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Abstract

Purpose Alkaline salinity constrains crop yield.
Previously, we observed local adaptation of Arabi-
dopsis thaliana to saline-siliceous soils (pH<7) and
to non-saline carbonate soils. However, no natural
population of A. thaliana was localized on saline-
alkaline soils. This suggests that salinity tolerance
evolved on saline-siliceous soils may not confer toler-
ance to alkaline salinity. This hypothesis was explored
by addressing physiological and molecular responses
to alkaline salinity of A. thaliana that differ in toler-
ance to either non-alkaline salinity or carbonate.
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Methods A. thaliana native to saline-siliceous soils
(high salinity, HS), non-saline carbonate soils (high
alkalinity, HA), or soils with intermediate levels of
these factors (medium saline-alkalinity, MSA) were
cultivated in common gardens on saline-siliceous or
saline-calcareous substrates. Hydroponics and irri-
gation experiments confirmed the phenotypes. The
growth, mineral concentrations, proline content,
osmotic potential, genetic variation distribution, and
expression levels of selected genes involved in salin-
ity and alkalinity tolerance were assessed.

Results HS performed best on saline-siliceous soil
and in hydroponics with salinity (pH 5.9). However,
HS was more sensitive to saline-alkaline conditions
than HA and MSA. The fitness under saline-alkaline
conditions was ranked according to MSA >HA > HS.
Under alkaline salinity, MSA best maintained ion
homeostasis, osmotic balance, and higher expression
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levels of key genes involved in saline or alkaline
tolerance (AHAI, root HKTI and FRO2, and shoot
NHXI and IRT]).

Conclusion In A. thaliana, salinity tolerance
evolved on saline-siliceous soils does not provide tol-
erance to alkaline salinity. Plants native to intermedi-
ate conditions (MSA) have more plasticity to adapt to
alkaline salinity than those locally adapted to these
individual stress factors.

Keywords Saline-alkaline soils - Arabidopsis
thaliana - Plasticity - Local adaptation - lonome

Introduction

Saline stress is one of the major constraints in agri-
culture. Soil salinization frequently co-occurs with
alkalinity, especially under arid and semiarid cli-
mates, in which high evapotranspiration rates move
an excess of soluble ions such as Na*, Ca**, Mg**,
K*, CO32_ and HCO;™ to the superficial soil layers.
Moreover, soil salinization may destroy the soil struc-
ture and cause changes in biological activity (Singh
2021). In addition to natural causes, human activities
such as crop irrigation add more soluble salts to soils.
Including both natural and anthropogenic origins, it is
estimated that 831 million hectares of Earth are cov-
ered by saline-alkaline soils (FAO 1973). On these
soils, plants need to cope with the deleterious effects
of both high pH and excess salts. Salinity causes both
ion toxicity and osmotic effects. Plant adaptive mech-
anisms towards NaCl salinity are well established.
Sodium enters NSCC (nonselective cation channels),
reducing the membrane potential. A huge energy
cost is spent removing Na™ from the cytosol, stor-
ing it in the vacuoles, or returning it to the apoplast
by salt overly sensitive 1 (SOS1) mechanisms. High
affinity potassium transporter 1 (HKTI) is an efficient
transporter that releases Na™ from the xylem and lim-
its Na™ transport to the shoots (Sandhu et al. 2017).
Weak alleles of HKTI favour leaf Na* accumula-
tion, which may be an advantage under fluctuating
and moderate saline conditions through contributions
to ABA signalling and osmotic adjustment (Busoms
et al. 2018).

The presence of high carbonate and bicarbonate
levels affects soil micronutrient availability, espe-
cially with respect to Fe and Zn (Marschner 1995).
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Moreover, bicarbonate alters the root cell membrane
potential, further enhancing nutrient deficiencies.
Carbonate/bicarbonate stress causes an imbalance in
plant carbon metabolism due to dark fixation of CO,/
HCO;™ (Poschenrieder et al. 2018). The observed
enhancement of the production of organic acids
and an inhibition of iron translocation from roots to
shoots may be consequences of this carbon imbal-
ance (Alhendawi et al. 1997). Better mobilization of
Fe from alkaline soil by root exudation of catechol
groups bearing phenolics has been identified as a
key process in tolerance to alkaline soils in A. thali-
ana (Terés et al. 2019). Higher expression of ferric
reduction oxidase 2 (FRO2) and iron-regulated trans-
porter 1 (IRTI) conveys tolerance to iron deficiency
(Connolly et al. 2003). Tolerance to alkaline salin-
ity has been less explored. However, several studies
performed with different plant species show more
destructive effects of salinity under high pH than
under neutral conditions (Gao et al. 2014; Zhang
et al. 2017b; Chuamnakthong et al. 2019).

The mechanisms behind these synergistic effects
are still not clearly established. Double stress exerts
a strong influence on root architecture. In compari-
son to NaCl stress alone, under mixed salt-alkaline
stress, the root architecture of Lotus tenuis changed
to a more herringbone structure, a phenotype with
a reduced number of lateral roots (Paz et al. 2012).
Under alkaline-saline conditions, a strong inhibition
of nutrient uptake, especially of nitrate and phos-
phate, in addition to micronutrient deficiencies and
a high Na*/K™ ratio may injure sensitive plants more
than saline stress caused by NaCl under neutral or
slightly acidic conditions (Gao et al. 2014). As under
saline stress alone, the capacity to accumulate com-
patible solutes is a key feature of tolerance to saline-
alkaline conditions. Enhancements of proline (Shi
and Sheng 2005), betaine, and soluble sugar concen-
trations are quantitively the most important changes
in osmotically active substances (Wang et al. 2018).

Halophytes have evolved extreme tolerance to
saline conditions. Geochemical modelling using spe-
cies distribution models for Australian grass species
suggests a correlation between salt and alkalinity tol-
erance (Saslis-Lagoudatis et al. 2015). In fact, many
well-known halophytes have evolved under extreme
saline-alkaline conditions (Akhani 2006). Saline-
alkaline habitats are characterized by the presence of
sodium carbonate, an electrical conductivity of more
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than 4 dS m~!, and a percentage of exchangeable
sodium higher than 15%. Lab studies with alkaline-
tolerant halophytes have used experimental exposures
up to 400 mM NaCl and pH values of 10 (Yang et al.
2007; Hajiboland et al. 2018). Such conditions far
exceed the tolerance limits of most crop plants and
of the A. thaliana genetic model (Hajiboland et al.
2018). Tolerance mechanisms revealed in studies
with these halophytes are of interest for both basic
plant biology and halophyte agriculture but may be
less relevant for the improvement of major crop spe-
cies, which are mainly glycophytes.

There is relatively little information on the mecha-
nisms underlying tolerance differences with respect
to saline stress under alkaline conditions in crop
plants. In Oryza sativa, the relative expression levels
of HKTI and SOSI were compared between two con-
trasting lines differing in alkaline-saline stress toler-
ance. Tolerant lines were able to more efficiently limit
Na™ accumulation in the leaves by higher activation
of both genes in comparison to sensitive lines. Fur-
thermore, Fe acquisition and rhizosphere acidification
genes were highly induced to maintain plant nutrient
homeostasis (Chuamnakthong et al. 2019). Exploring
tolerance mechanisms in natural populations of the
model plant A. thaliana locally adapted to moderate
levels of salinity and alkalinity may provide insights
into the underlying genetic background of traits that
will be useful in crop breeding, especially in a sce-
nario of climatic change, where soil salinization may
occur in the Mediterranean limestone basin (Tomaz
et al. 2020).

Differences in tolerance to salinity and moderate
carbonate levels as individual stress factors have been
described among natural populations of A. thaliana
in the NE region of Catalonia (Busoms et al. 2015;
Terés et al. 2019; Pérez-Martin et al. 2021). Recip-
rocal transplant and common garden experiments
comparing genetically distinct populations under
identical environmental conditions are efficient tools
to discriminate the effects of genetic and environmen-
tal variations on phenotypes (Johnson et al. 2021).
Using such approaches, we have previously shown
that coastal populations of A. thaliana perform bet-
ter under salinity than inland populations. However,
these studies were performed on siliceous substrates.
Inland populations native to areas located close to
limestone soils performed better on nonsaline cal-
careous soil with a moderate carbonate content than

coastal plants evolved on siliceous saline soils. The
species distribution model elaborated by Busoms
(2015) predicted the lack of A. thaliana in saline-
alkaline soil from this region, and several surveys
in different years confirmed this model prediction
(Busoms 2015). The distribution of A. thaliana is dis-
rupted at coastal locations with saline, lime-rich soils.
This indicates that tolerance to saline-alkaline field
conditions has still not evolved in this species in the
region of NE Catalonia. Nonetheless, the presence of
tolerance mechanisms to counteract moderate saline
or alkaline conditions as individual stress factors in
our A. thaliana populations makes these plants ideal
for exploration of the involvement of these tolerance
mechanisms to alkaline salinity resistance.

Thus, the primary objective of this study was to
examine the contributions of individual saline and
alkaline tolerance mechanisms to tolerance of double
stress. For this purpose, we analysed the germina-
tion, growth, and reproductive fitness of A. thaliana
demes (multiple small stands or local populations)
native to different soils: nonalkaline saline soils (HS),
nonsaline carbonated soils (HA) and soils with inter-
mediate levels of salinity and carbonate (MSA). The
experiments were performed in common gardens
and controlled laboratory conditions using saline and
saline-alkaline soils or solutions. Moreover, determi-
nation of the contributions of selected genes with an
established role in the tolerance to alkalinity or salin-
ity as individual stress factors was approached by
qPCR.

Materials and methods
Plant and soil materials

In previous studies, natural variations in A. thaliana
populations from Catalonia were tested in multiyear
small-scale common gardens under saline and car-
bonated conditions (Busoms et al. 2015; Terés et al.
2019). Seeds from reciprocal transplant experiments
performed in 2015 were stored under cold (4 °C) and
dry conditions until the beginning of the experiments.
Col-0 seeds were included as a reference genome and
were purchased from Nottingham Arabidopsis Stock
Centre NASC (Scholl et al. 2000). Prior to use, seeds
were surface sterilized by soaking in 70% (v/v) eth-
anol for 1 min, suspended in 30% (v/v) commercial
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Clorox bleach and 1 drop of Tween-20 for 5 min and
rinsed 5 times in sterile 18 MQ Milli-Q water. Seeds
were stratified for 4 days at 4 °C to synchronize ger-
mination. The population coordinates and lines used
in each experiment are detailed in Supplementary
Dataset S1.

Soils from the native Catalan populations of A.
thaliana were sampled, excavated at 10 cm depth and
transported to the laboratory for further analysis. For
the greenhouse experiments, soils from two differ-
ent locations along the Catalan coast were excavated
and transported to the greenhouse at the Universitat
Autonoma de Barcelona (UAB). The saline siliceous
soil was excavated at Blanes (41°53'42”N 3°01'11"E),
while the saline-alkaline soil was obtained from
I’Escala (42°13'03”N 3°11'30"E).

GIS data extrapolation

To estimate the geologic, edaphic and climatic
parameters of each habitat of the A. thaliana natural
populations, native soil, coordinate locations, and
public maps from the Institut Cartografic i Geologic
de Catalunya (ICGC) and the European Soil Data
Centre (ESDAC) database (Panagos et al. 2012) were
combined using Miramon v8 (Pons 2004) and Q-GIS
(http://qgis.osgeo.org). Maps of soil properties at the
European scale, based on Lucas 2009/2012 topsoil
data, were used to extract the following variables: pH
(measured in H,0), cation exchange capacity (CEC),
and calcium carbonate (CaCOj;) content (Ballabio
et al. 2019). To determine whether the distribution
based on these soil characteristics of A. thaliana in
Catalonia matched the A. thaliana distribution on a
larger scale, the HapMap population coordinates were
used (https://1001genomes.org) to combine our data
with the European maps (Supplementary Dataset S2).

Soil physical and chemical analyses

Six independent samples of each soil type were used
for the analyses. The soil characterization was per-
formed on air-dried 2-mm fraction samples. For the
measurement of soil pH and electric conductivity
(EC), 25 mL of 18 MQ water was added to 5 g of
soil in a Falcon tube. After mixing at constant rota-
tion for 30 min, the pH was measured using a pH
metre (Basic 20+, Crison, Barcelona. Spain), and
CE was determined with a conductometer (Hanna,
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Woonsocket, Rhode Island, USA) (Sonmez et al.
2008). Texture, water holding capacity (WHC) and
organic matter were determined following the meth-
ods described by Porta et al. (1986). The calcium car-
bonate content (%) was measured according to Loep-
pert and Suarez (1996).

To determine the available mineral nutrient con-
centrations, 5 g of soil was dried at 60 °C for 48 h
in 50-mL Falcon tubes. Each sample was diluted to
6.0 mL with DTPA-NH, and analysed for B, Ca, Co,
Cu, Fe, K, Mg, Mn, Mo, Na, Ni, P, S, and Zn on an
ELAN-DRCe ICP-MS instrument (PerkinElmer,
SCIEX). National Institute of Standards and Technol-
ogy (NIST) traceable calibration standards (ULTRA
Scientific) were used for calibration (Soltanpour and
Schwab 1977).

Plant ionome

The plant material was dried for 4 days at 60 °C.
Approximately 0.1 g was used to perform open-air
digestion in Pyrex tubes using 0.7 mL concentrated
HNO; at 110 °C for 5 h in a hot-block digestion sys-
tem (SC154-54-Well Hot Block™, Environmental
Express, SC, Charleston, USA). The concentrations
of the following elements (Ca, K, Mg, Na, P, S, B,
Mo, Cu, Fe, Mn and Zn) were determined by induc-
tively coupled plasma optical emission spectroscopy
ICP-OES (Thermo Jarrell-Ash, Model 61E Polyscan,
England) (Soltanpour and Schwab 1977).

Greenhouse experiment

In January 2019, 19 A. thaliana demes and Col-0
were sown in contrasting saline and saline-alkaline
soils. Five seeds of each deme were sown in 30 pots
(15 of each soil type) and distributed randomly in the
greenhouse. Two weeks after germination, seedlings
were thinned out so that only one plant per pot was
left. Irrigation was applied twice a week. Every week,
photographs of the entire rosette were taken. The
number of siliques was counted at plant maturity. Air
temperature, humidity and sun incidence were moni-
tored throughout the experiment.

Salinity-alkalinity tolerance assays

Plate culture For germination assays, sterilized
seeds from each deme were sown in plates under a
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flow cabinet with sterile material. Plates contained
4 treatments: control (Y2 Murashige & Skoog media
M5524 (MS), Sigma—Aldrich, pH 5.9), neutral salin-
ity (¥2 MS NaCl 50 mM, pH 5.9), alkalinity (Y2 MS
10 mM NaHCO;, pH 8.3), and alkaline-saline treat-
ment (Y2 MS NaCl 40 mM+10 mM NaHCO;
pH 8.3). For each deme and treatment, a total of 60
seeds were divided among 4 plates. All plates con-
tained 0.6% Phyto-agar (Duchefa, Haarlem, The
Netherlands), and solutions were buffered using dif-
ferent proportions of MES and BTP depending on
the final pH. Plates with seeds were kept at 4 °C for
synchronizing germination. After 4 days under strati-
fication treatment, plates were moved to a growth
chamber (12 h light/12 h dark, 150 pmol cm s~
40% humidity and 25 °C). Germination and radicle
emergence were checked daily using a stereomicro-
scope (Zoom 2000, Leica, Wetzlar, Germany) during
the following 10 days.

Hydroponic experiment Sterilized seeds of demes
from 6 coastal (HS), 4 intermediate (MSA), and 4
inland (HA) demes were sown in 0.2 mL tubes con-
taining 0.6% agar prepared with %2 strength Hoagland
nutrient solution (Y2 Hoagland, pH 5.9). Seeds were
kept at 4 °C for 4 days in the dark to synchronize
germination and placed in the growth chamber (12 h
light/12 h dark, 150 pmol cm™%s~!, 40% humidity
and 25 °C). After root emergence (approximately
48 h), the bottoms of the tubes containing seedlings
were removed, and the tubes were placed in 150 mL
hydroponic containers with aerated nutrient solu-
tion (2 Hoagland, pH 5.9). The nutrient solution
was replaced every 2 to 3 days to maintain a con-
stant concentration of nutrients in the solution. When
15 days old, the seedlings were separated into dif-
ferent sets. To avoid osmotic shock, the treatment
solutions were gradually increased in each set to
achieve the final treatment conditions after one week.
The following treatments were applied: control (Y2
Hoagland, pH 5.9) and two alkaline-saline treatments
(2 Hoagland + NaCl 40 mM+10 mM NaHCO;,
pH 8.3 and %2 Hoagland + NaCl 60 mM+ 15 mM
NaHCO;, pH 8.3). Neutral pH solutions were buff-
ered with 1:2 MES-BTP, while for high pH solu-
tion, 2:1 MES-BTP was used. The control and treat-
ment solutions were replaced every 3 days. Plants
remained under these conditions for two weeks.
Every third day, photographs of the entire plant were

taken. Thirty-seven-day-old plants were harvested,
and leaves and roots were photographed, weighed and
stored at —80 °C. The rosette diameters were scored,
and the length of the largest root of each plant was
measured using ImagelJ software (Bourne 2010; Sch-
neider et al. 2012).

Irrigation experiment Plants from selected demes
of all groups (HA, inland; MSA intermediate habi-
tat; HS coast) were cultivated individually in square
pots of 10-cm diameter in sterilized quartz sand.
The selected demes were Al (HA), T6 (HS), LG5
(MSA), V1 (MSA), V3 (MSA) and Col-0 as a refer-
ence. Sterilized seeds were sown on wet soil, and the
pots were covered with polyvinyl chloride film until
the seedlings had germinated. Pots with germinated
seedlings were placed in a growth chamber with a
12-h light/12-h dark photoperiod, an irradiance of
150 mmol m~2 s~!, and a constant temperature of
22 °C. Plants were watered with % strength Hoagland
solution at neutral pH 5.9 every 2 to 3 days. After
2 weeks, seedlings of each deme were split into 4
groups, and different treatments were applied (n=38).
To avoid osmotic shock, the treatment solutions were
gradually increased to achieve the final treatment
conditions after one week. The applied treatments
were control (Y2 Hoagland, pH 5.9), salt (Y2 Hoagland
+75 mM NaCl, pH 5.9), alkaline (¥2 Hoagland
+15 mM NaHCO;, pH 8.3), and alkaline-saline
conditions (¥2 Hoagland +60 mM NaCl +15 mM
NaHCO;, pH 8.3). Solutions at pH 5.9 were buffered
with 1:2 MES-BTP, while for high pH solutions, 2:1
MES-BTP was used. After 2 weeks under treatment
conditions, chlorophyll content was measured (see
below), and plant material was collected and sepa-
rated into roots and shoots. The roots were carefully
rinsed with deionized water, and the fresh weights
of the roots and shoots were measured prior to stor-
age at —80 °C. Chlorophyll contents were measured
in leaves under different treatments. Leaf chlorophyll
concentrations were obtained using a SPAD chloro-
phyll metre (CCM-200, Opti-Science, Hudson, USA).
To measure the osmotic potential, two full leaves were
thawed and inserted into a 1 mL syringe stuffed with
fibreglass. Sap samples (50 pL) were collected, and
their osmolality was measured with a freezing-point
depression osmometer (Osmoat 3000, Gonotec). Pro-
line content was determined colorimetrically using a
method adapted from Bates et al. (1973). Briefly, leaf

@ Springer



Plant Soil

(A)

(E)

PC2 (10,53 %)

Na (mg/g)

Sal-Alk

PC1 (34,1 %)

400

2004

V3.
g ve?
V33
V12
°
Vi3
V1A
Ovia
RO2.1 R02 3
®
SCF 21304
SCF.AM4 Pg Rgz 214
JBB2 @@ $

JBB.1

T13.3® J9-2/4 7%

M22
O Lm2.1

LM2.4

-200 1

O3 igfl AT2I3
T3 gas %“' 11/4

T6. 3 TG 4
- 4
T11.1/2/3/14 SFG

LLO2.
pA10.2 PA104

(nu A51/2
T8 e,

os 3
JBB.34 oy 2.
112/3/4

Ll

M23 1653 LG54

@ Springer

@ pp03 LG7. 4. ® 1651
PA10.1 L6, LG7 ' Les2
T T T T
-200 0 200 400

PC1 (15,61 %)

e HS
o HA
e MSA




Plant Soil

«Fig. 1 Arabidopsis thaliana distribution and soil characteris-
tics. A Geographic location of the European (black circles) and
Catalan (black stars) A. thaliana demes and the two soil sam-
pling points (purple circles) in the saline-alkaline soil map of
Europe. B Soil carbonate (CaCO,) vs soil Na* content, C PCA
of soil parameters, and D normalized difference of 14 elements
in the native soils of 19 A. thaliana demes. E Whole-genome
PCA (37,574 SNP sites) of 76 A. thaliana individuals from our
study region. Colors classify the A. thaliana demes in three
groups according to its native soil characteristics: HA-plants
(low Na* and high CaCO,, blue); MSA-plants (intermediate
levels of Na* and CaCO;, green); and HS-plants (high Na* and
low CaCO; red)

material (50 mg) was homogenized in 1 mL 3% (w/v)
sulfosalicylic acid and centrifuged at 12,000 rpm for
10 min at 4 °C. The supernatant was supplemented
with ninhydrin (250 pL) and glacial acetic acid
(250 pL) in a test tube. The mixture was heated in a
water bath at 100 °C for 60 min, and then the reaction
was stopped with ice. The mixture was extracted with
a 0.3 volume of toluene, and the absorbance was read
at 520 nm using a TECAN-Spark Reader (n=4 per
deme per treatment).

A detailed outline of the experimental designs is
shown in Supplementary Fig. S1; the demes used in
each experiment are detailed in Supplementary Data-
set S1.

Gene expression analysis

Frozen leaf material of plants from the irrigation
experiments was used for RNA extraction. Total
RNA was extracted using a PROMEGA RNA
plant kit following the manufacturer’s instructions.
Total RNA was used to produce cDNAs using the
iScriptTM cDNA Synthesis Kit (Bio—Rad, Her-
cules, CA, USA) with 1 pL iScript Reverse Tran-
scriptase +4 pL 5x iScript Reaction Mix + Sam-
ple+Molecular Water to obtain a 20 pL volume.
Samples were run in a thermocycler (48-well MJ
MiniTM, Bio-Rad, Hercules, CA, USA) for 5 min
at 25 °C, 30 s at 42 °C, and 5 s at 85 °C. Fifty-fold
dilution of the cDNAs was performed with water
(Molecular Biology Reagent, Sigma—Aldrich, St.
Louis, MO, USA). Diluted cDNA (1:50) was used
as a template for quantitative PCRs using iTaq Uni-
versal SYBR Green Supermix (Bio—Rad, Hercu-
les, CA, USA). Real-time detection of fluorescence
emission was performed on a CFX384 Real-Time

System (Bio—Rad, Hercules, CA, USA) using the
following conditions: denaturation step for 10"
at 95 °C followed by annealing and extension for
30" at 60 °C. A total of 40 cycles were run. A melt
curve was performed, increasing from 65.0 °C
to 95.0 °C by 0.5 °C every 5 s. Plates were edited
using CFX manager version 3.1 software. Primers
from selected genes were designed using the NCBI
Primer-BLAST tool (Ye et al. 2012). The sequences
of the primers used are detailed in Supplementary
Dataset S10. The expression of target genes was
normalized to the expression levels of the Actin2
and Tubulin genes of A. thaliana (Dekkers et al.
2012). The relative expression (RE) of each gene
was calculated in comparison to the control treat-
ment. The expression of the target gene relative to
the expression of the reference gene was calculated
using the 2724 method (Livak and Schmittgen
2001).

Statistical analysis

PCAs were performed on the genome-wide SNP
data using the gIPCA function of the adegenet R
package (Jombart and Ahmed 2011). PCAs were
visualized using ggplot2 (Wickham et al. 2016).
The genome-wide SNP dataset was linkage dise-
quilibrium-pruned using custom scripts and further
filtered to include only putatively neutral fourfold
degenerate sites (37,574 SNPs in total). PCAs were
performed using 75 samples (4 plants of 19 demes
except LLO2.1, which was excluded) from Busoms
et al. (2018).

Data normality was checked for all phenotypes,
and nonnormal data were transformed before apply-
ing any parametric tests. Mean-standardized values
( 1<value >1) of elemental contents of soil and
leaf material were used to represent the radar plots
and compare each group. One-way or multivari-
ate ANOVA was used to test for significant differ-
ences (p value <0.05) between means of data with
respect to fitness, elemental contents of soil and
leaf material, and gene expression. To test for cor-
relations between two variables, a bivariate fit was
applied. To perform multiple comparisons of group
means, we used Tukey’s HSD. The phenotypic
plastic responses of different A. thaliana groups
were expressed by their slopes of growth (rosette
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diameter) in the soil reciprocal transplant, and their
plasticity was shown by the absolute values of the
slopes (Gao et al. 2018). All statistical analyses
were performed using SAS Software JMP v.16.0
(https://www.jmp.com/es_es/home.html).

Results

Distribution of native A. thaliana demes according to
climate, soil and genetic characteristics

The A. thaliana demes used in this study occur spon-
taneously in the northeast region of the Iberian Pen-
insula (Fig. 1A), which corresponds to the southern
edge of the distribution area of this species (Kramer
2015). Almost all Catalan A. thaliana populations
occur in the same climatic region, which corresponds
to the Mediterranean coastal climate. Coastal and
inland demes have been distinguished based on the
salinity concentrations in the soils (Busoms et al.
2015). However, the distribution of A. thaliana demes
was clearly interrupted in the saline-alkaline areas of
the coast (dark green areas in Fig. 1A). Soils in these
areas have high salinity, high pH and high carbon-
ate contents. Coastal populations only occur on sili-
ceous substrates with slightly acidic pH values (Sup-
plementary Fig. S2 and Supplementary Dataset S2).
Previous work has provided evidence that Arabidop-
sis populations from this region harbour substantial
genetic variability and exhibit adaptive variation to
elevated salinity (Busoms et al. 2015, 2018) and to
moderate soil carbonate content (Terés et al. 2019).
According to the Na* and CaCO; concentrations of
their native soils, the Catalan A. thaliana demes were
split into three categories: HA plants from soils with
high CaCOj; contents and low salinity (average values
9.4% CaCOs,, 44 Na* mg g~'); MSA plants native to
soils with intermediate carbonate levels and salinity
(5.7% CaCO,, 61 Nat mg g™'); and HS plants from
soils with low CaCO; contents and high salinity
(0.65% CaCO5, 129 Na* mg g™ (Fig. 1B).

Native soil parameters (organic matter (OM, %),
pH, water holding capacity (WHC, mL/g), CaCO;
(%), Ca (mg/g), chloride, Co (mg/g), Cu (mg/g), Fe
(mg/g), K (mg/g), and Mg (mg/g)) monitored from
2013 to 2015 (Busoms 2015) were used as input to
perform a principal component analysis (PCA). Soil
Na, Mg, Mo, chloride and sulfate define the demes
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of HS groups, while Fe, Zn, K, P, pH, CaCO; and
WHC differentiate HA demes (Fig. 1C). Correla-
tions between the different parameters of the native
soils (pH, OM, WHC and nutrients) can be found in
Supplementary Dataset S3. Figure 1D represents the
mean relative values of available mineral nutrients in
the native soil of each group. HS soil was character-
ized by higher Na™, Mg and Cl concentrations, while
higher K* concentrations were found in soils from
MSA and HA. Phosphorus, Zn and Ni concentrations
were higher in HA than in MSA with intermediate
levels of carbonate and salinity (Supplementary Data-
set S3).

To gain an understanding of the demography of
our demes, we performed a whole-genome PCA
(Fig. 1E). Most of the demes are highly clonal, and
there is no clear differentiation by location or geog-
raphy. However, in general, MSA plants are the most
divergent from the rest, suggesting that the genetic
diversity of these demes might enclose interesting
molecular signatures of selection.

Reciprocal soil transplant experiment

To reveal potential differences in fitness among
demes in response to salinity on alkaline or siliceous
substrates, a reciprocal soil transplant experiment
was established in a greenhouse. Plants were grown
from seeds in pots filled with either saline-siliceous
or saline-alkaline soil. Both soils had a similar
sandy—loam texture and salinity levels but clearly dif-
fered in pH (6.5 vs. 8.4) and carbonate content (2%
vs. 18%) (Supplementary Fig. S3A). The nutrient
availability of both soils was also considerably differ-
ent. Higher Fe, Zn, Mn, and Mg concentrations were
found in the saline-siliceous soil, while Na* and K*
concentrations were similar in both (Supplementary
Fig. S3B and Dataset S4).

Plant fitness was assessed by measuring the rosette
diameter of 5-week-old plants (Fig. 2A) and the num-
ber of siliques per plant at maturity (Fig. 2B). On
saline-siliceous soil, plants of HS, native to this soil
type, performed better than plants from HA or MSA
(Fig. 2A, B). In contrast, in saline-alkaline soil, the
best performance was observed for MSA plants native
to soils with intermediate levels of salinity and alka-
linity. Plants adapted to saline-siliceous soils suffered
a severe reduction in growth and number of siliques
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when cultivated on saline-alkaline soil (Fig. 2A, B
and Supplementary Dataset S5).

The phenotypic plastic responses based on rosette
diameters were calculated considering the absolute
values of the slope (Gao et al. 2018) of the line con-
necting the values from saline to alkaline saline com-
mon gardens (Fig. 2C). The interactions between
demes and growth conditions (soils) showed signifi-
cant effects (P <0.05) on rosette diameter and number
of siliques, indicating significantly different reaction
norms among plant groups (Supplementary Dataset
S5). The plasticity index based on rosette diameter
shows that plasticity is a major factor responsible for
the better growth of MSA plants on alkaline-saline
soil. In contrast, HS plants were maladapted to alka-
line-saline conditions, while HA plants revealed low
plasticity (Fig. 2C).

Plants from different groups also differed in the
relative leaf ion concentrations when grown on the
contrasting soils (Fig. 2D, E and Supplementary
Dataset S6). Plants adapted to saline-siliceous soils
(HS) were able to maintain higher K* concentrations
on saline soil than plants from HA and MSA, while
concentrations of Mo and P were considerably lower
in HS plants (Fig. 2D). In the saline-alkaline soil,
MSA plants maintained higher leaf concentrations of
all analysed nutrients (Fig. 2E). Sodium concentra-
tions were similar in MSA and HS plants; only HA
plants better restricted Na* transport to the leaves.

Saline-alkaline stress experiments

To further confirm the differential responses of A.
thaliana demes to saline-alkaline conditions, germi-
nation tests and hydroponic cultures were performed.
Under control conditions, the germination rates deter-
mined on agar plates did not differ among the three
groups. Moderate salinity (50 mM NaCl) applied at
a slightly acidic pH (pH 5.9) somewhat reduced the
germination rates in all three groups to a similar
extent. In contrast, under nonsaline-alkaline condi-
tions (10 mM NaHCO;, pH 8.3), germination rates
were higher in demes native to soils with the high-
est carbonate level (HA) and lowest in demes locally
adapted to salinity on siliceous soil (HS). The saline-
alkaline treatment (40 mM NaCl +10 mM NaHCO;)
almost completely inhibited the germination of HS
plants, while in HA and MSA, the germination rates
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were similar to those observed with respect to NaCl
salinity under slightly acidic pH conditions (Fig. 3A).
The germination rates of the demes under the alka-
linity treatment were positively correlated with the
soil carbonate content in their native habitats but
negatively correlated with the corresponding soil Na*
contents. A negative correlation between the germi-
nation rate and native soil Na* was also observed for
the alkaline-saline treatment (Supplementary Dataset
S7).

For the evaluation of the growth performance
under saline-alkaline conditions, two levels of stress
were assayed: a moderate stress level with 40 mM
NaCl +10 mM NaHCO; (pH 8.3) and a strong stress
level with 60 mM NaCl +15 mM NaHCO; (pH 8.3).
The strong treatment reduced root and leaf length in
all three groups (Fig. 3B). Under moderate saline-
alkaline stress, plants from HA and HS also suffered
inhibition of root and leaf elongation, while MSA
plants were hardly affected (Fig. 3B, Supplementary
Dataset S7). These results confirm the superior toler-
ance of MSA plants to saline-alkaline stress.

Further experiments using sand cultures irrigated
with different treatment solutions confirmed the supe-
rior behaviour of MSA plants under saline-alkaline
conditions and the best performance of HS plants
under saline, slightly acidic pH conditions (Fig. 3C;
Supplementary Fig. S4). A. thaliana Col-O plants
were included here as a reference. Tolerance to the
saline-alkaline treatment of the Col-0 plants was sim-
ilar to that of MSA; only the relative rosette diameter
was more inhibited in Col-0 (Fig. 3C).

To determine the physiological adaptative
responses of the different plant groups under alkaline-
saline conditions, chlorophyll, proline, osmotic poten-
tial and nutrient mineral content were determined.
Plants of the HA group were the best at maintaining
leaf chlorophyll concentrations under alkaline condi-
tions, while HS plants were superior under high saline
conditions (pH 5.9). Under alkaline-saline conditions,
MSA maintained the highest chlorophyll concentra-
tions. In contrast, Col-0O suffered a marked decrease
in leaf chlorophyll under alkaline-saline conditions
(Fig. 3D; Supplementary Dataset S8).

Leaf mineral nutrient concentrations of plants
from the irrigation experiments were similar to those
obtained under greenhouse conditions. Regarding the
relative Na™ content, in saline and alkaline conditions,
all plant groups showed similar responses. However,



Plant Soil

(A)

Germination rate

Alkaline Sal-Alk Saline

Control

(€)

0,2-

Root length
o
Al

Relative
W)
o P o o
® OO0 w o
FEE R S

Alkaline

Sal-Alk Saline

Fig. 3 Salinity-alkalinity tolerance of A. thaliana groups.
A Germination rate (%) + SE of Arabidopsis seeds sown in MS
plates with no NaCl or NaHCO; (Control treatment, pH 5.9),
with 50 mM of NaCl (Saline treatment, pH 5.9), with 10 mM
NaHCO; (Alkaline treatment, pH 8.3), or with 40 mM NaCl
+10 mM NaHCO; (Sal-Alk treatment, pH 8.3). Letters indi-
cate significant differences (Tukey’s HSD, P <0.05) between
A. thaliana groups: HA=blue, MSA=green, HS=red.
B Mean+SE of rosette diameter (cm) and root length (cm)
of A. thaliana plants cultivated in hydroponics under Control
(0 mM NaCl +0 mM NaHCO; pH 5.9, grey), Sal-Alk-1 treat-
ment (40 mM NaCl +10 mM NaHCO; pH 8.3, light green),

under alkaline-saline conditions, leaf Nat uptake in
Col-0 and HS was higher than that in MSA. The HS
group showed the highest K*/Na*' ratio under saline
conditions, while the MSA group outperformed
the HA and HS individuals under alkaline saline
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and Sal-Alk-2 treatment (60 mM NaCl +15 mM NaHCOj;
pH 8.3, dark green) for 15 days. Letters indicate significant dif-
ferences (Tukey’s HSD, P <0.05) between treatments for each
A. thaliana deme group. Relative C growth parameters (rosette
diameter, root length and biomass) and D leaf chlorophyll of
HA (blue), MSA (green), HS (red), and Col-0 (purple) plants
cultivated in 2:1 sand:perlite substrate irrigated with no NaCl
or NaHCO; (Control, pH 5.9), with 50 mM of NaCl (Sal,
pH 5.9), with 10 mM NaHCO;, (Alk, pH 8.3), or with 40 mM
NaCl +10 mM NaHCOj; (Sal-Alk, pH 8.3) for 15 days. Let-
ters indicate significant differences (Tukey’s HSD, P <0.05)
between A. thaliana groups for each treatment

conditions. Higher concentrations of leaf Fe were
observed in HA plants under alkaline-saline and saline
conditions (Fig. 4A; Supplementary Dataset S8).
Plants from the MSA group showed the high-
est relative osmotic potential under alkaline-saline
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Fig. 4 Physiological plant (A)

responses of A. thaliana
groups. Relative leaf A
Na*, K*/ Na™ ratio and Fe
nutrient content, B osmotic
potential, and C proline
content of HA (blue), MSA
(green), HS (red), and Col-0
(purple) plants cultivated

in 2:1 sand:perlite substrate
irrigated with no NaCl

or NaHCO; (Control,

pH 5.9), with 50 mM of
NaCl (Saline, pH 5.9), with
10 mM NaHCO;, (Alkaline,
pH 8.3), or with 40 mM
NaCl +10 mM NaHCO,
(Sal-Alk treatment, pH 8.3)
for 15 days. Letters indicate
significant differences
(Tukey’s HSD, P <0.05)
between A. thaliana groups
for each treatment (8)
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conditions. Only plants from the HS group had simi-
larly high values, but under nonalkaline salinity. HA
individuals showed the highest osmotic adjustment
capacity under the alkaline treatment (Fig. 4B; Sup-
plementary Dataset S8). Under salt stress, proline
accumulates as a major organic osmolyte in A. thali-
ana (Verbruggen et al. 1993). Here, we observed an
increase in leaf proline concentrations in all individu-
als under saline (HS > MSA >HA) and saline-alkaline
conditions (MSA>HS>HA), with MSA being the
only group showing significantly higher relative pro-
line content under saline-alkaline treatment (Fig. 4C;
Supplementary Dataset S8).

Molecular analyses
Quantitative PCR analysis of the selected genes per-
formed 10 days after exposure to the different treat-

ment solutions revealed that AHAI was activated by
alkaline-saline conditions, especially in the roots and
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leaves of MSA plants (Fig. SA). SOSI was enhanced
by salinity stress in all plants, especially in the root
tissue (Fig. 5B). However, in T6 individuals (HS),
this gene was highly expressed in the plants submit-
ted to nonalkaline salinity, but not when they were
exposed to saline-alkaline stress. Interestingly, SOS1
expression was less or equally induced in almost
all the plants subjected to saline-alkaline treatment
(Fig. 5B). NHXI was clearly activated by salinity in
the roots and leaves of HS plants. Moreover, under
alkaline-saline conditions, MSA plants also exhib-
ited higher expression of NHXI in their aerial tis-
sue (Fig. 5C). Nonalkaline salinity enhanced HKTI
expression in the roots of HS, MSA and Col-0, while
under alkaline salinity, only MSA plants were able to
strongly upregulate HKT1 (Fig. 5G).

Regarding FRO2, the alkalinity treatment
enhanced the expression in all plants, but alkaline-
saline exposure only increased the expression of
FRO2 in the MSA plants (Fig. 5D). The nonsaline
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alkalinity treatment also induced the expression of
IRT1I in the roots of almost all the plants but only in
the leaves of HA plants. Alkaline salinity did not sig-
nificantly alter IRT1 expression, except for enhanced
expression in the leaves of MSA plants (Fig. 5E).
FPN?2 was activated under alkaline conditions, espe-
cially in the roots of HA, MSA, and Col-0 plants.
Nonalkaline salinity also caused enhanced expres-
sion of FPN2 in MSA, while alkaline salinity did not
enhance FPN2 expression in any group (Fig. 5F).

Discussion

It is widely known that saline-alkaline conditions are
more stressful to plants than salinity under slightly
acidic or neutral pH conditions (Shi and Sheng 2005;
Gao et al. 2014). Our results clearly demonstrate that
A. thaliana demes locally adapted to salinity on sili-
ceous soils (pH 5.9) are more sensitive to saline-alka-
line conditions than plants adapted to soils with rather
moderate levels of salinity and carbonate (Figs. 2 and
3). Even so, most studies addressing the molecular
genetic mechanisms underlying salinity tolerance in
A. thaliana are performed under slightly acidic pH
(e.g., DeRose-Wilson and Gout 2011; Busoms et al.
2015); many authors do not even mention the pH
conditions of the treatments applied (e.g., Julkowska
et al. 2016; Liu et al. 2020), and studies with A. thali-
ana seldom include bicarbonate in the saline treat-
ment solutions (e.g., Jia et al. 2017).

Local adaptation to soil conditions in NE Catalonia

In NE Catalonia, A. thaliana demes exhibit a particu-
lar distribution. In previous studies, we have shown
that soil Na® drives divergent selection of coastal
demes with higher tolerance to salinity (Busoms
et al. 2015). These demes (HS) occur exclusively on
siliceous saline soils. Soil carbonate (pH >7) is a fur-
ther factor for the local adaptation of A. thaliana at
nonsaline inland sites (HA demes) (Terés et al. 2019),
despite the rarity of finding wild A. thaliana demes
on alkaline soils (Fig. 1A). Based on soil character-
istics and phenotype data, we defined a third group
of plants (MSA) from habitats with intermediate soil
levels of Na* and carbonate (Fig. 1B). However, no
A. thaliana demes were found under the harsh con-
ditions of coastal saline-alkaline habitats with both

high Na* and carbonate concentrations. This is illus-
trated by the fact that the distribution of A. thaliana
demes on the Catalonian coast is restricted to saline-
siliceous soils on plutonic rocks and interrupted
characteristically on coastal calcareous dolomites,
limestones, sandstones and gypsum (Fig. S2A). This
distribution indicates that in our region, local adap-
tation to strong saline-alkaline conditions has not
evolved in A. thaliana. Apparently, this also seems
to be the case at the European scale because any of
the georeferenced European ecotypes located in the
saline soils (Na* > 150 mg/g) exceed respective pH or
CaCO; levels higher than 7.4 or 9% in coastal loca-
tions or 7.8 or 42% in inland sites (Supplementary
Dataset S2).

Plants able to adapt to alkaline-saline conditions
must efficiently manage multiple stress factors: high
Na*, low osmotic potential, low availability of micro-
nutrients, especially Fe and Zn, and imbalance of
carbon metabolism due to dark fixation of inorganic
carbon (Poschenrieder et al. 2018). PCA using phys-
ico-chemical characteristics of the native soils of the
A. thaliana demes analysed here confirmed the clear
separation of the three plant groups (Fig. 1C). Chlo-
ride content, sulfate and Mg, and Mo and Na are cor-
related, and they overlap with the coastal populations,
while Ca, Zn and P concentrations are correlated and
are characteristic of alkaline soils. Differences in
the relative availability of soil nutrients among the
habitats further characterize the three plant groups
(Fig. 1D).

Although soil Na* and carbonate concentra-
tions clearly distinguish HA and HS demes and we
previously have shown that these soil factors drive
local adaptation in A. thaliana demes in this region
(Busoms et al. 2015; Terés et al. 2019), the whole-
genome PCA does not reveal a clear stratification by
soil of the 3 groups (Fig. 1E). Our previous studies
(Busoms et al. (2018)) revealed that these Catalan
demes are not Iberian relicts and that they share most
of the genome with the European accession. Nonethe-
less, they harbour high genetic diversity when exam-
ining particular genes or regions that have been the
target of selection agents. Here, we found contrasting
phenotypic differences both in greenhouse common
gardens and hydroponics under saline-alkaline condi-
tions (Figs. 2 and 3), suggesting that the genetic vari-
ability present on these demes could have positive or
negative consequences under this combined stress.
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«Fig. 5 Effects in expression of salinity and alkalinity respon-
sive genes. Relative transcript expression (treatment vs control)
of A AHAI, B SOS1, C NHX1, D FRO2, E IRTI, F FPN2 and
G HKTI in shoots and roots of triplicate biological replicates
of plants from Al (HA), LG5 (MSA), V1 (MSA), V3 (MSA),
T6 (HS) demes and Col-0 (Ref) exposed to salinity (50 mM of
NaCl, pH 5.9, red bars), alkalinity (10 mM NaHCO;, pH 8.3,
blue bars), or salinity-alkalinity (40 mM NaCl +10 mM
NaHCO;, pH 8.3, green bars) for 15 days. Data represent the
mean + SE of three plants per accession. Letters indicate signif-
icant differences (Tukey’s HSD, P <0.05) between treatments
for each A. thaliana deme

Phenotypic differences under saline-alkaline stress

Although A. thaliana is unable to colonize the
saline—alkaline soils of the Catalonian coast, plants
from all three groups were able to grow in common
gardens on alkaline saline-soil under greenhouse con-
ditions. The lack of competition in the experimental
pots and the regular irrigation to field capacity pro-
vided less stressful conditions. The main obstacle
for coastal demes from siliceous soils to colonize the
nearby alkaline saline soils seems to be the strong
inhibition of the germination rate. All A. thaliana
demes inhibited germination on alkaline-saline sub-
strates. HS plants were most severely inhibited, while
HA and MSA plants had similar germination rates
(Fig. 3A). Synergistic effects of salinity and alkalin-
ity on germination have previously been reported
in canola (Wang et al. 2022) and in alfalfa cultivars
differing in alkaline-saline tolerance (Zhang et al.
2017a). Germination and early growth stages are also
the most sensitive in wheat (Lin et al. 2012). Abscisic
acid is a main inhibitor of germination in nondormant
seeds, and NaCl exposure enhances seed ABA con-
centrations (Shu et al. 2017). The mechanisms behind
the stronger inhibition of germination under alkaline
salinity remain unknown.

Subsequent growth of germinated seedlings
transplanted to hydroponics revealed better perfor-
mance of MSA plants under saline-alkaline con-
ditions. This was especially visible for the mild
alkaline-saline treatment (40 mM NaCl +10 pM
NaHCOj;), which did not cause any reduction in
rosette diameter or root length in the MSA plants
native to soils with intermediate levels of salinity
and alkalinity (Fig. 3B). In contrast, plants native
to nonsaline-alkaline soil (HA) and those native
to saline-siliceous soils (HS) suffered growth inhi-
bition even under the mild alkaline-saline stress

treatment. Comparison of relative growth values
clearly demonstrates the better performance of
MSA under saline-alkaline conditions in contrast
to HS plants, with the best growth observed under
saline (pH 5.9) conditions (Fig. 3C). A decrease in
chlorophyll is, among other factors, a marker of cell
damage due to salt stress (Peharec Stefanic et al.
2013). Here, the negative effect of alkaline-salinity
on chlorophyll concentrations in the MSA group
was smaller than in HA and HS plants. In turn, alka-
linity and salinity, as single stress factors, exerted
less impact on chlorophyll loss in the HA and HS
groups, respectively (Fig. 3D). These results further
support the view of local adaptation of coastal (HS)
and inland (HA) demes to their native habitats and
the higher tolerance to combined saline and alkaline
conditions in MSA individuals.

The greater performance of MSA under saline-
alkaline stress was also confirmed by the common
garden and irrigation studies (Figs. 2 and 4). Main-
tenance of a high K*/Na™ ratio is critical for salinity
tolerance (Rubio et al. 2020). Alkaline salinity has
an especially severe inhibitory effect on this param-
eter (Lin et al. 2012). Under saline conditions, HS
plants were best at maintaining high K*/Na* tissue
ratios. However, under saline-alkaline conditions,
HS plants had the lowest relative K™ concentrations
(Fig. 2E and Fig. 4A). In contrast, MSA plants not
only maintained high K*/Na* ratios but also had
higher concentrations of Fe and Zn, micronutrients
that often limit the growth of plants under alkaline
conditions (Riaz et al. 2020). Our results indicate
that alkalinity hampers the transport mechanisms
that allow salt-tolerant plants to maintain high K*/
Na* ratios under nonalkaline saline conditions.
In fact, HS plants were unable to increase HKTI
expression in roots when exposed to alkaline salin-
ity (Fig. 5).

Saline stress in plants enhances proline produc-
tion, reducing both osmotic and ionic stress. Con-
trasting information can be found regarding the role
of proline under alkaline saline conditions. In O.
sativa seedlings, the proline content was not cor-
related with plant tolerance (Lv et al. 2015), while
the opposite was found in Beta vulgaris (Liu et al.
2013). In our system, alkaline saline conditions
led to higher Na* uptake and proline accumula-
tion (Fig. 4C). Furthermore, the higher leaf proline
content observed in plants of the MSA group under
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saline-alkaline exposure was coincident with bet-
ter growth maintenance, higher K*/Na* ratios and
higher chlorophyll retention than in HA and HS
plants. Altogether, our results indicate that the abil-
ity to accumulate proline in response to alkaline
salinity plays a crucial role in the tolerance of the
MSA group.

Transcript expression of selected genes

In glycophytes, performance under saline conditions
requires strict regulation of Na* and K* homeostasis.
Different transporters and channels are responsible
for this control (Wu et al. 2018). Under alkalinity, the
ability to maintain the acquisition and transport of Fe
is one of the critical factors (Terés et al. 2019). The
observation here that plants of the HS and HA groups
were more sensitive to alkaline salinity than plants
from MSA suggests that alkaline salinity hampers
the ion homeostasis and iron efficiency mechanisms
evolved under natural conditions of nonalkaline salin-
ity or nonsaline alkalinity. To explore this possibility,
we focused on the expression of selected transporter
genes involved in Na™ and Fe homeostasis in A. thali-
ana: AHAI, SOS1, NHXI, HKTI, FRO2 and IRTI
(Fig. 5).

In plants, plasma membrane H+-ATPases are
responsible for establishing the electrochemical pro-
ton gradient that maintains the intracellular and extra-
cellular pH balance. In particular, the plasmalemma
H*-ATPase AHA1 provides the H" gradient required
for the maintenance of high intracellular K* concen-
trations and Na™ exclusion under salinity stress (Bose
et al. 2015). Moreover, acidification of the rhizos-
phere can favour Fe availability under alkaline condi-
tions, and several authors have reported that alkaline
stress triggers signalling pathways that influence the
expression of AHAs, increasing the alkalinity toler-
ance of the plants (Yang et al. 2019; Xie et al. 2022).
In fact, alkalinity substantially enhanced AHAI
expression in roots of HA, while both root and leaf
expression of AHAI were increased by saline-alkalin-
ity in MSA and HS plants (Fig. SA). The overexpres-
sion of AHAI in response to all of the treatments sup-
ports the important role of these genes under single or
combined stress factors.

SOS-, HKT- and NXH-type proteins are the
key Na® transporters that modulate salt tolerance
in plants. Although much is known about their
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respective functions under salt conditions, few studies
have examined their roles under saline-alkaline con-
ditions. SOS1 is required for maintaining Na* and K*
homeostasis in plants exposed to salinity (Shi et al.
2000). Extreme increases in the Na™/K™ ratio in the
xylem parenchyma of sos/ rice mutants confirmed
its function (El Mahi et al. 2019). In saline-tolerant
rice, SOSI was reported to be more highly expressed
at pH 8 than at pH 7 (Chuamnakthong et al. 2019).
However, in our A. thaliana demes, root expression of
SOS1 was most enhanced by salinity (pH 5.9) in MSA
and HS plants. Leaf SOSI expression was enhanced
by both saline and saline-alkaline treatments to a
similar extent. Exceptions were T6 from HS and V3
from MSA, which had considerably higher leaf SOS1
expression under nonalkaline salinity (Fig. 5B). The
A. thaliana T6 deme has evolved on saline, slightly
acidic soil, and the highest expression of SOSI was
obtained in slightly acidic saline solutions simulating
the conditions of the native habitat. The lower expres-
sion under alkaline conditions suggests that alkaline
salinity is either less perceived by these plants or
that other constraints imposed by the alkaline-saline
conditions inhibit the full expression of SOSI. The
T6 deme also had lower expression of NHX/ under
alkaline salinity than under salinity (pH 5.9), while
the MSA plants highly expressed NHXI under alka-
line salinity (Fig. 5C). AtNHX1 is a major player in
the control of vacuolar pH and Kt and Na*t uptake
(Bassil et al. 2019). Its activity is crucial in salinity
tolerance, as this Na*/H* exchanger brings Na* into
the vacuole, decreasing the Na' levels in the cyto-
sol. Salt tolerance has been found to be distinctively
enhanced in A. thaliana overexpressing NHX from
halophytes (Liu et al. 2017). Our results suggest that
higher leaf expression of NHX/ can enhance saline-
alkaline tolerance by promoting Na* compartmentali-
zation and osmotic adjustment.

HKT1 is mainly expressed in roots, where it func-
tions to retrieve Na* from the xylem and reduce the
transport of Na* to shoots (Rus et al. 2006). Here,
plants from the HS group exhibited enhanced HKTI
root expression only under salinity (pH 5.9). In con-
trast, MSA individuals showed the highest root HKTI
expression levels under saline-alkaline conditions
(Fig. 5G). Taken together, our results show that alka-
line salinity induces higher levels of expression of
genes involved in Na* and K* homeostasis in MSA
plants than in plants naturally adapted to salinity on
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siliceous soils or to nonsaline-alkaline soils. In HS
plants, bicarbonate hampered the expression of these
genes. The mechanisms underlying this inhibition
clearly deserve further attention.

Enhancements of the expression levels of FRO?2,
IRTI and FPN2 are important mechanisms for improv-
ing Fe acquisition in dicot plants exposed to low Fe
availability, a common feature under alkaline soil con-
ditions. In A. thaliana, thizosphere Fe (III) is reduced
by FRO2 and then transported as Fe?* into epidermal
cells by the divalent metal transporter IRT1 (Poschen-
rieder et al. 2018). FPN2, a protein with Fe, Co and
Ni transporter activity, localizes to the vacuole. The
protein is expressed in the two outermost layers of the
root in response to iron deficiency, suggesting a role in
buffering metal influx (Morrissey et al. 2009). In rice,
higher expression levels of IRTI have been associ-
ated with better tolerance to alkaline salinity (Li et al.
2016). In our A. thaliana demes, IRTI and FPN2 were
mainly activated by alkaline stress (Fig. SE). Under
saline-alkaline conditions, IRTI expression was higher
in MSA than in HA and HS. However, the expression
levels did not follow a clear pattern either in roots or
shoots, indicating that this gene is not directly regu-
lated by this combined stress. Curiously, in the MSA
demes, the nonalkaline salinity treatment intensified
the expression of FPN2, while under alkaline salinity,
FPN2 was poorly expressed. Cobalt has been found
to alleviate salinity stress in Salvia officinalis (Torun
2019). The crosstalk between Fe*", Co?™ and Na* may
be relevant for establishing the mechanisms of saline-
alkaline tolerance.

Alkalinity enhanced FROZ2 expression more in
roots of carbonate tolerant than carbonate sensitive
soybean varieties (Waters et al. 2018). In contrast,
FRO?2 expression is decreased in chlorotic leaves of
sensitive orange trees exposed to carbonate (Mar-
tinez-Cuenca et al. 2017). Under the alkaline nonsa-
line conditions of this study, FRO2 expression was
enhanced in all demes; MSA plants achieved the
highest values (Fig. 5D). Except for MSA deme LGS,
FRO?2 expression under alkaline salinity was lower
than under alkaline stress alone. However, all MSA
plants maintained higher FRO2 expression levels than
the reference accession Col-0 and plants from HA
and HS demes. Natural genetic variants for FRO?2
have been reported in A. thaliana accessions native
to soils differing in Fe availability in Sweden. Differ-
ent polymorphisms in long- and short-root accessions

were found (Satbhai et al. 2017). Here, we observed
similar polymorphisms, suggesting that FRO2 might
be under selection in our A. thaliana demes. Noncod-
ing sequence variation of FROZ2 should be further
explored to determine whether the expression differ-
ences found in saline-alkaline tolerant demes (MSA)
are associated with particular alleles.

Plant plasticity under alkaline-saline conditions

Local adaptation is a fixed genetic variation that pro-
vides an advantage to one specific climatic and/or
edaphic condition (Valladares et al. 2014; Josephs
2018). As an example, phenotypic plasticity in root
development plays a role in adaptation to saline
environments in salt-sensitive Lofus glaber plants
(Echevarria et al. 2008). In NE Catalonia, we previ-
ously observed that HA and HS demes were locally
adapted to nonsaline-alkaline soil and to nonalkaline
saline soils, respectively. Here, we observed supe-
rior performance of MSA plants under moderate
alkaline-saline conditions in greenhouse and hydro-
ponic experiments. However, these demes are native
to habitats with intermediate levels of carbonate and
Na™ and are not locally adapted to the harsh natural
conditions of the alkaline-saline soils of the Catalo-
nian coast. The analysis of the plasticity index in the
three plant groups clearly shows that plasticity is a
major factor responsible for the better growth of MSA
plants on alkaline-saline soil (Fig. 2C). In contrast,
HS plants were maladapted to alkaline-saline condi-
tions, while HA plants revealed low plasticity. Plas-
ticity is favoured under conditions of large gene flow,
while local adaptation is enhanced under limited gene
flow (Scheiner 2013). The demes adapted to nonal-
kaline salinity on the Catalonian coast are still under
divergent selection (Busoms et al. 2015). It is likely
that genes with unfavourable influences under alka-
line salinity are present in HS demes adapted to non-
alkaline salinity. This view is supported by the obser-
vation of low expression of SOSI and HKTI under
saline alkalinity in T6, an HS deme. Further iden-
tification of genes responsible for the maladaptive
behaviour of HS plants under alkaline salinity would
be of great interest for crop breeding. Unfortunately,
the genetic basis of plasticity in plants is still poorly
understood (Laitinen and Nikoloski 2019).

In conclusion, the distribution of A. thaliana in
northeastern Spain is disrupted in coastal areas with
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saline-alkaline soils. Under less severe, controlled
conditions, demes native to sites with intermediate
levels of Na*™ and CaCO; (MSA) were identified as
the most tolerant to alkaline salinity. The high sensi-
tivity of HS plants to saline-alkaline stress indicates
that the evolved molecular mechanisms conveying
tolerance to salinity on siliceous substrates are not
efficiently expressed or can even be detrimental under
alkaline conditions. MSA plants with higher plasticity
under saline alkalinity stress are able to maintain both
higher germination rates and better ion homeostasis
under alkaline-saline conditions. The higher expres-
sion of several key genes, such as FRO2, HKTI and
AHAI, can serve a key role in the better tolerance of
alkaline-saline stress in MSA. This finding is espe-
cially relevant for breeding programs considering
salinity tolerance in crops intended for saline soils on
limestone parent material. The mechanisms under-
lying the lower expression levels of HKTI, NHXI
and SOSI in plants adapted to salinity on siliceous
soil when exposed to alkaline salinity merit further
investigation.
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