechanisms during salt stress

Despite the impaired NCED1 gene in notabilis, the effect of

salt stress on plant growth and whole-plant transpiration is
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minor and comparable to wild-type plants. However, our results

indicate that notabilis plants show a leaf age-dependent response

during salt stress. Salinity mainly impacts the fresh weight of

young leaves and leads to dry weight loss of old leaves. During

salt stress, both old and young leaves of notabilismaintain a high

rate of leaf transpiration (Figure 4), probably due to the inability

of the plant to close its stomata. Although this implies a higher

rate of water loss, open stomata might explain the high

photosynthetic rate in old and young leaves during salt stress.

However, despite higher transpiration rates of notabilis leaves

under salt stress, no difference in whole plant transpiration rate

was observed (Figure 4). Furthermore, leaf water content stays

stable in young leaves and even increased in old leaves during

mild and severe salt stress (Figure 3), indicating water uptake

under salt stress conditions is sustained in notabilis. The ability

to retain water under a high transpiration load while salt stress

limits water uptake is likely not the result of increased

osmoregulation in notabilis leaves, as no differences in both

total osmolyte content and ion content under salt stress were

observed (Figure 5). However, we observed a significant increase

in proline content in both old and young notabilis leaves under

salt stress compared to wild-type leaves (Figure 5), which might

help to facilitate osmoregulation in notabilis plants. It was shown

before that ABA plays a role in the biosynthesis of proline under

stress (Sripinyowanich et al., 2013; Pál et al., 2018). The higher

proline accumulation in notabilis leaves could be explained by

the feed-back mechanism of the other NCED genes under salt

stress to sustain ABA levels. Alternatively, the higher amount of

root development in notabilis plants (Ntatsi et al., 2014), could

aid in securing water during salt stress. Previously, it was shown

that notabilis self-grafts have a lower sugar, starch and

polyamine content under non-stressed conditions (Ntatsi

et al., 2014). However, the role of these other osmolites or the

involvement of aquaporins in notabilis plants facing salt stress

remains to be investigated.
Conclusion

Our results show that tomato plants utilize three NCED

genes that are stress-specific and age-dependently regulated.

Notabilis mutants harboring a dysfunctional NCED1 are still

able to accumulate ABA under salt stress in an age-dependent

way. Furthermore, although plant growth is not hampered by

nced1 during salt stress, we show that there are physiologic

differences dependent on leaf age and that they might contribute

to altered coping mechanisms and strategies in tomato plants.

Leaf transpiration and photosynthesis are sustained in notabilis

plants facing salinity stress, while leaf ion content was impacted

similarly as control plants. Notabilis leaves likely use proline as

osmoprotectant, independent of NCED1 functionality, to

compensate for leaf transpiration losses.
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Breusegem, F. (2000). Dual action of the active oxygen species during plant stress
responses. Cell. Mol. Life sciences: CMLS 57 (5), 779–795. doi: 10.1007/
s000180050041

Devireddy, A. R., Zandalinas, S. I., Gomez-Cadenas, A., Blumwald, E., and
Mittler, R. (2018). Coordinating the overall stomatal response of plants: Rapid leaf-
to-leaf communication during light stress. Sci. Signaling 11, 518. doi: 10.1126/
scisignal.aam9514

Dinneny, J. R., Long, T. A., Wang, J. Y., Jung, J. W., Mace, D., Pointer, S., et al.
(2008). Cell identity mediates the response of arabidopsis roots to abiotic stress.
Science 320 (5878), 942–945. doi: 10.1126/science.1153795

Doblas, V. G., Geldner, N., and Barberon, M. (2017). The endodermis, a tightly
controlled barrier for nutrients. Curr. Opin. Plant Biol. 39, 136–143. doi: 10.1016/
j.pbi.2017.06.010

Edel, K. H., and Kudla, J. (2016). Integration of calcium and ABA signaling.
Curr. Opin. Plant Biol. 33, 83–91. doi: 10.1016/j.pbi.2016.06.010

Farooqabc, M., Gogoid, N., Hussaine, M., Barthakurf, S., Pauld, S., and
Bharadwaj, N. (2017). Effects, tolerance mechanisms and management of salt
stress in grain legumes. Plant Physiol. Biochem. 118, 199–217. doi: 10.1016/
j.plaphy.2017.06.020

Feng, W., Kita, D., Peaucelle, A., Cartwright, H. N., Doan, V., Duan, Q., et al.
(2018). The FERONIA receptor kinase maintains cell-wall integrity during salt stress
through Ca2+ signaling. Curr. Biol. 28 (5), 666–675.e5. doi: 10.1016/j.cub.2018.01.023

Finkelstein, R. (2013). Abscisic acid synthesis and response. Arabidopsis Book
11, e0166. doi: 10.1199/tab.0166
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fpls.2022.982622/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2022.982622/full#supplementary-material
https://doi.org/10.1007/978-1-60761-702-0_20
https://doi.org/10.3390/agronomy10091323
https://doi.org/10.3390/agronomy10091323
https://doi.org/10.1016/j.scienta.2014.03.024
https://doi.org/10.1016/j.scienta.2014.03.024
https://doi.org/10.1016/j.cell.2015.12.021
https://doi.org/10.1111/j.1365-3040.2006.01576.x
https://doi.org/10.3389/fpls.2021.615114
https://doi.org/10.1046/j.1365-313X.1999.00386.x
https://doi.org/10.1046/j.1365-313X.1999.00386.x
https://doi.org/10.1104/pp.19.00338
https://doi.org/10.1111/jipb.12899
https://doi.org/10.1038/s41438-021-00668-y
https://doi.org/10.1111/tpj.13299
https://doi.org/10.1007/s000180050041
https://doi.org/10.1007/s000180050041
https://doi.org/10.1126/scisignal.aam9514
https://doi.org/10.1126/scisignal.aam9514
https://doi.org/10.1126/science.1153795
https://doi.org/10.1016/j.pbi.2017.06.010
https://doi.org/10.1016/j.pbi.2017.06.010
https://doi.org/10.1016/j.pbi.2016.06.010
https://doi.org/10.1016/j.plaphy.2017.06.020
https://doi.org/10.1016/j.plaphy.2017.06.020
https://doi.org/10.1016/j.cub.2018.01.023
https://doi.org/10.1199/tab.0166
https://doi.org/10.3389/fpls.2022.982622
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Holsteens et al. 10.3389/fpls.2022.982622
Galvan-Ampudia, C. C., Julkowska, M. M., Darwish, E., Gandullo, J., Korver, R.
A., Brunoud, G., et al. (2013). Halotropism is a response of plant roots to avoid a
saline environment. Curr. Biol. 23 (20), 2044–2050. doi: 10.1016/j.cub.2013.08.042

Geilfus, C., Mithöfer, A., Ludwig-Müller, J., Zörb, C., and Muehling, K. H. (2015).
Chloride‐inducible transient apoplastic alkalinizations induce stomata closure by
controlling abscisic acid distribution between leaf apoplast and guard cells in salt‐
stressed vicia faba. New Phytol. 208 (3), 803–816. doi: 10.1111/nph.13507

Golestan Hashemi, ,. F. S., Ismail, MR., Rafii, MY., Aslani, F., Miah, G., and
Muharam, FM. (2018). Critical multifunctional role of the betaine aldehyde
dehydrogenase gene in plants. Biotechnol. Biotechnol. Equip. 32 (4), 815–829.
doi: 10.1080/13102818.2018.1478748

Golldack, D., Li, C., Mohan, H., and Probst, N. (2014). Tolerance to drought and
salt stress in plants: Unraveling the signaling networks. Front. Plant Sci. 5.
doi: 10.3389/fpls.2014.00151

Hilhorst, M. A. (2000). A pore water conductivity sensor. Soil Sci. Soc. America J.
64 (6), 1922–1925. doi: 10.2136/sssaj2000.6461922x

Horie, T., Karahara, I., and Katsuhara, M. (2012). Salinity tolerance mechanisms
in glycophytes: An overview with the central focus on rice plants. Rice 5 (1), 11.
doi: 10.1186/1939-8433-5-11

Ismail, A., Takeda, S., and Nick, P. (2014). Life and death under salt stress: same
players, different timing? J. Exp. Bot. 65 (12), 2963–2979. doi: 10.1093/jxb/eru159

Jamil, A., Riaz, S., Ashraf, M., and Foolad, M. R. (2011). Gene expression
profiling of plants under salt stress. Crit. Rev. Plant Sci. 30 (5), 435–458.
doi: 10.1080/07352689.2011.605739

Jiang, Z., Zhou, X., Tao, M., Yuan, F., Liu, L., Wu, F., et al. (2019). Plant cell-
surface GIPC sphingolipids sense salt to trigger Ca(2+) influx. Nature 572 (7769),
341–346. doi: 10.1038/s41586-019-1449-z

Lan Thi Hoang, X., Ngoc Hai Nhi, D., Binh Anh Thu, N., Phuong Thao, N., and
Phan Tran, L-S. (2017). Transcription factors and their roles in signal transduction
in plants under abiotic stresses. Curr. Genomics 18 (6), 483–497. doi: 10.2174/
1389202918666170227150057

Lefebvre, V., North, H., Frey, A., Sotta, B., Seo, M., Okamoto, M., et al. (2006).
Functional analysis of arabidopsis NCED6 and NCED9 genes indicates that ABA
synthesized in the endosperm is involved in the induction of seed dormancy. Plant
J. 45 (3), 309–319. doi: 10.1111/j.1365-313X.2005.02622.x

Machado, R., and Serralheiro, R. (2017). Soil salinity: Effect on vegetable crop
growth. management practices to prevent and mitigate soil salinization.
Horticulturae 3 (2), 30. doi: 10.3390/horticulturae3020030

McAdam, S. A. M., Manzi, M., Ross, J. J., Brodribb, T. J., and Gómez-Cadenas,
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and Rodrıǵuez-Villalón, A. (2014). A root specific induction of carotenoid
biosynthesis contributes to ABA production upon salt stress in arabidopsis. PloS
One 9 (3), e90765. doi: 10.1371/journal.pone.0090765

Sharma, A., Shahzad, B., Kumar, V., Kohli, SK., Singh Sidhu, G. P., Bali, A. S.,
et al. (2019). Phytohormones regulate accumulation of osmolytes under abiotic
stress. Biomolecules 9 (7), 285. doi: 10.3390/biom9070285

Shi, D., Li, X., Zhang, H., Zhang, G., Liu, Y., Zhou, Y., et al. (2015). Guard cell
hydrogen peroxide and nitric oxide mediate elevated CO2 ‐induced stomatal
movement in tomato. New Phytol. 208 (2), 342–353. doi: 10.1111/nph.13621

Son, S. H., Chitnis, V. R., Liu, A., Gao, F., Nguyen, T. R. N., and Ayele, B. T.
(2016). Abscisic acid metabolic genes of wheat (Triticum aestivum l.): identification
and insights into their functionality in seed dormancy and dehydration tolerance.
Planta 244 (2), 429–447. doi: 10.1007/s00425-016-2518-2

Sripinyowanich, S., Klomsakul, P., Boonburapong, B., Bangyeekhun, T., Asami,
T., Gu, H., et al. (2013). Exogenous ABA induces salt tolerance in indica rice (Oryza
sativa l.): The role of OsP5CS1 and OsP5CR gene expression during salt stress.
Environ. Exp. Bot. 86, 94–105. doi: 10.1016/j.envexpbot.2010.01.009

Sussmilch, F. C., and McAdam, S. A. M. (2017). Surviving a dry future: abscisic
acid (ABA)-mediated plant mechanisms for conserving water under low humidity.
Plants 6 (4), 54. doi: 10.3390/plants6040054

Takahashi, F., Suzuki, T., Osakabe, Y., Betsuyaku, S., Kondo, Y., Dohmae, N.,
et al. (2018). A small peptide modulates stomatal control via abscisic acid in long-
distance signalling. Nature 556 (7700), 235–238. doi: 10.1038/s41586-018-0009-2

Tal, M. (1966). Abnormal stomatal behavior in wilty mutants of tomato. Plant
Physiol. 41 (8), 1387–1391. doi: 10.1104/pp.41.8.1387

Tan, B.- C., Joseph, L. M., Deng, W. T., Liu, L., Li, Q. B., Cline, K., et al. (2003).
Molecular characterization of the arabidopsis 9-cis epoxycarotenoid dioxygenase
gene family. Plant J. 35 (1), 44–56. doi: 10.1046/j.1365-313X.2003.01786.x

Thalmann, M., Pazmino, D., Seung, D., Horrer, D., Nigro, A., Meier, T., et al. (2016).
Regulation of leaf starch degradation by abscisic acid is important for osmotic stress
tolerance in plants. Plant Cell 28 (8), 1860–1878. doi: 10.1105/tpc.16.00143

van Zelm, E., Zhang, Y., and Testerink, C. (2020). Salt tolerance mechanisms of plants.
Annu. Rev. Plant Biol. 71 (1), 403–433. doi: 10.1146/annurev-arplant-050718-100005

Verma, V., Ravindran, P., and Kumar, P. P. (2016). Plant hormone-mediated regulation
of stress responses. BMC Plant Biol. 16 (1), 86. doi: 10.1186/s12870-016-0771-y

Voxeur, A., and Höfte, H. (2016). Cell wall integrity signaling in plants:’To grow
or not to grow that’s the question. Glycobiology 26 (9), 950–960. doi: 10.1093/
glycob/cww029

Waadt, R., Hitomi, K., Nishimura, N., Hitomi, C., Adams, S. R., Getzoff, E. D., et al.
(2018). FRET-based reporters for the direct visualization of abscisic acid concentration
changes and distribution in arabidopsis. eLife 3, e01739. doi: 10.7554/eLife.01739

Wang, M., et al. (2013). The critical role of potassium in plant stress response.
Int. J. Mol. Sci. 14 (4), 7370–7390. doi: 10.3390/ijms14047370

Wilkinson, S. (1999). pH as a stress signal. Plant Growth Regul. 29 (1), 87–99.
doi: 10.1023/A:1006203715640

Wu, F., Chi, W., Jiang, Z., Xu, Y., Xie, L., Huang, F., et al. (2020). Hydrogen
peroxide sensor HPCA1 is an LRR receptor kinase in arabidopsis. Nature 578
(7796), 577–581. doi: 10.1038/s41586-020-2032-3

Xiong, L., and Zhu, J.-K. (2003). Regulation of abscisic acid biosynthesis. Plant
Physiol. 133 (1), 29–36. doi: 10.1104/pp.103.025395

Yang, D., Zhao, F., Zhu, D., Chen, X., Kong, X., Wu, Y., et al. (2022). Progressive
chromatin silencing of ABA biosynthesis genes permits seed germination in
arabidopsis. Plant Cell 12. doi: 10.1093/plcell/koac134

Yang, Y. , and Guo, Y. (2018a). Elucidating the molecular mechanisms mediating
plant salt-stress responses. New Phytol. 217 (2), 523–539. doi: 10.1111/nph.14920
frontiersin.org

https://doi.org/10.1016/j.cub.2013.08.042
https://doi.org/10.1111/nph.13507
https://doi.org/10.1080/13102818.2018.1478748
https://doi.org/10.3389/fpls.2014.00151
https://doi.org/10.2136/sssaj2000.6461922x
https://doi.org/10.1186/1939-8433-5-11
https://doi.org/10.1093/jxb/eru159
https://doi.org/10.1080/07352689.2011.605739
https://doi.org/10.1038/s41586-019-1449-z
https://doi.org/10.2174/1389202918666170227150057
https://doi.org/10.2174/1389202918666170227150057
https://doi.org/10.1111/j.1365-313X.2005.02622.x
https://doi.org/10.3390/horticulturae3020030
https://doi.org/10.1080/15592324.2016.1169359
https://doi.org/10.1016/S0098-8472(02)00110-7
https://doi.org/10.1146/annurev.arplant.59.032607.092911
https://doi.org/10.1093/jxb/36.8.1222
https://doi.org/10.1016/j.envexpbot.2013.09.011
https://doi.org/10.1016/j.envexpbot.2013.09.011
https://doi.org/10.4060/ca9215en
https://doi.org/10.1111/nph.12613
https://doi.org/10.1038/s41598-018-31297-6
https://doi.org/10.1016/j.ecoenv.2004.06.010
https://doi.org/10.14348/molcells.2016.0083
https://doi.org/10.1007/s10265-015-0726-7
https://doi.org/10.1016/j.tplants.2020.12.016
https://doi.org/10.3390/ijms23031603
https://doi.org/10.1093/jxb/erj108
https://doi.org/10.1371/journal.pone.0090765
https://doi.org/10.3390/biom9070285
https://doi.org/10.1111/nph.13621
https://doi.org/10.1007/s00425-016-2518-2
https://doi.org/10.1016/j.envexpbot.2010.01.009
https://doi.org/10.3390/plants6040054
https://doi.org/10.1038/s41586-018-0009-2
https://doi.org/10.1104/pp.41.8.1387
https://doi.org/10.1046/j.1365-313X.2003.01786.x
https://doi.org/10.1105/tpc.16.00143
https://doi.org/10.1146/annurev-arplant-050718-100005
https://doi.org/10.1186/s12870-016-0771-y
https://doi.org/10.1093/glycob/cww029
https://doi.org/10.1093/glycob/cww029
https://doi.org/10.7554/eLife.01739
https://doi.org/10.3390/ijms14047370
https://doi.org/10.1023/A:1006203715640
https://doi.org/10.1038/s41586-020-2032-3
https://doi.org/10.1104/pp.103.025395
https://doi.org/10.1093/plcell/koac134
https://doi.org/10.1111/nph.14920
https://doi.org/10.3389/fpls.2022.982622
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Holsteens et al. 10.3389/fpls.2022.982622
Yang, Y. , and Guo, Y. (2018b). Unraveling salt stress signaling in plants. J.
Integr. Plant Biol. 60 (9), 796–804. doi: 10.1111/jipb.12689

Yao, Y., Jia, L., Cheng, Y., Ruan, M., Ye, Q., Wang, R., et al. (2022). Evolutionary
origin of the carotenoid cleavage oxygenase family in plants and expression of
pepper genes in response to abiotic stresses. Front. Plant Sci. 12. doi: 10.3389/
fpls.2021.792832

Yoshida, T., Mogami, J., and Yamaguchi-Shinozaki, K. (2015). Omics
approaches toward defining the comprehensive abscisic acid signaling
network in plants. Plant Cell Physiol. 56 (6), 1043–1052. doi: 10.1093/pcp/
pcv060

Yuan, F., Yang, H., Xue, Y., Kong, D., Ye, R., Li, C., et al. (2014). OSCA1
mediates osmotic-stress-evoked Ca2+ increases vital for osmosensing in
arabidopsis. Nature 514 (7522), 367–371. doi: 10.1038/nature13593
Frontiers in Plant Science 14
Yu, Z., Duan, X., Luo, L., Dai, S., Ding, Z., Xia, G., et al. (2020). How plant hormones
mediate salt stress responses. Trends Plant Sci. 25, 1117–30. doi: 10.1016/j.tplants.2020.06.008

Zandalinas, S. I., Fichman, Y., Devireddy, A. R., Sengupta, S., Azad, R. K., and
Mittler, R. (2020). Systemic signaling during abiotic stress combination in plants.
Proc. Natl. Acad. Sci. 117 (24), 13810–13820. doi: 10.1073/pnas.2005077117

Zhang, S., Wu, Q. R., Liu, L. L., Zhang, H. M., Gao, ZW., and Pei, Z. M. (2020).
Osmotic stress alters circadian cytosolic Ca2+ oscillations and OSCA1 is required
in circadian gated stress adaptation. Plant Signaling Behav. 15 (12), 1836883.
doi: 10.1080/15592324.2020.1836883

Zhu, J.-K. (2016). Abiotic stress signaling and responses in plants. Cell 167 (2),
313–324. doi: 10.1016/j.cell.2016.08.029

Zörb, C., Geilfus, C.‐ M., and Dietz, K.‐ J. (2019). “Salinity and crop yield,” in
Plant biology, vol. 21, 31–38. doi: 10.1111/plb.12884
frontiersin.org

https://doi.org/10.1111/jipb.12689
https://doi.org/10.3389/fpls.2021.792832
https://doi.org/10.3389/fpls.2021.792832
https://doi.org/10.1093/pcp/pcv060
https://doi.org/10.1093/pcp/pcv060
https://doi.org/10.1038/nature13593
https://doi.org/10.1016/j.tplants.2020.06.008
https://doi.org/10.1073/pnas.2005077117
https://doi.org/10.1080/15592324.2020.1836883
https://doi.org/10.1016/j.cell.2016.08.029
https://doi.org/10.1111/plb.12884
https://doi.org/10.3389/fpls.2022.982622
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Mild and severe salt stress responses are age-dependently regulated by abscisic acid in tomato
	Introduction
	Materials and methods
	Plant material and growth conditions
	Salt treatment and real-time EC measurements
	Genotyping
	Protein sequence alignment and phylogenetic analysis
	Plant biometry and real-time plant transpiration
	Leaf biometry, transpiration and CO2 gas exchange
	Leaf osmolality
	Leaf proline content
	Leaf ion content
	Leaf ABA content
	RT-qPCR gene expression analysis
	Data analysis and statistics

	Results
	Characterization of the tomato NCED gene family and notabilis mutation
	Notabilis and wild-type plants have similar plant growth responses during salt stress
	Salt stress impacts leaf growth in an age-dependent way in notabilis
	Notabilis maintains high leaf transpiration but has a reduced whole-plant transpiration during salt stress
	Notabilis is able to maintain leaf osmotic regulation under salt stress
	Impaired NCED1 is not sufficient to affect salt stress-induced ABA accumulation

	Discussion
	The tomato NCED family directs leaf age-dependent ABA accumulation under salt stress
	Notabilis compensates transpiration losses of older leaves to secure growth
	Notabilis shows leaf age-dependent coping mechanisms during salt stress

	Conclusion
	Data availability statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


