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ABSTRACT

Halophytes complete their life cycle at soil salinities that are lethal to most crop species, yet the genetic basis of
this tolerance is still incompletely resolved at the level of coordinated gene expression across tissues and salinity
regimes. We generated a comparative transcriptomic dataset for the euhalophyte Suaeda salsa and the
glycophytic reference Chenopodium quinoa cultivar Titicaca, grown hydroponically across a controlled salinity
gradient (0, 200, 400 and 600 mM NaCl) and sampled at root and shoot tissue after 72 hours of exposure. RNA
sequencing of 96 libraries identified 4,218 genes differentially expressed in S. salsa roots across the gradient,
more than twice the number detected in C. quinoa roots under the equivalent treatment, with the excess
concentrated in ion transport, vacuolar sequestration and osmolyte biosynthesis functional categories. Members
of the Salt Overly Sensitive (SOS) pathway, together with tonoplast Na+/H+ antiporter (NHX) and high-affinity
potassium transporter (HKT) gene families, showed constitutively elevated baseline expression in unstressed S.
salsa relative to C. quinoa, with comparatively modest further induction upon salt exposure, consistent with a
pre-adapted rather than purely inducible tolerance strategy. lon content analysis showed S. salsa sequestered
sodium preferentially in shoot vacuoles, maintaining a shoot Na+/K+ ratio below 4 at 600 mM NaCl while C.
quinoa exceeded a ratio of 11 at the same treatment, and this partitioning correlated with tissue-specific NHX1
expression rather than with total NHX transcript abundance. Heterologous expression of the lead S. salsa NHX1
orthologue in a salt-sensitive yeast mutant partially restored growth under NaCl challenge, supporting a functional
role for the encoded transporter. These results identify constitutive, rather than salt-induced, expression of
ion-homeostasis genes as a defining transcriptional signature of euhalophyte tolerance and nominate specific
NHX and HKT paralogues as candidates for testing in glycophytic crop backgrounds.
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the area affected is expanding as a consequence of

irrigation practice, sea-level rise in low-lying deltas, and
Soil salinisation already limits productivity on an the increasing use of marginal water sources for
estimated one-fifth of irrigated cropland worldwide, and  agriculture in water-scarce regions [4,19,44]. Most staple

1
Biosynth | ISSN 2989-543X (Online) | https://trpubonline.org/index.php/Biosynth


https://doi.org/10.5281/zenodo.22688183
https://trpubonline.org/
https://trpubonline.org/index.php/Biosynth
https://orcid.org/0000-0003-8277-3818
https://orcid.org/0000-0003-2173-6263
https://orcid.org/0000-0002-5254-9949
https://trpubonline.org/index.php/Biosynth

DOI: 10.5281/zen0d0.22688183  Wisniewski et al. (2026)

crops are glycophytes that suffer measurable yield loss
well before soil electrical conductivity reaches levels that
halophytic species tolerate without apparent injury, and
closing this gap by conventional introgression breeding
has proven slow, since salt tolerance is polygenic and
tightly linked to vyield-penalising trade-offs in most
glycophyte germplasm [3,17].

Halophytes offer a different route to the same problem:
rather than breeding tolerance into a crop from scratch,
one can ask which genes and regulatory configurations
already confer tolerance in a naturally salt-adapted
relative, and whether those components can be
transferred or their glycophyte orthologues engineered to
behave more like the halophyte version [1,2,6]. The core
physiological toolkit of halophyte tolerance is reasonably
well described: exclusion or compartmentalisation of
sodium away from metabolically sensitive cytosolic
processes, osmotic adjustment through compatible
solute accumulation, and, in some lineages, active salt
secretion through specialised glands [5,49]. Central to
ion compartmentalisation is the Salt Overly Sensitive
(SOS) signalling module, in which a calcium sensor
(SOS3) activates a protein kinase (SOS2) that in turn
phosphorylates and activates the plasma-membrane
Na+/H+ antiporter SOS1, extruding sodium from the
cytosol, while tonoplast-localised NHX antiporters
sequester sodium into the vacuole using the proton
gradient generated by vacuolar H+-ATPase and
H+-pyrophosphatase activity [12,13,15,16].

What remains less settled is whether halophyte tolerance
reflects fundamentally different genes from those present
in glycophytes, or largely the same gene families
operating under different regulatory logic -- expressed
earlier, more strongly, or constitutively rather than only
upon stress onset. Genome and transcriptome
sequencing of several halophyte models, including the
Arabidopsis  relatives Eutrema  salsugineum and
Schrenkiella parvula and the chenopod Suaeda species,
has generally supported the latter view: these species
retain largely the same core stress-response gene
repertoire as glycophytic relatives, but with altered
baseline expression, copy number, or cis-regulatory
architecture at key loci [7,8,9,32]. Suaeda salsa, a
euhalophyte native to coastal and inland saline habitats
across Eurasia, is a particularly informative model
because it is a true extremophile -- growth is often
stimulated rather than merely tolerated at moderate
external salinity -- while remaining amenable to standard
hydroponic culture and molecular manipulation, unlike
many woody or obligately saline-soil-dependent
halophytes [10,25,38].

Quinoa (Chenopodium quinoa) is a useful glycophytic
comparator for this kind of study rather than a purely
arbitrary choice: it belongs to the same family,
Amaranthaceae, as Suaeda, shares a broadly similar
growth habit and life history, and is itself moderately
salt-tolerant relative to major cereal crops, which makes
any additional tolerance mechanisms specific to the
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euhalophyte S. salsa easier to attribute to genuine
extremophile adaptation rather than to coarse
phylogenetic distance [36,37]. We therefore designed a
paired comparative transcriptomic and physiological
study of S. salsa and C. quinoa across a controlled
salinity gradient, with the specific aims of determining
whether the excess of salt-responsive gene expression
seen in S. salsa relative to C. quinoa is concentrated in a
small, identifiable set of functional categories; whether
key ion-homeostasis genes differ between the two
species chiefly in their induction kinetics or in their
baseline, unstressed expression; and whether the
physiological outcome of these differences -- specifically,
shoot ion partitioning -- can be traced to a tractable,
testable gene candidate.

2. MATERIALS AND METHODS

Suaeda salsa seed was collected from a coastal saline
population and Chenopodium quinoa cultivar Titicaca
seed was obtained from a certified commercial source;
both species were germinated and grown hydroponically
under controlled glasshouse conditions (24/18C
day/night, 14 h photoperiod) in quarter-strength
Hoagland's solution.

| 2.1 Salinity treatment and tissue sampling

Four-week-old seedlings of each species were
transferred to Hoagland's solution supplemented with 0,
200, 400 or 600 mM NacCl, with salinity increased in 100
mM daily increments to avoid osmotic shock. Root and
shoot tissue was harvested separately at 72 hours after
the target concentration was reached, from eight
biological replicates per species-by-treatment
combination, flash-frozen in liquid nitrogen and stored at
-80C. Three replicates per condition were reserved for
RNA sequencing (96 libraries total across two species,
four treatments, two tissues and three replicates) and the
remaining five for ion content and physiological
measurements.

I 2.2 RNA sequencing and differential expression analysis

Total RNA was extracted using a column-based kit with
on-column DNase treatment, and library quality was
confirmed by RNA integrity number above 7.5 for all
retained samples. Stranded mRNA libraries were
sequenced on an lllumina NovaSeq platform to a target
depth of 30 million 150 bp paired-end reads per library.
Reads were quality-trimmed and aligned to
species-specific de novo transcriptome assemblies,
generated separately for S. salsa and C. quinoa from
pooled tissue RNA using a genome-guided approach
with HISAT2 [43] and quantified with a splice-aware
counting pipeline; because no chromosome-level S.
salsa reference genome was available at the time of the
study, orthologous gene pairs between the two species
were identified using OrthoFinder [42] to enable direct
cross-species comparison of expression patterns.
Differential expression across the salinity gradient within
each species and tissue was tested using DESeqg2 with a
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likelihood-ratio test comparing a full model including
salinity treatment to a reduced null model, and genes
with a Benjamini-Hochberg adjusted P<0.05 and an
absolute log2 fold-change greater than 1 between the 0
mM and 600 mM treatments were classed as
differentially expressed.

I 2.3 lon content and physiological measurements

Sodium and potassium content of oven-dried root and
shoot tissue was determined by flame photometry
following nitric acid digestion, and the shoot Na+/K+
molar ratio was calculated for each biological replicate.
Relative growth rate over the 72-hour treatment window
was estimated from shoot fresh weight measured
immediately before and after the treatment period.
Chlorophyll fluorescence (Fv/Fm) was measured on the
youngest fully expanded leaf using a portable
fluorometer as an indicator of photosynthetic stress.

I 2.4 Heterologous expression in yeast

The coding sequence of the S. salsa NHX1 orthologue
showing the strongest tissue-specific expression
association with shoot sodium sequestration was cloned
into a galactose-inducible yeast expression vector and
transformed into the salt-sensitive Saccharomyces
cerevisiae mutant AXT3 (deficient in the endogenous
ENA1-4, NHA1 and NHX1 sodium transport genes).
Growth was assessed by spot assay on selective
medium containing 0, 0.4 or 0.8 M NaCl, alongside
empty-vector and wild-type S. cerevisiae
NHX1-complemented controls, with plates scored after
72 hours at 30C.

| 2.5 Statistical analysis

Differential expression testing used the DESeq2 default
Wald and likelihood-ratio test framework with
independent filtering. lon content, growth rate and Fv/Fm
data were analysed by two-way ANOVA (species x
treatment) with Tukey's HSD post-hoc comparisons,
performed in R version 4.3.

3. RESULTS

Across the salinity gradient, S. salsa roots showed 4,218
genes meeting the differential expression threshold
between the 0 mM and 600 mM treatments, compared
with 1,834 in C. quinoa roots under the identical protocol;
shoot tissue showed a smaller but still substantial excess
(2,655 versus 1,402 genes). Gene Ontology enrichment
of the S. salsa-specific differentially expressed set,
defined as genes differentially expressed in S. salsa but
whose orthologue was not differentially expressed in C.
quinoa, was dominated by categories related to cation
transport, vacuolar transport and organic osmolyte
biosynthesis, together accounting for 31% of the S.
salsa-specific gene set despite representing under 6% of
the annotated transcriptome. Table 1 summarises the
differential expression counts and the top enriched
functional categories by species and tissue.
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Table 1. Differentially expressed genes and top enriched
functional categories by species and tissue (0 mM vs 600
mM NacCl).

Species-

Top

DE genes o ) Category
. specific  enriched o
(adj. P<0.05) DE category share (%)
S.salsaroot 4,218 2087  Ccation 18.4
transport
S. salsa 2,655 1,762 Vacuolar 141
shoot transport
C. quinoa 1,834 603 Qsmolyte ‘
root biosynthesis
C. quinoa 1,402 509 Cation 8.7
shoot transport

Species-specific DE: differentially expressed genes whose
orthologue in the comparator species did not meet the differential
expression threshold.

Examining the core ion-homeostasis gene families
directly, S. salsa orthologues of SOS1, SOS2, NHX1 and
HKT1 all showed substantially higher baseline (0 mM
NaCl) expression than their C. quinoa counterparts, by
factors ranging from 3.1-fold (SOS2) to 9.4-fold (NHX1),
while fold-induction upon exposure to 600 mM NaCl
relative to each species' own baseline was more modest
in S. salsa than in C. quinoa for three of the four genes
(Figure 1). This pattern -- high constitutive expression
paired with comparatively restrained further induction --
was consistent across both root and shoot tissue and
was not observed for genes outside the core
ion-homeostasis set, where induction fold-changes were
broadly similar between species.

Divergent patterning and proliferation-exit kinetics between high- and low-converting lines
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Figure 1. Baseline (0 mM NaCl) expression and fold-induction at
600 mM NacCl of four core ion-homeostasis genes (SOS1, SOS2,
NHX1, HKT1) in root tissue of Suaeda salsa and Chenopodium
quinoa, normalised to each species' own housekeeping gene set;
error bars show SD across three RNA-sequencing replicates.
lon content measurements tracked this transcriptional
pattern. At 600 mM NaCl, S. salsa maintained a shoot
Na+/K+ molar ratio of 3.8 +/- 0.6, whereas C. quinoa
reached 11.2 +/- 1.4 under the identical treatment
(two-way ANOVA, species x treatment interaction
F(3,32)=42.6, P<0.001). Root sodium concentration did
not differ as sharply between species, indicating that the
divergence arises chiefly at the point of root-to-shoot
xylem loading and shoot vacuolar sequestration rather
than at initial root sodium uptake. Table 2 reports ion
content, relative growth rate and Fv/Fm across the full
treatment matrix. Growth rate in S. salsa was not
significantly depressed at 200 or 400 mM NaCl relative to
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the unstressed control and was only modestly reduced at
600 mM, whereas C. quinoa showed a significant,
dose-dependent growth reduction from 200 mM upward,
and Fv/Fm declined significantly in C. quinoa at 400 and
600 mM but remained statistically unchanged in S. salsa
across the full gradient.

Table 2. lon content and physiological responses across
the salinity gradient (mean +/- SD, n=5).

Relative
growth
rate (%
control)

Shoot Na+/K+
ratio

Treatment

(mM NacCl) LS

0 S. salsa 0.4 +/-0.1 100
0 C. quinoa 0.3+4/-0.1 100
200 S. salsa 1.1+/-0.2 104
200 C. quinoa 3.6 +/-05 81
400 S. salsa 2.2+/-0.4 97
400 C. quinoa 7.4 +/-0.9 58
600 S. salsa 3.8+/-0.6 88
600 C. quinoa 11.2+/-1.4 34

Within the NHX gene family, tissue-specific expression
rather than total transcript abundance across the whole
plant correlated with the shoot Na+/K+ ratio: the S. salsa
NHX1 orthologue showed a shoot-to-root expression
ratio roughly four times higher than any other family
member, and this shoot-biased paralogue was the one
selected for heterologous functional testing. In the yeast
complementation assay, the salt-sensitive AXT3 mutant
transformed with the S. salsa NHX1 construct grew
visibly better than the empty-vector control at both 0.4 M
and 0.8 M NaCl, though growth remained somewhat
reduced relative to the S. cerevisiae
NHX1-complemented positive control, consistent with
partial but genuine functional rescue by the plant-derived
transporter in a heterologous membrane context.

4. DISCUSSION

The central pattern in these data -- that S. salsa's core
ion-homeostasis genes are expressed at markedly
higher baseline levels than their C. quinoa orthologues,
with comparatively modest further induction upon salt
exposure -- is consistent with what has been termed a
pre-adapted or constitutive tolerance strategy, in contrast
to the more purely inducible strategy typical of
moderately tolerant glycophytes [2,7,32]. This distinction
matters for translational purposes: an engineering
strategy aimed at reproducing halophyte-like tolerance in
a glycophyte crop by manipulating stress-inducible
promoters may be targeting the wrong lever if the
halophyte advantage lies chiefly in elevated resting-state
expression rather than in a more dramatic induction
response, and our data argue for testing constitutive
rather than inducible promoter constructs when
translating NHX1 or SOS-pathway gain-of-function
constructs into crop backgrounds.

The shoot-biased expression pattern of the S. salsa
NHX1 orthologue, and its correlation with the divergent
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shoot Na+/K+ ratios between species, points toward
tissue-specific vacuolar sequestration in shoot cells as a
principal mechanistic contributor to whole-plant tolerance
in this species, complementing rather than replacing the
well-established role of SOS1-mediated cytosolic sodium
extrusion at the root level [12,13]. The partial functional
rescue obtained in the yeast complementation assay is
istent with, but does not on its own prove, a causal
is specific NHX1 orthologue in the whole-plant
; yeast complementation demonstrates that
ed protein retains cation transport activity in a
o.shetendogous membrane system, but transporter activity,
0 siEANSEHHRt @abundance and organismal ion partitioning are
OB{gLe}_t%c(i)O;hrough several additional layers of regulation,
~including protein trafficking, post-translational
079 5aiieHtion and coordination with vacuolar proton-pump
0.8¢ctivit§Ohone of which were directly tested here [27,31].
0.782ur- finding that root sodium concentration differed less
o7Shargly;, lbetween the two species than shoot
O'Gégclonpggltgat.ion did is a usgful clarificlation. of where,
mechanistically, the two species' strategies diverge most.
It suggests that S. salsa is not chiefly relying on more
effective root-level sodium exclusion, in the manner
classically described for salt-tolerant cereals carrying
favourable HKT1 alleles that restrict xylem sodium
loading [45], but rather on tolerating substantial sodium
delivery to the shoot and then managing it there through
vacuolar compartmentalisation, a strategy more
characteristic of what has been termed an 'includer
rather than 'excluder' halophyte phenotype [1,5]. This
distinction is relevant to which glycophyte tolerance
mechanisms a given halophyte gene set is likely to
complement most naturally: excluder-type tolerance
genes may transfer more readily into cereal backgrounds
that already rely substantially on root-level exclusion,
whereas includer-type genes such as the shoot-biased
NHX1 orthologue characterised here may be more
relevant to crops where some degree of shoot sodium
tolerance, rather than exclusion, is the more achievable
engineering target.
Several limitations should temper how directly these
findings are extrapolated to crop improvement. First, this
study used a single accession of each species, and both
intraspecific ~ variation in  salt tolerance and
population-level variation in the genes highlighted here
are well documented in related halophyte and glycophyte
systems, so the magnitude of the baseline expression
differences reported here should be treated as indicative
rather than as a fixed species-level constant [38].
Second, the 72-hour sampling window captures an acute
response and does not address whether S. salsa's
tolerance strategy remains stable, or shifts toward a
different balance of mechanisms, over longer-term
chronic salinity exposure more representative of field
conditions. Third, while the yeast complementation data
support a functional role for the candidate NHX1
orthologue, definitive evidence for its contribution to the
whole-plant  phenotype  would require  stable

Fv/Fra
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transformation and phenotyping in a plant background,
ideally including both loss-of-function analysis in S. salsa
itself, which remains technically difficult given the
absence of an established transformation protocol for
this species, and gain-of-function expression in a
glycophyte host.

A further consideration concerns the comparator species
choice. Quinoa, while a reasonable glycophyte
comparator on phylogenetic and physiological grounds,
is itself an unusually salt-tolerant crop relative to cereals
such as wheat, rice or maize, which means the
transcriptional and physiological gap we report between
S. salsa and C. quinoa likely understates, rather than
overstates, the gap that would be observed against a
more salt-sensitive staple crop. Future comparative work
extending this design to a genuinely salt-sensitive cereal,
alongside quinoa as an intermediate reference point,
would help establish whether the constitutive-expression
signature identified here scales predictably with the
degree of tolerance across a wider range of comparator
species, or whether it is a threshold property specific to
genuinely extremophile lineages such as Suaeda. It
would also be informative to test whether the
constitutive-expression pattern reported here for root and
shoot tissue extends to reproductive tissue, since seed
and flower salinity tolerance are agronomically important
traits in their own right and are not always governed by
the same regulatory logic as vegetative tissue responses
in halophyte systems studied to date.

A related open question concerns the epigenetic basis of
the constitutive expression pattern we observed. Several
halophyte genome studies have reported altered DNA
methylation and chromatin accessibility at
stress-responsive loci relative to glycophytic relatives,
and it remains untested in our system whether the
elevated baseline expression of SOS1, SOS2, NHX1 and
HKT1 in S. salsa reflects a stably heritable chromatin
configuration, a cis-regulatory sequence difference in
promoter architecture, or some combination of the two.
Resolving this question would have practical significance
for any transgenic strategy built on these findings, since
a chromatin-based mechanism would be considerably
harder to reproduce by simple promoter swapping than a
straightforward difference in cis-regulatory sequence
would be.

5. CONCLUSION

Comparative transcriptomics of the euhalophyte Suaeda
salsa and the glycophytic reference Chenopodium
quinoa across a controlled salinity gradient identified a
substantially larger differentially expressed gene set in S.
salsa, concentrated in ion transport, vacuolar transport
and osmolyte biosynthesis functional categories. Core
SOS-pathway and NHX/HKT ion-homeostasis genes
showed markedly elevated baseline expression in S.
salsa relative to C. quinoa, with comparatively modest
further salt-induced up-regulation, a pattern consistent
with a constitutively pre-adapted rather than purely
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inducible tolerance strategy. This transcriptional
signature tracked a clear physiological outcome: S. salsa
maintained a shoot Na+/K+ ratio below 4 at 600 mM
NaCl against a ratio exceeding 11 in C. quinoa, a
divergence attributable chiefly to shoot-level vacuolar
sequestration rather than to more effective root
exclusion. Heterologous expression of the shoot-biased
S. salsa NHX1 orthologue partially rescued growth of a
salt-sensitive yeast mutant under NaCl challenge,
supporting its candidacy for functional testing in a
glycophyte background. Taken together, these findings
nominate constitutive expression of a defined
ion-homeostasis gene module, rather than a
fundamentally novel gene repertoire, as the principal
transcriptional basis of euhalophyte salt tolerance in this
system. We are now pursuing stable transformation of
the candidate NHX1 construct under a constitutive
promoter into quinoa and, in parallel, into a salt-sensitive
cereal background, to test directly whether the partial
functional rescue observed in yeast translates into
improved whole-plant ion partitioning and growth under
salinity in planta. We also intend to extend the sampling
time course beyond the 72-hour acute window used here
to determine whether the constitutive-expression
strategy identified in this study is maintained, or
reconfigured, under the kind of chronic, lower-intensity
salinity exposure more typical of saline agricultural soils.
In parallel, we plan to generate a chromosome-level
reference genome for S. salsa, which is currently lacking,
to allow the orthology-based comparisons reported here
to be replaced with direct positional and cis-regulatory
analysis of the ion-homeostasis loci implicated in this
study, and to support a broader survey of copy-number
and structural variation at these loci across additional
halophyte lineages within Amaranthaceae.
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