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Abstract
Soil salinity is progressively impacting agriculture, including viticulture. Identification of genetic factors rendering grapevine (Vitis 
vinifera L.) resilience that can be introgressed into commercial varieties is necessary for safeguarding viticulture against the con-
sequences of global climate change. To gain insight into the physiological and metabolic responses enabling salt tolerance, we 
compared a salt-tolerant accession of Vitis sylvestris from Tunisia, “Tebaba”, with “1103 Paulsen” rootstock widely used in the 
Mediterranean. Salt stress was slowly increased, simulating the situation of an irrigated vineyard. We determined that 
“Tebaba” does not sequester sodium in the root but can cope with salinity through robust redox homeostasis. This is linked 
with rechanneling of metabolic pathways toward antioxidants and compatible osmolytes, buffering photosynthesis, such that 
cell-wall breakdown can be avoided. We propose that salt tolerance of this wild grapevine cannot be attributed to a single genetic 
factor but emerges from favorable metabolic fluxes that are mutually supportive. We suggest that introgression of “Tebaba” into 
commercial varieties is preferred over the use of “Tebaba” as a rootstock for improving salt tolerance in grapevine.
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Introduction
Climate change will increase the need for deficit irrigation, in 
most cases using water of low quality. This practice will ac-
centuate the impact of salinity stress, since salt residues, 
left behind after evaporation of the water, accumulate in 
the soil. In fact, a systematic study, conducted on different 
crops, has demonstrated that the impact of salinity stress 
upon yield increases with the intensity of irrigation (Zörb 
et al. 2019). The yield losses depend on crop, soil type, and 
salinity of the irrigation water; but independently of these 
frame conditions, the problem is increasing, inevitably and 
progressively. Economic models estimate that alone the glo-
bal losses by soil deterioration due to irrigation-dependent 
salinity range to some US$27,000 million per year (Qadir 
et al. 2014). Grapevine (Vitis vinifera L.), worldwide the fruit 
crop with the highest economic yield per area, is actually 

well adapted to drought, and therefore irrigation-dependent 
salinity should, at first sight, not be a major problem. 
However, the drier and hotter summers have fuelled the 
need for artificial irrigation, especially in semiarid regions. 
Prominent examples are the vineyards in the Mediterranean 
Basin (Costa et al. 2012), the Cuyo region in West Argentina 
(Guida-Johnson et al. 2017), or the Australian Murray– 
Darling Basin (Phogat et al. 2020). In California, deficit irriga-
tion has already become so common that it has entered the 
standard training programs for farmers (Rieger 2021). Thus, 
salinity stress in viticulture must be considered as an emerging 
challenge.

Salinity stress can be subdivided into an osmotic and an io-
nic component (for a comprehensive review, see Munns and 
Tester 2008). The osmotic component can be understood in 
terms of biophysics. The drop of extracellular water potential 
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causes water loss, and the responses resemble those to 
drought stress, such as stomatal closure, when roots are ex-
posed to salt. The underlying systemic signals might be hy-
draulic as for drought stress (Christmann et al. 2007; for 
review, see Gorgues et al. 2022) or involve calcium waves 
(Choi et al. 2014). The ionic component of salt stress is 
caused by penetration of sodium through nonselective cat-
ion channels (NSCCs), perturbing functional surfaces, such 
as membranes and proteins. A particularly sensitive target 
is electron transport across the inner membranes of plastids 
and mitochondria because free electrons can be transferred 
to oxygen, leading to superoxide (reviewed in Foyer and 
Noctor 2005). Thus, salinity stress is accompanied by a severe 
loss of redox homeostasis, requiring the activation of en-
zymes able to detoxify, and secondary compounds able to 
scavenge, reactive oxygen species (ROS). To what extent io-
nic toxicity, especially that due to chloride anions, contri-
butes to the cellular damage is not clear and has been 
questioned recently (Isayenkov and Maathuis 2019).

Life has come from the oceans. Thus, mechanisms to cope 
with and adapt to salinity, must have arisen early in evolution. 
In fact, many plants can tolerate salinity to variable degrees. 
Membrane transporters can constrain the influx of sodium 
ions, resecrete them, or sequester them into the vacuole 
(for reviews, see Schroeder et al. 2013; Shitan and Yazaki 
2020). Export of sodium through the salt-overly sensitive 
(SOS) system (Shi et al. 2000; for review, see Ji et al. 2013) 
will reduce the intracellular concentration of noxious ions, 
but it will also go on cost of osmotic water loss. In contrast, 
the sequestering of sodium ions in the vacuole, driven by 
NHX sodium proton transporters in the tonoplast, allows to 
remove sodium from the cytoplasm while maintaining tur-
gescence and, thus, the ability to grow. In fact, this approach 
has been successfully used to engineer salt tolerance in grape-
vine (Venier et al. 2018). A second mechanism to cope with 
salinity is to mitigate the cellular damage caused by ion tox-
icity. This group of responses is based not only on cellular 
adaptation including enzymatic and nonenzymatic antioxi-
dants (for a classical review, see Apel and Hirt 2004; for a re-
view focusing on salinity stress, see Gill and Tuteja 2015) 
but also on the formation of compatible solutes, such as gly-
cine betaine or proline (reviewed in Chen and Murata 2002).

There is a third response type, though: salinity-induced 
programmed cell death (PCD) that can be observed in re-
sponse to rapidly increasing salt stress (Andronis and 
Roubelakis-Angelakis 2010), which can be triggered in re-
sponse to pertinently perturbed ROS homeostasis (for re-
view, see Petrov et al. 2015). At first sight, it is hard to 
understand what the benefit of salinity-induced PCD might 
be because it will weaken rather than strengthen cellular sur-
vival. However, PCD must be understood in a holistic man-
ner, on the level of the entire plant. Here, the controlled 
breakdown of individual organs and mobilization of their re-
sources to other organs (for instance, the meristems) may 
help to compensate for the energy losses caused by stress 
adaptation (for review, see Baena-González 2010). Thus, 

PCD will support the survival of these recipient organs 
that, once the harsh stress episode has eased off, will regen-
erate the sacrificed part of the plant. Whether a plant cell 
that is challenged by salinity stress will respond by cellular 
adaptation or by cell death depends on the specific context 
of the stress condition, for instance, genotype or timing (for 
review, see Ismail et al. 2014).

With a damage threshold of ∼2 to 4 dS·m−1, grapevine be-
longs to the moderately salt-sensitive crops (Zhang et al. 
2002). If salinity crosses this threshold, there is an almost im-
mediate drop of transpiration, followed by accumulation of 
sodium and chloride ions in the leaves and, from a few days 
after the onset of the stress period, leaf necrosis (Shani and 
Ben-Gal 2005). Since grapevines are predominantly grafted, 
selection of salt-tolerant rootstocks has been a central ap-
proach to render viticulture possible even under conditions 
of soil salinity (Popescu et al. 2015). Mechanisms of tolerance 
include ion sequestration in the root (Storey et al. 2003), or 
the accumulation of compatible solutes (Downton and 
Loveys 1981), contributing to a more resilient buffering of 
photosynthesis under salinity (Askri et al. 2012). These 
physiological phenomena are accompanied by massive 
changes of gene expression as revealed by transcriptomics. 
Salt-responsive transcripts are, for instance, involved in the 
metabolism of carbohydrates, lipids, and phenolic com-
pounds, but also amino acids, or redox homeostasis (Guan 
et al. 2018; Das and Majumder 2019). Similar results were ob-
tained with proteomic studies (Vincent et al. 2007).

While the quantity of data collected by such high- 
throughput approaches is impressive or even overwhelming, 
it remains often elusive, what the observed changes mean. 
These changes might be related to stress-related damage, 
but they might be, as well, manifestations of ensuing adapta-
tion to salinity. To assign a functional role to a given entity 
usually requires a comparison, i.e. a contrasting pair. The 
comparison of suspension cell lines from the susceptible 
North American grapevine Vitis riparia and the tolerant 
Vitis rupestris (Ismail et al. 2012) revealed that the ability 
for cellular adaptation was accompanied by a swift but tran-
sient increase of JA-Ile, the bioactive form of jasmonic acid. 
This differential jasmonate accumulation was preceded by 
temporal differences in the uptake of sodium through the 
NCCS, oxidative burst, or the activation of transcripts in-
volved in salt sequestration, jasmonate signaling, and metab-
olism of phenolic compounds, leading to the model of a 
temporal stress signature that decides whether the cell will 
adapt to salinity or enter PCD (Ismail et al. 2014).

Although a cellular system is convenient to dissect the 
temporal order of events and, thus, to infer causal relation-
ships, it represents a strong reduction of the real-world situ-
ation in the vineyard. To mitigate this reductionism a bit, we 
ventured in the current study to transfer the strategy of a 
contrasting pair to the whole-plant level. As salt-tolerant 
genotype, we chose the wild accession “Tebaba” from 
Tunisia. This accession represents, so far, the Southernmost 
outpost known for the wild European grapevine, the 
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ancestral species of domesticated grapevine (Zoghlami et al. 
2003), and is endowed with a considerable tolerance to salin-
ity (Askri et al. 2012). The rootstock “1103 Paulsen” (1103P) is 
widely used all over the Mediterranean region and is the 
dominating rootstock in North Africa because it is fairly 
drought tolerant; however, it is more susceptible to salinity 
than “Tebaba.”

To simulate a real-world situation, we administered salt 
stress in a form of a slowly increasing ramp mimicking the 
situation of an irrigated vineyard with continuously increas-
ing soil salinity. We assessed several physiological parameters, 
the transfer of sodium and potassium into the aerial parts, 
the expression of phenylpropanoid synthesis genes and jas-
monate signaling transcripts, and metabolic stress markers. 
We show that the tolerance of “Tebaba” is not caused by se-
questration of sodium in the root system but by altered me-
tabolism leading to a more robust homeostasis.

Results
Growth rate of “Tebaba” is more resilient to salt than 
in 1103P
To simulate the situation in an artificially irrigated vineyard, 
salt stress was administered in a gradient, where the concen-
tration of NaCl was stepwise increased over 10 d from 0 to 
150 mM and then kept constant over the subsequent 6 d 
(Fig. 1A). A mock control was subjected to the same proced-
ure but omitting the salt in the medium (Fig. 1B). To monitor 
the physiological state of the treated plants, relative growth 
rates were followed over time (Fig. 2A). For “Tebaba,” the 
growth rate in the mock control was constant but dropped 
progressively and steadily in response to salt stress. For 
1103P (Fig. 2B), the growth rate was already lower in the 
mock control but, in addition, decreased even more substan-
tially under salt stress. To compare the genotypes differing in 
their growth rates already in the controls (Fig. 2C, gray circles), 
we determined the time interval required to reach an inhib-
ition of 70% of the growth rates in the mock controls 
(Supplemental Fig. S1). These I70 values were significantly dif-
ferent between the genotypes (Fig. 2C) with very low values 
for 1103P, while “Tebaba” could withstand salt stress for al-
most 10 d before reaching this I70. The traditional Tunisian vi-
nifera landraces “Houamdia” and “Razegui” were resilient as 
well, while the commercially important vinifera variety 
“Cabernet Sauvignon” ranged roughly in the middle between 
1103P and “Tebaba.” Based on these physiological parameters, 
we focused on the contrasting pair “Tebaba” and 1103P to 
understand the reasons behind this differential salt resilience.

The resilience of “Tebaba” is not caused by ion 
exclusion from the leaves
To protect photosynthesis against the impact of ionic stress, 
tolerant plants might exclude sodium from the transpiration 
stream. To test this possibility, we determined ion content in 
leaves of “Tebaba,” “Houamdia,” and 1103P in controls and 

salt-stressed plants, scoring at day 6 after reaching the plat-
eau (Fig. 1). As to be expected, sodium content had increased 
over that seen in the control (Fig. 3A). However, this increase 
was more pronounced in “Tebaba” (by a factor of 2.4) as 
compared to 1103P (by a factor of 1.9) and “Houamdia” 
(by a factor of 1.25). Thus, the resilience was not linked to 
a reduced transfer of sodium into the leaves. While sodium 
stress often comes along with a decrease of potassium con-
tent, this was not observed in any of the 3 genotypes. 
Potassium content was even slightly increased, albeit not sig-
nificantly, under sodium stress (Fig. 3B). The only difference 
between “Tebaba” and the other genotypes was noted 
with respect to bivalent cations. Both calcium (Fig. 3C) and 
magnesium (Fig. 3D) were increased in “Tebaba” under salt 
stress, while these ions either remained constant (in 1103P) 
or even decreased (in “Houamdia”). However, only the in-
crease of calcium (by ∼22%) reached significance. In sum-
mary, the ion homeostasis in the leaf was mostly retained 
in all 3 genotypes and, thus, cannot qualify as cause for the 
observed difference in salt tolerance.

“Tebaba” is endowed with a more robust redox 
homeostasis
The sodium ions arriving in the leaves can enter the cells 
through nonspecific cation channels and permeate through 
the outer plastid membrane through porin homologs 
(Flügge 2000), such that they can interfere with electron 
transport leading to the formation of ROS (for review, see 
Mittler 2002). We monitored, therefore, malondialdehyde 
(MDA) as stable readout for lipid peroxidation, as well as 
hydrogen peroxide. While salinity induced MDA levels in 
all tested genotypes, they were more than doubled in 
1103P compared to “Tebaba” and “Razegui” (Fig. 4A). 
Interestingly, the steady-state levels of hydrogen peroxide 
(Fig. 4B) did not follow this pattern. They increased 4-fold 
in “Tebaba.” Instead, 1103P preserved the lower starting le-
vels. The highest values were observed in “Razegui.” To 
understand this, we measured the activities of superoxide 
dismutase (SOD), generating hydrogen peroxide (Fig. 4C), 
and those of catalase (CAT), dissipating hydrogen peroxide 
(Fig. 4D). SOD activity increased more strongly in 1103P 
(∼3.5-fold) over “Tebaba” (∼2-fold). The pattern for CAT ac-
tivity was a mirror image—a steep increase in “Tebaba” by 
>15-fold of the mock control, a much milder induction in 
1103P (∼4-fold of the control). “Razegui” resembled 
“Tebaba” with respect to the SOD response, but showed a 
sharp decline, when CAT activity was scored. In summary, 
oxidative damage as reported by MDA was substantially low-
er in “Tebaba” (and “Razegui”) as compared to 1103P. A se-
cond salient feature was a high CAT activity in “Tebaba,” 
while in 1103P, it was SOD that was strongly induced.

We used simple mathematical model (Fig. 5A) to estimate 
the steady-state levels of the short-lived superoxide (Fig. 5A), 
assuming a steady state for the concentration of hydrogen 
peroxide, such that its genesis (by SOD) and its dissipation 
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(by CAT) could be equalized, and the ratio of superoxide over 
peroxide could be derived from the ratio of CAT over SOD 
activity. This estimation inferred a sharp (almost 20-fold) in-
crease of superoxide under salinity for “Tebaba” but lower va-
lues in 1103P and “Razegui” (Fig. 5B). A survey for ROS and 
ROS-scavenging enzymes (Fig. 5C) highlights a steep increase 
of superoxide levels (inferred) in “Tebaba,” linked with a 
strong increase of CAT activity (measured), while there is 
only a mild increase of peroxide levels (measured). In con-
trast, 1103P displays low superoxide levels, while SOD activity 
is elevated, and CAT activity is low. Also, in “Razegui,” super-
oxide levels and CAT activities are low, but here, peroxide 

levels are elevated. It should be noticed that the activity of 
peroxidases has been ignored that would act to consume per-
oxide, such that the real levels of superoxide in “Tebaba” are 
supposed to be even higher. This contrasts with the only mild 
increase in MDA levels (Fig. 4A) in “Tebaba.”

Stilbene synthase transcripts are strongly induced by 
salt stress in 1103P
The response of grapevine cell cultures to salinity involves the 
activation of jasmonate signaling leading to transcriptional 
activation of JASMONATE ZIM DOMAIN 1 (JAZ1) as well 
as an activation of genes involved in the phenylpropanoid 

Figure 1. Experimental design for the study, where the stringency of salt stress was progressively increased A), while in the mock control, plants were 
treated in the same way omitting the salt B).

Figure 2. Time course of growth rate in Tebaba A) versus 1103P B). The colour and height of the square code shows the progressive increase of NaCl. 
Data represent mean and SE from 2 experimental series with 3 individual plants per data point. C) Comparison of initial growth rates and salt sus-
ceptibility (represented by the time needed to inhibit growth to 70% of the initial level). In addition to Tebaba and 1103P, the commercial variety 
Cabernet Sauvignon (CabSauv), and the Tunisian landraces Houamdia (Houam) and Razegui (Raz) were measured. **, statistically different with P <  
0.01; ns, not significantly different using a pairwise t-test.
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pathway (Ismail et al. 2012). Therefore, we measured 
steady-state transcript levels for JAZ1, for phenyl ammonium 
lyase (PAL) as first committed step of secondary metabol-
ism, for STILBENE SYNTHASE 27 (STS), the first committed 
step of the stilbenoid branch of phenylpropanoids, and for 
CHALCONE SYNTHASE (CHS), the first committed step of 
the concurrent flavonoid branch. For comparability, data 
were related to the mock control of “Tebaba” sampled at 
8 h. We see a weaker and transient induction of JAZ1 in 
“Tebaba” (Fig. 6A) but a stronger, earlier, and stable induc-
tion in 1103P (Fig. 6B). Transcripts for PAL were not modu-
lated in “Tebaba” (Fig. 6C) but mildly and transiently 
induced in 1103P (Fig. 6D). In contrast, CHS transcripts 
showed a mild and transient induction in “Tebaba” 
(Fig. 6E) but remained noninduced in 1103P (Fig. 6F). The 
most salient difference, however, was seen for the STS tran-
scripts. Here, there was a mild (∼4-fold) and transient induc-
tion in “Tebaba” (Fig. 6G), while in 1103P, the induction rose 
to 45-fold but remained transient as well. Thus, the induc-
tion of STS by salinity is more pronounced in the susceptible 
genotype and, thus, qualifies as stress marker.

Phenylpropanoid channeling differs between 1103P 
and “Tebaba”
To get insight into metabolic differences linked with salt toler-
ance, we compared the genotypes using unbiased metabolome 
analysis by two dimensional Gas Chromatography coupled to 
Mass Spectrometry (GC × GC-MS) under control conditions 
or 24 h after reaching the terminal salt concentration. To detect 
genotypic differences that consisted a priori, we mapped the 
relative abundance of the respective metabolite compared to 
the control level in 1103P. To get insight into the responsiveness 

of a given metabolite, we scored, individually for each genotype, 
the relative change in abundance under salt stress compared to 
the level in the control. The phenylpropanoid pathway is 
strongly regulated in grapevine giving rise to important second-
ary compounds, some of which can act as ROS scavengers. Here, 
we detected several salient differences (Fig. 7).

Independently, salinity, quinic, and shikimic acids were ele-
vated in “Tebaba” and channeled to the aromatic amino acids, 
phenylalanine, and tyrosine. In 1103P, these compounds were 
less abundant and shifted toward pyrogallol and gallic acid. A 
higher proportion of tyrosine was converted into tyramine, 
and tyrosol (probably as glucoside) in “Tebaba,” again irre-
spective of salt stress. We did not detect cinnamomic acid, 
the desamination product of phenylalanine, but coumaric 
acid, the desamination product of tyrosine and its down-
stream products, caffeic acid and ferulic acid. For all 3 com-
pounds, levels were higher in 1103P and increased further 
under salinity. In “Tebaba,” ferulic acid was so scarce that it 
was not consistently detected. Coumaric acid was partially di-
verted to coutaric acid, which was more pronounced in 
1103P, while “Tebaba” displayed less than half of the value. 
However, under salt stress, coutaric-acid levels in 1103P 
dropped to those seen in “Tebaba.” Coumaric acid can fuel 
not only flavonoids but also epicatechine, which was more 
abundant in 1103P, but dropped drastically under salinity, 
while being mostly sustained in “Tebaba.”

Overall, in “Tebaba,” the shikimate pathway is more active 
and channeled toward aromatic amino acids, while the pyro-
gallol/gallic acid branch is suppressed. After desamination of 
the aromatic acids, “Tebaba” restrains the accumulation of 
coumaric and ferulic acids, while 1103P invests more into 
monolignols, indicative of lignification. Instead, “Tebaba” sus-
tains epicatechine under salinity.

Figure 3. Ion content in leaves from Tebaba, 1103P, and Houamdia (Houam) determined by ICP-OES at the end of the experiment (day 6 after 
reaching the plateau). Contents of Na A), K B), Ca C), and Mg D) are shown. Data represent mean and SE from 3 biological replicates per data point. 
**, statistically different with P < 0.01; *, statistically different with P < 0.05; ns, not significantly different using a pairwise t-test.
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“Tebaba” displays elevated ground levels of proline
The amino-acid proline is a key factor for the adaptation to 
salt stress (for review, see Szabados and Savouré 2010). 
Indeed, differences in proline between the 2 genotypes 
were the most salient features among all these pathways 
(Fig. 8). Already under control conditions, proline was >3 
times more abundant in “Tebaba” than that in 1103P. Salt 
stress induced proline ∼3.5 times in both genotypes, which 
means that proline levels “Tebaba” under salinity were al-
most 1 order of magnitude higher than those in the 1103P 
control.

Interestingly, ground levels for the proline precursor gluta-
mate were equal in both genotypes but were induced stron-
ger in “Tebaba.” Instead, glutamine levels were constant in 
both genotypes but substantially lower in “Tebaba.” 
Likewise, γ-aminobutyric acid (GABA) was strongly reduced 
in “Tebaba” and did not increase under salinity, while in 
1103P, there was a strong increase, contrasting with the pat-
tern for glutamate. We asked ourselves, whether, under salin-
ity, “Tebaba” recruits aspartate to fuel the increase in 
glutamate, but there was no corresponding increase of aspar-
tate. Moreover, the conversion of aspartate into glutamate 
would require equimolar amounts of α-ketoglutarate. 
However, not only did this reaction partner show any strong 
decrease upon salt stress in “Tebaba,” but it also even in-
creased substantially. Also, for 1103P, a strong decrease of as-
partate levels came with only a mild increase of glutamate.

A second fingerprint was the higher (more than twice) 
ground levels of glycine in “Tebaba.” Glycine can be an 

output of peroxisomal detoxification of phosphoglycolate. 
This product of photorespiration is converted to serine 
and then, via glycerate, refuels the Calvin–Benson cycle. 
Alternatively, glycine can derive from serine formed as prod-
uct of glycolysis. The fate of glycine and serine differs in the 2 
genotypes. In “Tebaba,” threonine accumulates strongly un-
der salinity, much weaker in 1103P. Threonine accumulation 
feeds an increase in isoleucine, needed to convert jasmonic 
acid into the active hormone JA-Ile. Since “Tebaba” also sus-
tains higher levels of α-linolenic acid, both precursors of 
JA-Ile are more readily available than those in 1103P. In con-
trast, 1103P induces serine much more strongly than 
“Tebaba.” “Tebaba,” in turn, shows elevated levels of glyce-
rate, indicating that serine is rechanneled to the Calvin– 
Benson cycle, while much lower glycerate levels in 1103P in-
dicate that serine is not converted efficiently under salinity. 
Thus, in “Tebaba,” glycine is efficiently channeled back to car-
bon fixation via glycerate and also fuels the synthesis of iso-
leucine via threonine to provide a necessary precursor for the 
stress signal JA-Ile. Instead, 1103P fails to feed these 2 path-
ways that either contributes to an important adaptive signal 
(JA-Ile) or recycle the Calvin–Benson cycle (glycerate).

Central carbon metabolism and ascorbate cycle are 
more efficient in “Tebaba”
The metabolic analysis of sugars and related compounds yielded 
a high number of metabolites that allowed to highlight several 
differences between the 2 genotypes (Fig. 9). Some of these 

Figure 4. Markers for oxidative homeostasis in response to salinity stress in leaves of Tebaba, 1103P, and Razegui. A) MDA as marker for lipid per-
oxidation, B) steady-state levels of hydrogen peroxide, C) specific activity of SOD, and D) specific activity of CAT. Data represent mean and SE from 3 
biological replicates per data point. **, statistically different with P < 0.01; *, statistically different with P < 0.05; ns, not significantly different using a 
pairwise t-test.
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differences were noted already prior to salt stress, others be-
came manifest only in response to salinity. In the following, 
some of the salient phenomena will be described:

Ground levels for central metabolites of the Krebs cycle, 
such as succinate and fumarate, were elevated in “Tebaba.” 
In contrast, GABA was almost twice as abundant in 1103P 
and exceeded under salinity those in “Tebaba” by >3-fold. 
A similar pattern, albeit at lower amplitude, was seen for cit-
rate. Pyruvate levels were doubled in 1103P but dropped sub-
stantially under salinity. Overall, it seems that “Tebaba” runs 
the central carbon metabolism more actively than 1103P 
does and seems to cope with the elevated superoxide levels 
inevitably resulting from this more vigorous metabolism.

In this context, the Foyer–Halliwell–Asada pathway is rele-
vant. Interestingly, we could not detect any ascorbate in 
none of the genotypes. Instead, dehydroascorbate, the product 
of hydrogen peroxide and ascorbate by the activity of ascorbate 
peroxidase was present, at elevated levels in “Tebaba,” and only 
slightly decreasing under salinity. In “Tebaba,” the downstream 
product threonate was increasing correspondingly, at the base 
of >2-fold increased ground levels. In grapevine, ascorbate can 
also be recruited to tartrate via gluconate (Cholet et al. 2016). 
Interestingly, ground levels for gluconate (which might also be 
glucuronate) are almost doubled in “Tebaba,” and under salin-
ity, gluconate levels in “Tebaba” rose further to reach 5 times 
more than those in 1103P. These higher gluconate levels do 
not translate into tartrate levels, though. Here, “Tebaba” has 
substantially lower levels. Interestingly, a considerable part of 
tartrate is converted to the volatile methylated tartrate in 
1103P, while this compound is not consistently detectable.

We also searched for readouts for potential photorespir-
ation and found, in 1103P, a strong increase of glycine and 

serine in response to salt (Fig. 8), while glycerate was drop-
ping (Fig. 9), indicating that the Calvin–Benson cycle is in 
strong need for phosphoglycerate. In “Tebaba,” glycine in-
creased only mildly under salinity, and serine levels even 
dropped (Fig. 8). Likewise, resting levels for glycerate were 
3 times higher and decreased only marginally under salinity. 
Thus, 1103P shows a clear signature for enhanced photo-
respiration, which is not seen in “Tebaba.” The higher ground 
levels of glycine and serine in “Tebaba” are unlikely deriving 
from photorespiration but seem to arise from glycolysis 
(Kishor et al. 2020). This conclusion is also supported by 
the 2-fold increased ground levels of gluconate, glucose, 
and glucose-6-P for “Tebaba.” Overall, “Tebaba” can com-
mand of higher carbohydrate resources and defend them 
more efficiently against salinity-induced photorespiration.

A mirror image was seen for the levels of xylitol (reporting 
pectin breakdown) and a different disaccharide, probably re-
presenting cellobiose (reporting cellulose breakdown), that 
were generally lower in “Tebaba” as compared to 1103P 
(Fig. 9). These differences are associated with a higher growth 
rate in “Tebaba,” such that cell-wall polymers are built up ra-
ther than broken down (Fig. 2). Among the other metabolic 
differences, the higher ground levels of the inositols in 
“Tebaba,” especially myo-inositol-phosphate was almost 
doubled over 1103P (Fig. 9). Salinity reduced 
myo-inositol-phosphate levels drastically, which was not ob-
served in “Tebaba,” such that this metabolite became <20% 
in 1103P as compared to “Tebaba.” The higher ground levels 
of the inositols in “Tebaba” were accompanied by a substan-
tially higher level of galactinol. These already high galactinol 
levels increased further under salinity, whereas they dropped 
in 1103P. Interestingly, in the absence of salt stress, the 

Figure 5. Estimation of steady-state levels for superoxide in response to salinity stress in leaves of Tebaba, 1103P, and Razegui. A) Model used for the 
estimation assuming steady state and the simplified reaction scheme shown at top. B) Steady-state levels of superoxide inferred using this model and 
the data shown in Fig. 4. Data represent mean and SE from 3 biological replicates per data point. C) Comparison of steady-state levels for superoxide 
and hydrogen peroxide and the activities of the antioxidant enzymes SOD and CAT relative to the mean value over the 3 genotypes to highlight 
differences between the genotypes.
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galactinol derivative raffinose was lower in “Tebaba” but in-
creased in response to salinity in both genotypes. A substan-
tial reduction in the ground levels of allantoin indicates that 
“Tebaba” did not need to rely on this route of nitrogen 
mobilization.

Overall, we see in “Tebaba” indicators for a more robust 
central carbon metabolism and ascorbate cycle. Instead, 
1103P shows indications for a more pronounced catabolism, 
such as breakdown of cell-wall components or purines, and 
needs to invest more resources in detoxification of photo-
respiration products.

“Tebaba” can sustain a higher level of phytol
We were also able to monitor the response of 10 terpenoid 
metabolites (Fig. 10). Salient features were much lower levels 
of α-tocopherol and γ-tocopherol. Under salinity, the levels 
dropped in both genotypes to a similar extent. In contrast, 

the precursor phytol was >3 times elevated in “Tebaba” as 
compared to 1103P, and “Tebaba” was able to sustain phytol 
levels, while in 1103P, phytol dropped in response to salinity. 
The triterpenoid alcohols α- and β-amyrine and their precur-
sor squalene were also much lower in “Tebaba.” For the 
β-amyrine derivative erythrodiol and oleanic acid, the levels 
in “Tebaba” were so low that they could not be detected, 
contrasting with 1103P. Likewise, the sterol campesterol 
was so low in “Tebaba” that it could not be detected consist-
ently. Interestingly, the squalene derivative neophytadiene 
showed the inversed pattern—here, the ground level was ele-
vated in “Tebaba” and increased further under salinity, while 
it decreased in 1103P. Thus, phytol and neophytadiene were 
qualitatively different from the other measured terpenoids 
being elevated in “Tebaba,” which corresponded to a better 
performance under salt stress.

Discussion
Grapevine as perennial and deep-rooting species is expected to 
cope more efficiently with the challenges of global warming 
compared to many annual crops. However, salinity is a pertinent 
and progressively accentuated challenge in many viticultural re-
gions of the world. The motivation behind this study was to 
understand the pronounced salt resilience of the wild 
Tunisian grapevine genotype “Tebaba” to learn something 
about the underlying mechanisms. We combined physiological 
and metabolomic approaches in a comparative strategy to de-
lineate salt-dependent stress responses from adaptive events. 
We observed that “Tebaba” sustained growth although sodium 
was readily translocated to the shoot. This was, not surprisingly, 
linked to a more robust redox homeostasis. The metabolomic 
analysis helped us to identify characteristic fingerprints that 
were linked with salt resilience. These included altered channel-
ing of the phenylpropanoid pathway, a higher ground level of 
proline, a different metabolic fate of glycine, and a more robust 
central carbon metabolism, supported by a more efficient as-
corbate cycle, such that “Tebaba” does not rely on catabolic 
breakdown of cell-wall material and, thus, can sustain a higher 
growth rate, even under salinity.

In the following, we will discuss to what extent the re-
sponse of “Tebaba” reflects that what is known from other 
cases of salinity tolerance, what our comparative strategy 
tells us about metabolomic predictors for salinity damage 
versus adaptation, and where the ultimate drivers are to be 
sought. Last, but not least, we will discuss, how this knowl-
edge can contribute to secure viticulture under salinity.

Salt exclusion versus salt adaptation—“Tebaba” is not 
an excluder
To prevent sodium ions to enter the root, or to sequester so-
dium in the root, such that it cannot reach the shoot and, 
thus, harm, photosynthesis, is a common strategy to cope 
with salinity (for a recent review, see Keisham et al. 2018). 
In fact, several transporter systems can contribute to reduce 

Figure 6. Expression of the jasmonate response factor JAZ1 A, B), and 
key genes of the phenylpropanoid pathway: C, D) PAL as first commit-
ted step of the pathway, E, F) CHS as entry point for flavonoids, and G, 
H) STS as entry point for stilbenes in leaves of Tebaba A, C, E, G) and 
1103P B, D, F, H) at different time points after reaching the plateau. 
Data represent mean and SE from 3 biological replicates per data point, 
each in 3 technical triplicates and are given relative to the steady-state 
level of the respective transcript measured in the Tebaba mock control 
at 8 h. **, statistically different with P < 0.01; *, statistically different 
with P < 0.05; ns, not significantly different using a pairwise t-test 
against the Tebaba mock control.
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sodium accumulation in the shoot, such as the SOS exporter 
system, the NHX1 transporters sequestering these ions in the 
vacuole (which will prevent damage to cytosolic targets but 
preserve turgescence), or HKT1 transporters retrieving so-
dium from the central cylinder. Sequestration of sodium 
can contribute to salt tolerance as shown by overexpressing 
a NHX1 transporter from Arabidopsis (Arabidopsis thaliana) 
in grapevine (Venier et al. 2018). Likewise, the comparison of 
2 Sorghum (Sorghum bicolor L.) genotypes differing in salinity 
tolerance showed that tolerance was linked to efficient se-
questration of sodium ions in vacuoles of the distal elong-
ation zone as demonstrated by a fluorescent sodium 
fluorophore, CoroNa Green (Abuslima et al. 2022). 
However, our data (Fig. 3) do not support any role of sodium 
sequestration in the root or sodium retrieval from the xylem 
in salinity tolerance of “Tebaba.” In fact, sodium transfer to 
the shoot is more pronounced in “Tebaba” as compared to 
1103P. Actually, 1103P is known to be efficient in ion exclu-
sion as compared to other rootstocks (Zhang et al. 2002), 
which is also consistent with our observation that sodium ac-
cumulation in 1103P is significantly lower than in “Tebaba” 
(Fig. 3A). Interestingly, potassium levels under salt stress 
are significantly higher in “Tebaba” over 1103P, which would 
predict that berry expansion during post-véraison can be 
buffered against salinity, because this process is strongly de-
pendent on potassium influx into the vacuole (Hanana et al. 
2007). Induction of the vacuolar sodium–proton antiporter 

NHX1 by salt stress has been shown for both grapevine leaves 
(Saleh and Alshehada 2018) and grapevine cells (Ismail et al. 
2012) and would provide a mechanism to explain our find-
ings. However, this sequestration seems to take place in 
the leaves and not in the roots. While sodium sequestration 
in root vacuoles has been described to account for salt toler-
ance in barley (Wu et al. 2019), the tolerance of “Tebaba” is 
not based on avoiding sodium entry to the leaves. This con-
clusion is supported by a recent transcriptomics study on 
roots of the very same 2 genotypes, conducted under the 
very same conditions (Daldoul et al. 2022). Here, mainly 
genes involved in enzymatic and nonenzymatic control of 
ROS, cell-wall modeling, and sugar metabolism were found 
to be upregulated in “Tebaba” as compared to 1103P. Also, 
ion transporters involved in potassium/sodium homeostasis 
at the plasma membrane were found among the responsive 
genes. Missing on the list were the NHX genes, sodium–pro-
ton antiporters that can sequester sodium in the vacuole of 
the root cortex, thus mitigating ionic stress in the cytoplasm, 
while sustaining turgescence as prerequisite of growth (Ismail 
et al. 2012). Thus, unlike salt tolerance in Sorghum (Abuslima 
et al. 2022), sodium sequestration seems not to be a relevant 
factor for the salt tolerance of “Tebaba.”

Metabolic signatures of salt tolerance?
Therefore, we searched for metabolic changes that allow 
“Tebaba” to sustain photosynthesis and, thus, growth, even 

Figure 7. Response of the phenylpropanoid pathway to salt stress in leaves of 1103P and Tebaba (Tb) and scored at 24 h after reaching the plateau of 
150 mM NaCl as measured by GC-GC × MS. Metabolite abundance is given relative to the 1103P mock control. The change induced by the salt 
treatment relative to the respective mock control is indicated by the arrow (red, 1103P; green, Tb). Data represent 3 biological replicates. n.d., 
not detected; n.c.d., not consistently detected.
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in the presence of sodium. To do so under salinity will inev-
itably lead to a considerable oxidative burden, because so-
dium will lead to hyperreduction of electron transport over 
the thylakoid. The accumulating electrons will then end up 
on the molecular oxygen that has been generated by water 
splitting in photosystem II (Allakhverdiev et al. 2000). The 
2 genotypes address this problem by different mechanisms: 
While 1103P is strongly inducing SOD activity (Fig. 4C), 
“Tebaba” seems to cope with a strong increase of 
steady-state superoxide levels (Fig. 5B), indicative of photo-
synthetic electron transport remaining uncompromised. 
Still, MDA levels in “Tebaba” remain buffered, reporting a 
lower level of lipid peroxidation as readout for salt-induced 
damage (Fig. 4A). If it is not a slowdown of electron transport 
nor the induction of SOD activity that renders “Tebaba” 
more tolerant, there must be metabolic changes that can 
compensate the oxidative challenge. In fact, our nontargeted 
metabolomics approach detected several differences that 
seem to be relevant in this context (Fig. 11).

Phenolic compounds
The more active shikimate pathway in “Tebaba” seems to be 
used to support higher ground levels of tyramine and especially 

its derivative tyrosol glucoside (Fig. 11). Tyramine is generated 
from tyrosine by a tyrosine decarboxylase (TyDc) and is often 
hydroxylated further to give rise to dopamine, a well-known 
mitigator of salt stress (Li et al. 2015). However, in our study, 
we did not detect dopamine but rather the concurrent tyrosine 
derivative tyrosol. Both compounds exert a strong antioxidant 
activity in vitro (Yen and Hsieh 1997), and tyrosol has also been 
implicated to be involved in stress resilience, during a metabolic 
study, where the stress metabolome of the cold tolerant 
Chinese species Vitis amurensis was compared to the more sus-
ceptible V. vinifera (Chai et al. 2019). The activation of the path-
way depends on the key enzyme TyDc. Overexpression of this 
enzyme in apples (Malus domestica L.) was able to induce toler-
ance to alkalinity, an especially harsh variation of salinity (Liu 
et al. 2022). What compound was responsible in this context 
is not known, but overexpression of TyDc in potato (Solanum 
tuberosum L.) was reported to result in accumulation of tyrosol 
glucoside (Landtag et al. 2002). Thus, a straightforward working 
hypothesis would assume that activity or expression level of 
TyDc is constitutively elevated in “Tebaba,” enabling a superior 
redox balance due to elevated levels of tyrosol glucoside. 
Instead, 1103P recruits the shikimate pathway for monolignols 
as evident from the higher levels of ferulic acid. This may be 

Figure 8. Response of amino-acid metabolism to salt stress in leaves of 1103P and Tebaba (Tb) and scored at 24 h after reaching the plateau of 
150 mM NaCl as measured by GC-GC × MS. Metabolite abundance is given relative to the 1103P mock control. The change induced by the salt 
treatment relative to the respective mock control is indicated by the arrow (red, 1103P; green, Tb). Data represent 3 biological replicates. n.d., 
not detected; n.c.d., not consistently detected.
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linked with an induction of caffeoyl-O-methyl transferase 
(COMT) by jasmonate signaling (Lee et al. 1997), which would 
explain, why higher JAZ1 transcript levels correspond to higher 
ferulate levels in 1103P and why both parameters are lower in 
“Tebaba.” This leads the question how the caffeic-acid precursor 
p-coumaric acid is utilized in “Tebaba.” Partitioning toward cou-
taric acid, the adduct with tartaric acid is not the reason (Fig. 7). 
Thus, p-coumaric acid is recruited for a different pathway. The 
key factor might be CHS, whose transcripts are significantly in-
duced in “Tebaba” but not in 1103P (Fig. 6, E and F). The result-
ing metabolites might be more efficiently detected by analytics 
alternative to 2D-GC several compounds of this pathway 
known to exert antioxidant activity and to support salt toler-
ance (rice [Oryza sativa L.], Chutipaijit et al. 2011; sugarcane 
[Saccharum officinarum L.], Wahid and Ghazanfar 2006; thale 
cress [A. thaliana L.], Lotkowska et al. 2015).

The glutamate–proline connection
“Tebaba” accumulates more proline (Fig. 11), already prior to 
stress (Fig. 8). Proline allows to lower the intracellular water 
potential, such that the cell remains turgescent, but in add-
ition to this function as compatible osmolyte, it buffers the 
photosynthetic electron transport against ROS (Szabados 
and Savouré 2010). During comparative studies, higher accu-
mulation of proline in the leaves is associated with higher salt 

tolerance on both, rice (Nguyen et al. 2021) and Sorghum 
(Abuslima et al. 2022) and, thus, qualifies as adaptive marker. 
For grapevine as well, proline content was increasing with the 
stringency of salt stress, and the amplitude of this increase 
corresponded to the resilience to stress during a comparative 
study on Iranian genotypes differing in their salt tolerance 
(Mohammadkhani et al. 2013). Since “Tebaba” is not an 
ion excluder, the readiness by which it accumulates proline 
might be a central factor in its salinity tolerance. A compara-
tive transcriptomic strategy with a sylvestris genotype from 
Southern Spain (Carrasco et al. 2022) has uncovered osmotin 
as 1 of the upregulated factors, a protein reported to improve 
water use efficiency by causing an upregulation of proline (re-
viewed in Kumar et al. 2015). To what extent osmotin is re-
sponsible for the salinity tolerance of “Tebaba” remains to be 
elucidated. The induction of proline under salinity is linked 
to see a stronger increase of glutamate in “Tebaba,” linked 
with lower levels of glutamine and of GABA reporting that 
the GABA shunt that is activated under salinity (reviewed 
in Che-Othman et al. 2017) does not play a role here, con-
trasting with the situation in the sensitive 1103P.

Sucrose fuels antioxidants safeguarding pectins
Mitochondria are central targets for salinity stress. Especially 
the succinate dehydrogenase complex II, generating 

Figure 9. Response of sugar metabolism to salt stress in leaves of 1103P and Tebaba (Tb) and scored at 24 h after reaching the plateau of 150 mM 

NaCl as measured by GC-GC × MS. Metabolite abundance is given relative to the 1103P mock control. The change induced by the salt treatment 
relative to the respective mock control is indicated by the arrow (red, 1103P; green, Tb). Data represent 3 biological replicates. n.d., not detected; 
n.c.d., not consistently detected.
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fumarate, represents a sensitive target, because it will lead to 
accumulation of superoxide that needs to be efficiently sca-
venged as to avoid cellular damage. In fact, higher superoxide 
steady-state levels had been inferred from modeling redox 
homeostasis (Fig. 5). If redox homeostasis is challenged by 
salt stress, accumulating superoxide can activate retrograde 
signaling, such that the alternative oxidase pathway needs 
to be activated, accompanied by a more active GABA shunt 
(for review, see Bandehagh and Taylor 2020). “Tebaba” also 
seems to command a more active ascorbate cycle, supporting 
detoxification of hydrogen peroxide (higher dehydroascor-
bate levels). This is accompanied by a reduced recruitment 
of ascorbate for tartrate synthesis but instead channeling 
into gluconate and ribonate. Rather than being converted 
to tartrate, gluconate can also be metabolized to ribonate. 
This seems to be the preferential route in “Tebaba.” Higher le-
vels of gluconate and ribonate have been identified as hall-
mark of tolerance in Arabidopsis (Hill et al. 2013). The more 
efficient, nonenzymatic scavenging of peroxidase in 
“Tebaba” is accompanied by a higher activity of CAT 
(Fig. 5C). Also, the higher ground levels of myo-inositol might 
be linked with a more robust redox homeostasis because this 
compound can generate, together with UDP glucose, galacti-
nol, a scavenger for hydroxyl radicals (Nishizawa et al. 2008). 
This pathway, which is specific for plants, can also lead to raf-
finose, a route that is used less intensely in “Tebaba,” which 
might be linked with the fact that galactinol as a more effi-
cient compatible osmolyte (Sengupta et al. 2015).

Phytol is sustained safeguarding chlorophyll
“Tebaba” can rely on a much higher pool of phytol for chloro-
phyll synthesis, while 1103P needs to convert phytol to gen-
erate the antioxidant tocopherols. A higher steady-state level 

of phytol had been reported earlier as feature of salt toler-
ance in wild over domesticated soybean (Zhang et al. 
2016). A second important redistribution of metabolism 
was manifest by a much lower level of α- and β-amyrine 
and their precursor squalene in “Tebaba” and a correspond-
ing increase of the concurrent pathway toward the antioxi-
dant neophytadiene (Bhardwaj et al. 2020). Triterpenoids, 
such as the amyrines, have been reported to increase in re-
sponse to salt stress, for instance in mangroves and are 
thought to sustain membrane fluidity under salinity. In 
fact, among the tested triterpenoids, β-amyrine was the 
most effective in rescuing salt sensitive of the sterol biosyn-
thesis yeast mutant GIL77 (Inafuku et al. 2018). It seems 
that 1103P is relying on this last resort to rescue survival un-
der salinity, while “Tebaba” instead can invest the squalene to 
form neophytadiene which helps to sustain redox balance. 
Overall, the 2 genotypes channel terpenoids differently 
(Fig. 11); “Tebaba” seems to safeguard phytol for chlorophyll 
synthesis and uses neophytadiene for redox balance. Instead, 
1103P needs to invest squalene to produce triterpenoids as 
to rescue membrane fluidity, such that it forms less neophy-
tadiene and, as a consequence, needs to convert a part of 
phytol into the antioxidant tocopherols. In summary, 
1103P needs to pay a high price in terms of lower phytol le-
vels to secure membrane integrity and redox balance, while 
“Tebaba” can spare squalene for neophytadiene synthesis, 
such that it does not rely on tocopherols for redox balance.

Why we need a comparative approach to make sense 
of metabolic differences?
To cope with salinity stress, plants have evolved several me-
chanisms that are often acting in concert. Despite numerous 
efforts to pinpoint “the gene of salt tolerance,” such a gene 

Figure 10. Response of terpenoid metabolism to salt stress in leaves of 1103P and Tebaba (Tb) and scored at 24 h after reaching the plateau of 
150 mM NaCl as measured by GC-GC × MS. Metabolite abundance is given relative to the 1103P mock control. The change induced by the salt 
treatment relative to the respective mock control is indicated by the arrow (red, 1103P; green, Tb). Data represent 3 biological replicates. n.d., 
not detected; n.c.d., not consistently detected.
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has not been found. It is progressively clear that salt tolerance 
emerges from the activity of numerous factors that need to 
be orchestrated in time and space. When the molecular re-
sponse to salinity is addressed by transcriptomics and meta-
bolomics, the number of significant changes ranges usually in 
the hundreds, if not in the thousands. Whether these 
changes are manifestation of the cellular damage imposed 
by salinity or whether they are involved in the adaptation 
to this challenge is not at all obvious and usually hard to de-
duce based on an omic snapshot alone, as detailed it may be. 
One needs information originating from realms beyond this 
snapshot to arrive at conclusions. For instance, the temporal 
sequence of events can help to infer the causal chain—cellu-
lar responses that occur early after the onset of the stress epi-
sode are often reflecting signaling events or immediate 
perturbations of metabolic homeostasis, while later events 
are more likely to be linked with adaptation, or, in case of sus-
ceptibility, with irreversible damage. To order the cellular re-
sponses in time, a design, where salinity is increased in a 
sudden step to get a clear point zero, would be the most 
straightforward option. However, in the current experimen-
tal setup, we tried to mimic the situation in the vineyard, 
where soil salinity increases over time. While being closer 
to the real-world situation, this design is not suited to infer 
temporal patterns but rather reflects steady-state situations. 
However, we used a design, where susceptible (1103P) and 
resistant (“Tebaba”) genotypes were compared side by side. 
The use of such a contrasting pair allows to sort the observed 
events with respect to salt damage and salt adaptation. 

Those events that are more pronounced in “Tebaba” reflect 
adaptive processes; those events that are more pronounced 
in 1103P must be consequences of a more pronounced sus-
ceptibility. In fact, this approach allowed us to define several 
metabolic signatures of salt tolerance leading to the ques-
tion, whether they are established independently or whether 
there is a master player for salt tolerance.

Redox homeostasis—the ultimate driver of salt 
resilience in grapevine
Salinity-induced damage and adaptation are multifaceted 
phenomena, such that it is far from trivial to infer what is 
cause and what is effect. Unlike the situation in Sorghum, 
where sodium sequestration into the vacuole of the root 
elongation zone seems to be a major factor for salt tolerance 
(Abuslima et al. 2022), neither the current study nor the data 
from the root transcriptome (Daldoul et al. 2022) provide 
any evidence that sodium exclusion from the shoot might 
be a major factor for the tolerance seen in “Tebaba.” There 
might not be something like a single ultimate driver for 
salt tolerance but rather patterns of metabolic activity that 
are more efficient in buffering physiological homeostasis. 
Nevertheless, it can be useful to define criteria for such an ul-
timate driver: (i) It should be either early or upstream. (ii) It 
should be more active in the tolerant over the susceptible 
genotype. (iii) It should address metabolic decisions that 
are self-amplifying, such that even a minor initial difference 
will lead to a robust improvement of output.

Figure 11. Model for the central metabolic signatures for salt tolerance versus salt susceptibility in grapevine emerging from the comparison of 
metabolic responses in Tebaba versus 1103P.
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Using these criteria, 4 metabolic decisions can be discerned 
that qualify as ultimate drivers (Fig. 11).

Phenylalanine channeling toward tyrosol as powerful anti-
oxidant (Yen and Hsieh 1997) contributes to the robust redox 
balance in “Tebaba,” while 1103P partitions phenylalanine to-
ward ferulic acid, a typical hallmark for cell-wall modeling un-
der salinity (Oliveira et al. 2020).

Glutamate channeling toward proline helps not only buf-
fering osmotic potential but also protecting the conform-
ation of challenged membranes and proteins in “Tebaba” 
(Szabados and Savouré 2010). In contrast, 1103P needs the 
glutamate to feed the GABA shunt to compensate perturba-
tions of the challenged Krebs cycle (Che-Othman et al. 2017).

Buffered photosynthesis helps to fuel the ascorbate cycle 
and to sustain galactinol as effective antioxidants in 
“Tebaba” (Nishizawa et al. 2008), while 1103P needs to rely 
on pectin breakdown to forage ascorbate. Pectin breakdown 
has been identified as crucial promoter for salt susceptibility 
in rice (Liu et al. 2014), and, thus, the high xylene levels in 
1103P must be seen as indicator for salt damage.

Recruiting the terpenoid toward phytol helps “Tebaba” re-
placing damaged chlorophyll and, thus, sustaining photosyn-
thesis under salinity, while 1103P needs the farnesyl PP to 
generate β-amyrine to protect its membranes (Bhardwaj 
et al. 2020).

Of course, these drivers are interwoven by self-amplifying 
feedback loops. The higher accumulation of tyrosol will buf-
fer ROS stabilizing membranes, such that terpenoids can be 
used for phytol synthesis, which will buffer photosynthesis, 
such that sucrose can fuel the ascorbate cycle, which in 
turn will improve redox homeostasis even further. In con-
trast, channeling of the phenylpropanoids toward lignin 
will come with a weaker redox balance, such that the central 
carbon cycle needs to activate the GABA shunt, such that 
less proline can be formed, which puts membranes under 
strain, requiring farnesyl PP to be used for amyrine synthesis, 
rather than to complement phytol, leading to lower photo-
synthetic activity, such that the ascorbate cycle cannot be 
fed by sucrose, but needs to rely on pectin breakdown.

In other words, which of these drivers is more crucial than 
others is hard to tell, because by their mutual interactions, 
even small initial improvements in 1 of these drivers will 
lead to more robust outputs of the other drivers that will re-
turn as further support for the “initial” driver. Salt tolerance 
would then emerge as a physiological process that is sustain-
ing itself by mutual support, while bad performance of 1 or 
several of these drivers deploys a vicious circle. Tolerance 
of damage emerges as a kind of physiological phase transi-
tion, which cannot be attributed to a single factor, but needs 
a synchronized interplay of different activities. To get insight 
into this synchronized interplay and the underlying feedback 
regulation, the metabolite pattern should be accompanied 
by transcriptomic studies to identify adaptive and damage 
markers. In this context, it is interesting that transcript for 
the STS (VIT_16s0100g00990), which was strongly elevated 
in 1103P under salinity, is generally induced during leaf 

senescence and berry withering (Grape eFP Browser, 
https://bar.utoronto.ca/efp_grape/cgi-bin/efpWeb.cgi) indi-
cating that this gene is activated under conditions of im-
paired homeostasis and, thus, can be used as a stress marker.

What can we do with this knowledge?
The current study has defined some of the mechanisms re-
sponsible for the salt tolerance in “Tebaba.” On this base, 2 
possible strategies can be envisaged. “Tebaba” might be ei-
ther used as rootstock or as genetic resource for introgression 
into commercial varieties. For different reasons, the root-
stock strategy does not seem to be promising. First, as 
European species, “Tebaba” is most likely lacking the resist-
ance to Phylloxera, which is the main reason, why grapevine 
is grafted. This might be circumvented by introgression of 
“Tebaba” into commercial rootstock varieties. However, since 
the salt tolerance of “Tebaba” is not based on sequestration 
of sodium in the root, it is doubtful that it would lead to salt 
tolerance of the scion. Our data show that sodium is readily 
transferred into the shoot, which would also be the case for a 
scion grafted on a “Tebaba” rootstock. To make use of salt 
tolerance resulting from more robust redox homeostasis, 
the scion itself needs to be changed. Such introgression strat-
egies have been successful for resistance against downy and 
powdery mildew due to resistance factors from North 
American and Siberian wild grapevine species. This introgres-
sion can be supported and accelerated by marker-assisted 
breeding (for review, see Eibach et al. 2007). By several rounds 
of backcrossing, it is, thus, possible to retain the oenological 
characteristics of a variety, while improving its resilience. In 
case of “Tebaba” that belongs to the same species as the com-
mercial varieties, this should be much easier, because it does 
not show the foxiness characteristic of North American wild 
grapevines. Since the pressure from salinity will rise rapidly 
during the next decades, this will also contribute to con-
sumer acceptance of novel flavors.

While the current study was focusing on the vegetative 
phase, the question has to be posed, to what extent the re-
sults can be transferred to berry development. The literature 
report does not lead to a straightforward answer, since both 
negative (for instance, Walker et al. 2008; Stevens et al. 2011) 
and positive (for instance, Mosse et al. 2013; Liu et al. 2019) 
effects of salinity have been described. However, the real situ-
ation seems less discrepant as it appears at first sight, since 
comparative studies show that the reported positive effects, 
such as increased sweetness of berries, accumulation of aro-
matic compounds, or enhanced coloration through antho-
cyanins, were observed only for moderate salinity (20 to 
60 mM NaCl), while for stringent salt stress (100 mM NaCl 
and above), the negative impacts, such as berry shriveling, 
or sugar reduction prevailed (Li et al. 2013). In the long 
run, even mild salinity will accumulate over time, which 
means that even the potential improvements of berry size 
and quality reported for moderate salinity will not be sustain-
able but soon overrun by the harsh deterioration observed 
for stringent salinity (see, for instance, Suarez et al. 2019). 
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Since Tebaba is not a salt excluder, such that introgression of 
salinity resilience into rootstock varieties does not seem to be 
a feasible strategy, future studies need to address the meta-
bolic response in berries under mild but prolonged salinity. 
In this context, the channeling of phenylpropanoid metabol-
ism toward tyrosol and the channeling of glutamate toward 
proline are of particular interest.

Materials and methods
Plant material and stress application
The study was focused on a comparison between the salt- 
tolerant Vitis sylvestris genotype “Tebaba” originating from 
the North of Tunisia and the commercial rootstock 
“1103P,” along with the commercially relevant variety V. vini-
fera cv. ‘Cabernet Sauvignon’, and 2 traditional vinifera land-
races from Tunisia, “Houamdia” and “Razegui.” Details on the 
background of these genotypes are given in Supplemental 
Method S1. Wood cuttings were rooted for 2 mo and then 
transferred into 10-L pots of sand in a greenhouse and 
used for the salt-stress experiment 3 mo later. To mimic 
the situation in the vineyard, where soil salinity increases 
continuously progressively during a stress episode, we used 
a ramp, where salinity was increased in steps to reach a final 
concentration of 150 mM, which was then maintained, sam-
pling fully expanded leaves in a standardized manner 
(Fig. 1A) and compared by a mock control (Fig. 1B). The 
physiological state of the plants was monitored by daily 
measuring shoot length. Details of cultivation and treatment 
are given in Supplemental Method S1.

Determination of ion content
Samples were dried for 2 d in a drying oven at 48 °C. Aliquots 
of 50-mg dried leaf material was homogenized to a powder 
(TissueLyser, Qiagen) and digested in concentrated HNO3 

(2 ml) supplemented by 0.5 ml of 30% v/v hydrogen peroxide 
in 50-ml digestion tubes (Gerhardt, UK) in a heating block 
(DigiPrep jr, S-prep) for 2 h at 110 °C. After cooling, the walls 
of the digestion tube were rinsed twice with 0.5 ml of hydro-
gen peroxide. The final volume of each sample was adjusted 
to 20 ml with 1% v/v HNO3. The contents of sodium and po-
tassium were quantified by inductively coupled plasma op-
tical emission spectrometry (ICP-OES, 715ES, Varian, radial 
mode). Data represent means and standard errors from 3 
biological replicates. To calibrate the quantification, blanks 
were generated by mock digestion of the solvents in the 
same way but omitting the plant sample.

Monitoring redox homeostasis
Lipid peroxidation as a readout for oxidative damage was de-
termined by measuring the reaction product MDA according 
to the standard protocols by Heath and Packer (1968) and 
Hodgson and Raison (1991). Activities of CAT, SOD, and 
the steady-state levels of hydrogen peroxide were measured 
according to Beauchamp and Fridovich (1971) and Ruch 

et al. (1989). Minor modifications to the published method-
ology to fresh grapevine leaves as material are described in 
Supplemental Method S2.

Quantifying stress-related transcripts
Steady-state transcript levels for salt-stress markers (Ismail et al. 
2012) were measured by reverse-transcription quantitative PCR 
(qPCR) in leaf material shock frozen in liquid nitrogen and trans-
ferred on dry ice from the lab of the Tunisian partner, where the 
stress experiment had been conducted, to the lab of the 
German partner. Steady-state transcript levels were measured 
for PHENYLALANINE AMMONIA LYASE (PAL), as first commit-
ted step of phenylpropanoid synthesis; STS, as major member of 
the stilbene synthase family responsive to salinity stress; CHS as 
first committed step of flavonoid synthesis, and the jasmonate 
signaling gene JAZ1, as salt responsive indicator for jasmonate 
signaling using the primers listed in Supplemental Table S1 as 
described by Khattab et al. (2021) using elongation factor 1α 
and actin as internal standards (Reid et al. 2006). Data were 
compared to the first sampling point (8 h) of the mock treat-
ment for “Tebaba” (8 h) and represent 3 biological replicates, 
each in technical triplicate.

Metabolite analysis
Metabolites were extracted from leaf material that had har-
vested into liquid nitrogen and kept at −80 °C till transport 
from Tunisia to Germany on dry ice. They were analyzed by 
GC × GC-qMS using a common nonpolar × medium-polar 
column setup. Details of sample preparation, quality control, 
data analysis, and visualization are given in Supplemental 
Method S3. The components of the GC × GC-MS system 
are given in Supplemental Table S2, the details of the 
GC × GC method along with the consumables used for ana-
lysis in Supplemental Table S3, and the settings for MS ana-
lysis in Supplemental Table S4.

Accession numbers
Sequence data from this article can be found in the GenBank/ 
EMBL data libraries under accession numbers: XM_0022 
84888, (VvEF1-α), XM_002268220 (VvPAL), X76892 (VvSTS2 
7), AB066274 (VvCHS1), and JF900329 (VvJAZ1).
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