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ABSTRACT

Rice, a major staple, is the most salt-sensitive cereal. High salinity triggers several adaptive responses in
rice to cope with osmotic and ionic stress at the physiological, cellular, and molecular levels. A major QTL
for salinity tolerance, named Saltol, is present on chromosome 1 of Indian landraces such as Pokkali and
Nona Bokra. The early proteomic and physiological responses to salinity in roots and shoots of FL478, an
inbred rice line harboring the Saltol QTL, were characterized. Plantlets were cultured in hydroponic cul-
tures with 100 mmol L~' NaCl and evaluated at 6, 24, and 48 h. At the physiological level, root length
significantly increased at 48 h, whereas shoot length was reduced. The Na*/K" ratio was maintained at
lower levels in shoots than in roots, suggesting that roots play a protective role. More than 2000 proteins
were detected in both tissues. Roots showed a faster and more coordinated proteomic response than
shoots, evident after only 6 h of treatment. These responses showed clear correspondence with those
of proteins involved in transcription and translation. Maintenance of mitochondrial activity and amino
acid metabolism in roots, and activation of stress-responsive proteins such as dehydrins and PLAT in
shoots, may play a key role during the response of the plant to salinity stress. Proteomic and physiological
responses showed that roots respond in a more highly adaptive manner than shoots to salinity stress,
suggesting that this tissue is critical to the tolerance observed in cultivars harboring Saltol.
© 2020 2021 Crop Science Society of China and Institute of Crop Science, CAAS. Production and hosting by
Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

et al [1] and Roy et al. [9] propose three main mechanisms: (i) tis-
sue tolerance, (ii) osmotic tolerance, and (iii) ion exclusion. All

Rice is the most salt-sensitive cereal worldwide and is classified
as a glycophyte [1]. The seedling and reproductive stages of rice are
the most sensitive to salinity stress, with exposure leading to yield
losses [1-4]. Salinity stress in the crop triggers several adaptive
responses at the molecular, cellular, metabolic, and physiological
levels to cope with the osmotic and ionic stress that excessive salt
incurs [5-7]. These responses mainly involve ion homeostasis in
the form of reduced salt intake through roots and efficient intracel-
lular compartmentation and transport of salts to vacuoles or to the
external medium. Other typical responses to salinity stress are
antioxidant metabolism activation, protein modifications, and
increases in energy and biomolecule metabolism [1,3,6,8]. Reddy

* Corresponding author.
E-mail address: camilo.lopez.cr.puc@gmail.com (C. Lépez-Cristoffanini).

https://doi.org/10.1016/j.cj.2020.10.009

these mechanisms allow plants to withstand salt stress. In fact,
Djanaguiraman et al. [10] showed that salt-tolerant rice accessions
have higher rates of germination, greater shoot and root lengths,
and a higher vigor index. It has also been observed [1,6,11] that
landraces, local cultivars, have greater tolerance to salinity owing
to their height, which allows them to dilute the Na* content in
their cells, even if their net transport of Na* is comparable to that
of high-yielding cultivars.

Rice tolerance to salinity has been widely and thoroughly stud-
ied in shoots and more than 70 QTL have been identified with this
trait in several cultivars and accessions [12-14]. Because the
majority of salinity tolerance mechanisms regulate ion homeosta-
sis, the majority of QTL have been associated with Na*/K" trans-
port, exclusion, and compartmentation [12,14,15]. Zhang et al.
detected a QTL involved in salt tolerance on chromosome 7 of a
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mutant line, M-20, which originated from plating anthers of a
semi-sensitive cultivar, 77-170, on a medium containing NaCl
[16]. Later, Gong et al. [17] and Prasad et al. [18] mapped QTL for
salt tolerance on chromosomes 1 and 6, respectively. In 2001,
one QTL for Na uptake, two QTL for Na* concentration, and one
QTL for the Na*:K" ratio were identified in a mapping population
designated IR55178 (from a cross between IR4630 and IR15324)
[19]. Bonilla et al. [20] found in a Pokkali (IRGC 108921)/IR29(IRGC
30412) recombinant inbred line (RIL) population a QTL that
explained more than 70% of the variation in salt uptake during salt
stress, this being caused by high K and low Na* absorption and
thus a low Na*/K" ratio [20-23]. From this RIL population, the
FL478 (Oryza sativa L. ssp. indica) line was developed, which has
high levels of seedling-stage salinity tolerance, lacks photoperiod
sensitivity, and is shorter in height and life cycle than the original
salt-tolerant Pokkali landrace [24]. Similarly, Lin et al. [12] found in
crosses between Nona Bokra and Koshihikari a QTL that explained
more than 48% of the phenotypical variance caused by an accumu-
lation of K in shoots during salinity stress. In fact, the QTL from
both the RIL and Nona Bokra/Koshihikari populations can be
mapped close together on rice chromosome 1, in a region contain-
ing the Saltol QTL, which is derived from landraces known to be
salt-tolerant, such as Pokkali and Nona Bokra [6,11,12,20,23].
Within this region, genes encoding for OsHKT1;5, SalT, peroxidases
(PDXs), wall-associated kinases, and protein kinases have been
identified along with several transcription factors [25-29]. There
is substantial evidence [11,30,31] that the key gene conferring high
tolerance to salinity in this region is the OsHKT1;5 gene (formerly
called OsHKT8 and SKC1), which encodes the cation transporter
HKTS, an HKT-type transporter.

The benchmark discovery of the OsHKT1;5 gene has led to an
increase in studies of accessions that carry this salinity tolerance
allele, such as Pokkali, Nona Bokra, and the RIL FL478. The approaches
taken to investigate this gene’s involvement in salinity tolerance have
included physiological studies, transcriptomics, and proteomics
[3,8,11,32-36]. The gene was isolated and studied in detail by Ren
et al. [33] to understand its molecular basis. Their conclusion, based
on rice mRNA expression and voltage clamping of Xenopus laevis
oocytes, was that OsHKT1;5 acts in the recirculation of Na* by unload-
ing it from the xylem, where the gene is mainly expressed, and deliv-
ering it to the roots, avoiding its accumulation in shoots. OsHKT1;5
physiology was studied in detail in two T-DNA insertional mutants
in which it was shown to be present in roots and its major role
was to prevent Na* accumulation in shoots [37], as also observed
by Ren et al. [33]. Using an Affymetrix rice genome array containing
55,515 probe sets, Walia et al. [35] found no evidence for the gene’s
expression in shoots. Similarly, Lakra et al. [8] detected expression of
a similar gene, OsHKT1;1, only in shoots, by means of qRT-PCR. When
Saltol was introgressed into Pusa Basmati 1121, OsHKT1;5 expression
was detected in the resulting lines by qPCR approximation showing
differential patterns among lines [38].

The main objective of the present study was to characterize the
proteome of FL478 in both roots and shoots, a salt-tolerant elite line
that carries the Saltol region, during early salinity stress. A shotgun
proteomic approach was employed that allowed the identification
of hydrophobic proteins and proteins of low abundance that are
masked in conventional 2D-PAGE [39,40]. In addition, a physiological
characterization was performed in roots and shoots of FL478.

2. Materials and methods

2.1. Plant material and hydroponic culture

Seeds of the salt-tolerant cultivar FL478 (IR66946-3R-178-1-1;
Oryza sativa L. ssp. indica) were obtained from IRRI (International
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Rice Research Institute, Los Bafios, Laguna, the Philippines). For
hydroponic assays, seeds were sterilized first in 70% ethanol for
3 min and then in 40% sodium hypochlorite solution supplemented
with 0.02% Tween-20 for 30 min and finally washed five times in
sterile water. Seeds were germinated on a Petri dish containing a
sterile filter paper previously soaked with sterile water for 7 days
at 28 + 0.5 °C and 166.05 pmol m~2 s~! fluorescent light under a
12 h/12 h light/darkness photoperiod. Each seedling was placed
in one precut foam plug (2 x 2 x 1 cm, width x length x height)
inserted into a hole in a floating rectangular platform
(17 x 25 x 2 cm, width x length x height). Each platform was
made of extruded polystyrene with 24 holes of 2 cm diameter.
Two platforms were positioned in one container filled with 10 L
of modified Yoshida solution (Table S1) [41]. All seedlings were
grown in a greenhouse with temperature and humidity control
(25 + 3 °C and 50% + 10% RH) for 1 week for plantlet acclimatiza-
tion. For the salinity and mock treatments, the hydroponic solution
was supplemented with or without 100 mmol L~! NaCl. Salinity in
each container was measured with a DiST 4 Waterproof EC Tester
(Hanna Instruments, Woonsocket, RI, USA) with initial conduc-
tances of respectively 1.13 + 0.05 and 9.28 + 0.10 mS cm ™! being
registered in the mock and salinity treatments. Samples were col-
lected at three time points (6, 24, and 48 h) in both mock and salin-
ity treatments, using a randomized block design for all six
containers. At the time of sample collection, shoots and roots were
separated and sets of four plantlets were quickly rinsed with MilliQ
water to remove excess salt and rapidly frozen in liquid nitrogen,
and then stored at —80 °C until required.

2.2. Physiological characterization

Plant traits were recorded at 6, 24, and 48 h after mock or salin-
ity treatment. Relative chlorophyll content (SPAD units) was quan-
tified with a SPAD-502 (SPAD MCL502, Minolta, Osaka, Japan).
Growth was determined using whole plantlet length and whole
plantlet fresh weight, as well as length and fresh weight of shoots
and roots. Fresh weight was recorded for groups of four plantlets
before MilliQ rinsing. Prior to sample freezing, each group was
photographed and the lengths were measured with Image] 1.50i
(National Institutes of Health, Bethesda, MD, USA). Water content
(reported as WC (%) = (weight of fresh sample — weight of dried
sample)/weight of fresh sample x 100) was determined for shoots
and roots to compare the osmotic effect of the salinity treatment
between samples. For this, samples were dried for 72 h in an oven
at 70 °C and weighed every 24 h to ensure complete drying. Dried
samples were also used to quantify Na* and K" using acid digestion
of shoots and roots. The procedure consisted of complete digestion
with 2 mL of 67%-69% HNO5 (J.T. Baker-Fisher Scientific, Pitts-
burgh, PA, USA) and 1 mL of 30% H,0, (Merck Millipore, Darm-
stadt, Germany) for 12 h at 90 °C. Samples were then
reconstituted with 25 mL of H,O0 and optical absorbances were
measured with an Optima 8300 ICP-OES spectrometer (Perkin
Elmer, Wellesley, MA, USA) at wavelengths (1) of 589.592 nm for
Na* and 766.490 nm for K.

2.3. Protein sample preparation

Protein extraction was performed in triplicate, for shoots and
roots, following Kim et al. [42]. This method incorporates a
RuBisCO depletion step using protamine sulfate, as removing this
abundant protein allows identifying low-abundance proteins
[39,42,43]. This step was performed only for shoots, as RuBisCO
is not present in rice roots [44]. Protein concentrations were deter-
mined with the Bradford reagent (Bio-Rad Laboratories, Hercules,
CA, USA). Extracted shoot and root proteins were stored in 80% ace-
tone at -20 °C until further use [42].
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2.4. Protein digestion

Samples stored in 80% acetone were centrifuged to remove ace-
tone and compact the precipitate. The precipitate was resuspended
in 700 pL 8 mol L~! urea supplemented with 50 mmol L~! ammo-
nium bicarbonate (AB), and disaggregated and solubilized (UP200S
ultrasonic processor (Hielscher Ultrasonics, Teltow, Germany), 20%
amplitude, 0.1 cycles, 45 min). Disaggregated samples were
cleaned in a particle filter (Corning Costar Spin-X centrifuge tube
filters (Corning Inc. Corning, NY, USA), cellulose acetate membrane,
pore size 0.45 pm, non-sterile; 9000xg, 2 min, room temperature),
and the resulting filtrate was designated as the soluble protein
fraction for analysis. The volume of this fraction was reduced to
150-200 pL with an Amicon Ultra filter (3 kDa, 0.5 mL, Merck Mil-
lipore, Burlington, MA, USA) and then quantified with the Pierce
660 Protein assay (Thermo Fisher Scientific, Waltham, MA, USA).

A total of 35 pg of each sample was made to 400 pL with
50 mmol L' AB/8 mol L™! urea (pH 8.0-8.5) for digestion using
the FASP (Filter-Aided Sample Prep) approach. Samples were
reduced with 5.3 mmol L' Tris-(2-carboxyethyl) phosphine
(TCEP) (90 min, 30 °C) and alkylated with 27.3 mmol L~! iodoac-
etamide (30 min in the dark, 30 °C). To remove interfering agents,
samples were then loaded onto an Amicon Ultra filter (10 kDa,
0.5 mL) and washed by two rounds of centrifugation with 8 mol
L~! urea supplemented with 50 mmol L~! AB (13,600xg, 25 min,
RT, 400 pL), and a final wash with 50 mmol L~! AB (13,600xg,
25 min, RT, 400 pL). Protein samples were then digested on the fil-
ter in 400 UL of 1 mol L~! urea supplemented with 50 mmol L~ BA
plus 2.8 pg of trypsin/sample (sequence-grade modified trypsin
(Promega, Madison, WI, USA) for 3 h (32 °C, pH 8.0), and redigested
for 16 h with 1.4 pg of trypsin/sample (32 °C, pH 8.0). The resulting
peptide mixtures were recovered with three rounds of centrifuga-
tion with washing of the filter with (2x) 50 mmol L~' AB (300 pL)
and (1x) 20% acetonitrile (ACN)/50 mmol L~' AB (200 pL)
(13,600xg, 25 min). The volume of the peptide solutions was
reduced to 300 pL on a SpeedVac (Thermo Fisher Scientific, Wal-
tham, MA, USA) and then acidified with formic acid (FA) (1% final
concentration). Acidified peptide solutions were desalted in a
C18 tip (P200 Toptip; PolyLC) per the manufacturer’s instructions,
dried in a SpeedVac and held at -20 °C for subsequent steps. A pool
of the analyzed samples (PAS) for shoots and roots was prepared in
the same way as the samples used for LC-MS normalization pur-
poses to allow multiple comparison with an Isobaric Tags for Rel-
ative and Absolute Quantification (iTRAQ) 8plex Multiplex kit
experiment.

2.5. iTRAQ labeling of protein samples

For shoot and root protein samples, three independent iTRAQ
experiments were performed, each containing one replicate of
the six treatments (two concentrations: 0 and 100 mmol L~ NaCl;
three time points: 6, 24, and 48 h) and the PAS. Each iTRAQ exper-
iment consisted of one biological replicate, so that three biological
replicates for each tissue, shoots and roots, were analyzed.

Digested and washed samples were resuspended in 30 pL of
500 mmol L~ tetraethylammonium bromide to perform iTRAQ
labeling (iTRAQ 8plex Multiplex kit) according to the product spec-
ifications. Briefly, 70 pL of isopropanol were added to each vial of
iTRAQ labeling reagent and the vials were vortexed for 60 s. The
content of each labeled vial was transferred to a sample tube and
the tubes were mixed and incubated at room temperature for 2 h
to allow the iTRAQ labeling reaction. An aliquot of each reaction
was cleaned up with a homemade C18 tip and analyzed with LC-
MS/MS to ensure complete labeling before the seven samples in
each batch were combined. To each reaction mixture, a volume
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of 100 pL of water was added to quench the iTRAQ reaction and
labeled samples were combined and dried in a SpeedVac.

Before LCMS/MS analysis, the combined iTRAQ-labeled samples
were washed in two steps and then fractionated into 11 fractions,
including flowthrough and wash, with a high-pH reversed-phase
spin column (Pierce, Thermo Fisher Scientific). In the first cleanup
step, the sample was resuspended in 100 pL 1% FA solution,
desalted in a C18 tip (P200 Toptip, PolyLC Inc., Columbia, MD,
USA), following the manufacturer’s instructions, and dried in a
SpeedVac. In the second cleanup step, dried peptides were
resuspended in 100 pL 20% ACN supplemented with 0.1% FA (pH
2.7-3.0), cleaned in a strong cationic exchange tip (P200 toptip,
PolySULFOETHYL A; PolyLC), according to the instructions, and
dried in a SpeedVac. The sample was then subjected to high-pH
fractionation with a high-pH reversed-phase peptide fractionation
kit (Thermo Fisher Scientific) following the manufacturer’s instruc-
tions. Briefly, the samples were loaded onto a spin column in 0.1%
trifluoroacetic acid (TFA), washed and buffer-exchanged with high-
pH buffer and then eluted in nine fractions of increasing ACN con-
centration (f1 = 10% ACN; 2 = 12.5% ACN; f3 = 15% ACN; f4 = 17.5%
ACN; f5 = 20% ACN; f6 = 22.5% ACN; f7 = 25% ACN; f8 = 50% ACN;
f9 = 75% ACN). The flowthrough and wash fractions were pooled
together, as were fractions one and eight and two and nine, which
along with fractions three to seven resulted in eight fractions,
which were dried in a SpeedVac.

2.6. LC-MS/MS analysis

The eight dried fractions from each iTRAQ experiment were
separated in a liquid chromatograph (nanoAcquity, Waters, Mil-
ford, MA, USA) coupled to an LTQ-Orbitrap Velos (Thermo Fisher
Scientific) mass spectrometer. The tryptic labeled peptides of each
fraction were resuspended in 2% ACN supplemented with 1% FA
solution and an aliquot of 10 pL was injected into the chro-
matograph for separation. Peptides were trapped on a Symmetry
C18TM trap column (5 pm x 180 pm x 20 mm; Waters) and sep-
arated using a C18 reverse-phase capillary column (Acquity UPLC
M-Class; 75 pm @i, 25 cm, 1.7 pm BEH column; Waters). The gra-
dient used for peptide elution was 2% to 35% B for 155 min, fol-
lowed by a 35% to 45% gradient for 20 min (A: 0.1% FA; B: 100%
ACN, 0.1% FA), with a 250 nL min~! flow rate. Eluted peptides were
subjected to electrospray ionization in an emitter needle (Pico-
TipTM, New Objective Inc., Littleton, MA, USA) with an applied
voltage of 2000 V. Peptide masses (m/z 300-1800) were recorded
in data-dependent mode where a full-scan MS in the Orbitrap
was performed with a resolution of 30,000 FWHM at 400 m/z. Up
to the 15th most abundant peptide (minimum intensity of 2000
counts) was selected from each MS scan. They were fragmented
by higher-energy collision dissociation (HCD) in the C-trap using
nitrogen as the collision gas with 40% normalized collision energy,
and analyzed in the Orbitrap with a resolution of 7500 FWHM at
400 m/z. The scan time settings were as follows: full MS, 250 ms
(1 microscan) and MSn, 300 ms (2 microscans). The generated
.raw data files were collected with Thermo Xcalibur V2.2 software
(Thermo Fisher Scientific).

2.7. Protein identification

A database was created by merging all entries for Oryza sativa
ssp. indica present in the UniProt database (http://www.uniprot.
org), with a database containing common laboratory contaminant
proteins (Uniprot_Osativa_subs_indica_170405_cont.fasta).
Thermo Proteome Discover 1.4.1.14 software (Thermo Fisher Sci-
entific) was used to perform the database search using SequestHT
as a search engine. For each iTRAQ experiment, eight .raw
files from the MS analyses, corresponding to the eight injected
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fractions, were used to perform a single search against this data-
base (enzyme specificity: trypsin; maximum miscleavage sites:
2; fixed modifications: carbamidomethyl of cysteine, iTRAQ8plex
[N-term] carbamidomethyl; variable modifications: oxidation of
methionine, iTRAQ8plex; peptide tolerance: 10 mg kg~! and
0.1 Da [respectively for MS and MS/MS spectra]). A search against
both a target and a decoy database was performed to obtain a false
discovery rate (FDR), and thus estimate the number of incorrect
peptide-spectrum matches that exceed a given threshold. A man-
ual search of the NCBI, UniProt, and EBI databases was performed
to identify proteins with putatively unknown identity (e.g. unchar-
acterized proteins) but having a treatment/no-treatment ratio
above 2.0 or below 0.5 in at least one of the time points (6, 24,
and 48 h), which represents either a two-fold abundance or half
abundance of the protein in plantlets subjected to 100 mmol L™!
NacCl. Only those putatively unknown proteins with known regions
or domains were added to the identified proteins. To improve data-
base search sensitivity, the Percolator algorithm (a semi-
supervised learning machine) was used to aid in the discrimination
of correct and incorrect peptide spectrum matches (target FDR
(strict): 0.01; validation based on false discovery rate (FDR):
q < 0.01) [45,46]. Percolator assigns a g-value to each spectrum,
which is defined as the minimal FDR at which the identification
is deemed correct. These g-values are estimated using the distribu-
tion of scores from the decoy database search. A quantification
method for iTRAQ 8-plex mass tags optimized for Thermo Scien-
tific Instruments was applied to obtain the reporter ion intensities.
The mass spectrometry proteomics dataset of this study is avail-
able in the PRIDE partner repository of the ProteomeXchange Con-
sortium, PXDO014669 (http://central.proteomexchange.org/cgi/
GetDataset?ID=PXD014669).

2.8. Quantitative analysis and functional annotation

Reporter intensities from the Proteome Discoverer quantitation
file were used to perform iTRAQ quantitation. Within each iTRAQ
8plex experiment, reporter ion intensities of each individual pep-
tide from each fraction/LC-MS run were summed. Only unique
peptides appearing in all samples of all iTRAQ experiments for
either shoots or roots were considered for analysis. To normalize
the reporter ion intensities of each label between iTRAQ experi-
ments, a locally weighted scatterplot smoothing (LOWESS) correc-
tion was applied using the PAS as an internal standard in each
iTRAQ experiment. Following Callister et al. [47], the LOWESS span
value was fixed at 0.4. The LOWESS-normalized reporter ion inten-
sities were then divided by their PAS peptide intensities to allow
comparison throughout the multi-iTRAQ experiment, for shoots
and roots separately. Normalized reporter intensities belonging
to a given protein were then averaged to obtain the protein abun-
dance. Proteins were assigned to functional categories according to
the GO (Gene Ontology Project, http://www.geneontology.org) and
KO (KEGG Orthology, http://www.genome.jp/kegg/ko.html) data-
bases [48,49].

2.9. Proteomic data visualization

Shotgun proteomics generates large sets of data that are not
easily interpreted [50]. Accordingly, to ensure efficient interpreta-
tion, several data visualization plots were used: treemaps, volcano
plots, protein—protein interaction displays (Cytoscape [51,52] cou-
pled with STRING-DB [53]) and heatmaps. Treemaps are a method
for displaying hierarchical data using nested figures that also dis-
play quantities by area size [54-56]. This approach was used to
illustrate the functional categorization of identified proteins for
shoots and roots. Volcano plots are graphs generated by plotting
fold-change (using a log, transformation) versus P-value (-logq
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transformed) of selected quantified proteins. Volcano plots were
used for depicting the relative abundances of all the proteins
detected in the iTRAQ experiments. In each plot a line crossing
the y-axis at 1.301 (-log;o value of the P = 0.05, used in the ANOVA
analysis, described in section 2.10) was included [50]. Proteins
with P< 0.05 and q < 0.15 for the 100 mmol L'/ 0 mmol L~! (salin-
ity/mock treatment) ratio were displayed as protein-protein inter-
actions, an approach that helps to elucidate the involvement or
action of unidentified proteins. For this, Cytoscape 3.6.0 software
coupled with stringAPP 1.3.0 (available at the Cytoscape App Store;
http://apps.cytoscape.org/apps/stringapp) [50,52] was used.
STRING (https://string-db.org/cgi/input.pl) is a biological database
and online resource of known and predicted protein-protein inter-
actions [53]. First, using the UniProt accession IDs of the identified
proteins, a network was constructed with confidence (score) cutoff
of 0.4 and no additional interactors using stringAPP to retrieve data
from STRING. Then, within Cytoscape, each protein was displayed
by its abbreviation and colored according to its relative abundance
of the 100 mmol L~!/0 mmol L' ratio (downregulated (red) to
upregulated (blue) in the salinity treatment) averaging the three
time points on a log, scale. Heatmaps, which organize data sets
as matrices without having to summarize the data, were used for
visualizing quantitative patterns across proteins and treatments
using protein abundance [50,57]. Heatmaps were grouped by the
functional categories used in Treemaps and their abundances were
reported using colors as for protein—protein visualization.

2.10. Statistical analysis

Prior to statistical analysis, physiological data were tested for
normality and homoscedasticity using the Shapiro-Wilk and
Levene’s robust tests, respectively. All parameters with the excep-
tion of Na* content in shoots and roots and SPAD units were suit-
able for performing ANOVA. For normal and homoscedastic data, a
two-way ANOVA (salinity, time and salinity x time) was per-
formed, followed by a post-hoc Tukey’s multiple comparison test.
For non-homoscedastic data, a Kruskal-Wallis test followed by a
Conover-Iman multiple nonparametric pairwise test was applied.
For shoot and root water content as well as for shoot and root
Na* and K* content, three biological replicates were used for the
statistical test. Six biological replicated were used for fresh weight
and 36 biological replicates were used for length and SPAD for the
corresponding tests. For all tests, differences were considered to be
significant at a probability of 5% (P < 0.05). Table S2 shows the P
and F values for each of the physiological analysis performed.

For shotgun proteomic analysis, the same procedure was used
for shoot and root samples. Proteins identified with at least 2
unique peptides were considered for further statistical analysis.
From the resulting proteins, variations in abundance were tested
by two-way ANOVA (P-value) and corrected for multiple compar-
isons (g-value) using the false discovery rate (FDR) method [58].
Tukey’s honestly significant difference (HSD) test was applied to
adjust ANOVA significant differences for multiple comparisons
across tested factors (salinity and time). R packages were used
for data analysis [59].

3. Results
3.1. Physiological characterization of FL478 during salinity stress

Salinity treatment significantly reduced the overall growth,
length (Figs. 1A, S2; Table S2), and fresh weight (Fig. 1D;
Table S2) of FL478 plantlets. Shoot length increased during the
experiment in both treatments (0 and 100 mmol L~! Nacl), but
salinity treatment significantly reduced growth by 15.6% after
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Fig. 1. Physiological characterization of FL478 plantlets in response to different times and concentrations of salinity stress. Fourteen-day-old rice seedlings were subjected to
salinity (100 mmol L~' NaCl) and mock (0 mmol L~! NaCl) treatment for 6, 24, and 48 h. Growth was monitored by two parameters: length and weight. (A) Plantlet, (B) shoot,
and (C) root length values are means * SE of 36 replicates. (D) Plantlet, (E) shoot, and (F) root fresh weight values are means + SE of 6 replicates. (G) Relative chlorophyll
quantity (SPAD units) values are the mean = SE of 36 replicates. For plantlet, shoot and root length and fresh weight letters above bars indicate results of Tukey tests; means
with the same letter are not significantly different at P < 0.05. For SPAD units, letters above bars indicate results of Conover-Iman tests and those with the same letters are not

significantly different at P < 0.05.

48 h of exposure (Fig. 1B; Table S2). In contrast, root length
increased in both treatments and, for the mock treatment, was sig-
nificantly higher at 48 h than at 24 and 6 h. Salinity treatment
caused significant decreases in plantlet, shoot and root fresh
weight (Fig. 1D-F; Table S2). For shoot fresh weight, significant dif-
ferences had already appeared after only 6 h of treatment, whereas
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for root fresh weight they started to appear after 24 h. Shoot and
fresh weight were significantly different at 48 h between 0 and
100 mmol L~! NaCl (Fig. 1E and F), and weights corresponded to
only 74% and 64% of their respective mock fresh weights, respec-
tively. Relative chlorophyll content (SPAD units) seemed to
increase initially in the salinity treatment compared to the mock
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treatment, but at 48 h the situation was reversed with relative
chlorophyll content being significantly lower in plantlets grown
at 100 mmol L~! NaCl (Fig. 1G; Table S2). Relative chlorophyll con-
tent was significantly higher at 48 h under 0 mmol L~! than in any
other treatment (Fig. 1G).

Shoot water content was maintained on average at 84.05% +
0.51% for the mock treatment at each time point (Fig. 2A). During
the salinity treatment shoot water content was lower at all times,
and the difference from the mock treatment was significant at 24
and 48 h (Fig. 2A; Table S2). In contrast, root water content stayed
at an average of 92.28 £ 0.51 in both treatments at all three time
points as observed in Fig. 2B, and thus was not influenced by salin-
ity, time, or their interaction (Table S2). The Na*/K" ratio in shoots
and roots was significantly influenced by salinity x time interac-
tion, with the concentrations changing owing to salinity and time
(Fig. 2C; Table S2). In the mock treatment, he Na*/K* ratio showed
significant differences in the shoots but at a low level with a mean
of 0.025 + 0.006. In contrast, in the salinity treatment the Na*/K*
ratio was significantly higher at 48 h than under all other condi-
tions (Fig. 2C). With the mock treatment in roots, no significant dif-
ferences were observed. As expected, in the salinity treatment, the
Na*/K* ratio increased over a longer time and was significantly
higher at 48 h than under all other conditions (Fig. 2D). The Na*/
K" ratio was at least five times higher at all time points in roots
than in shoots under salinity treatment.

3.2. Identification and functional categorization of the proteins of the
FL478 early proteome under salinity stress

The protamine sulfate RuBisCO depletion protocol was evalu-
ated in SDS-PAGE of shoot proteins. The protocol proved satisfac-
tory, as the RuBisCO large-subunit band was absent in the
depleted samples and other bands were more intense than the
non-depleted samples (Fig. S1). Accordingly, protein extractions
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for shoots and roots under the six conditions (two treatments: O
and 100 mmol L~! NaCl; three time points: 6, 24, and 48 h) were
performed. By HPLC-MS/MS, respectively 982 and 1116 proteins
were identified in shoots and roots, of which 99.2% and 99.6%
matched entry proteins in Oryza sativa L. ssp. Of all the proteins
analyzed, only s148 and s315, shoot proteins, were identified as
RuBisCO large and small subunits.

In shoots, 37.2% of the matched proteins corresponded to anno-
tated proteins, while the rest were uncharacterized (full annotated
protein list available in Table S3). In roots, annotated proteins com-
prised 34.3% of the total matched proteins (full list shown in
Table S4). During protein identification, subcellular localization
was also determined and the cytosol was the most common local-
ization with 85.33% and 91.95% of annotated proteins for shoots
and roots, respectively. Among proteins encoded by genes in the
Saltol QTL region, the SalT protein was found only in roots, whereas
peroxidase (PDX) proteins were found in both shoots and roots. In
contrast, the OsHKT1;5 transporter (previously named OsHKT8 and
SKC1), was not detected in either of the tissues.

Finally, functional categorization based on GO and KEGG data-
bases was performed for the 368 and 385 annotated proteins from
shoots and roots, respectively (Fig. 3; Tables S3 and S4). Five func-
tional categories were defined: (i) energy and biomolecule meta-
bolism, (ii) genetic and environmental information processing,
(iii) antioxidant and defense functions, (iv) cytoskeleton-related,
and (v) unassigned function. Each category was further divided
into subcategories, as shown in Fig. 3 and Tables S3 and S4. For
both tissues, more than half of the proteins, 57.6% on average, were
assigned to energy and biomolecule metabolism. This category,
also for both tissues, comprised proteins involved in genetic and
environmental information processing and antioxidant and
defense functions, both showing higher percentages in roots than
in shoots. In comparison to shoots, more root proteins were found
and assigned to the category of unassigned functions.
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Fig. 3. Treemap showing the functional categorization and subcategorization of proteins from shoots (left) and roots (right). Five functional categories are shown in the
legend, where percentages correspond to proteins assigned to each category with respect to total proteins for shoots and roots, respectively. Rectangle sizes are directly
proportional to the number of proteins in each subcategory, which are shown in parentheses. *(iii.C) Protein degradation in shoots.

In shoot subcategories, within (i) energy and biomolecule meta-
bolism, the majority of proteins were involved in (i.D) carbohy-
drate metabolism (mainly glycolysis and the TCA cycle) and (i.A)
amino acid and protein metabolism, representing together almost
70% of the proteins in this category (Fig. 3). The next largest sub-
category was proteins involved in photosynthesis and oxidative
respiration, followed by proteins involved in the metabolism of
(i.C) lipids and (i.E) other biomolecules (Fig. 3). Among genetic
and environmental information processing proteins, the majority
were assigned to (ii.B) translation and transcription processes, rep-
resenting more than 80.3% of the total in this category. Finally, in
the antioxidant and defense functions category, 42.4% and 39.0%
were assigned to (iii.B) reactive oxygen species (ROS) scavenging
and detoxification, and (iii.C) protein protection.

For root proteins, some similarities with shoots were observed.
The main subcategory in (i) was carbohydrate metabolism fol-
lowed by amino acid and protein metabolism, representing respec-
tively 45.75% and 30.19% in category (i). Many proteins were
assigned to translation and transcription processes in roots. The
number of root proteins assigned to (ii.C) protein degradation
was seven times that in shoots. In roots, as expected, fewer pro-
teins were assigned to the subcategory photosynthesis and oxida-
tive processes (iii.B) than in shoots. Finally, the number of proteins
involved in (iii.B) ROS scavenging and detoxification was almost
twice that in shoots.
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3.3. Global analysis of the early salinity stress proteome of FL478

For this analysis, all proteins matching those in Oryza sativa ssp.
indica were used and their fold-change, as salinity/mock ratio
(100 mmol L'/ 0 mmol L~ NaCl), was calculated for the three
evaluated time points (6, 24, and 48 h) and plotted as volcano plots
(Fig. 4). Thresholds for fold-change were established at below 0.8
and above 1.2 corresponding to proteins with lower and higher
abundance under salinity treatment. In total, 43 and 36 proteins
showed differential abundances (P < 0.05) for shoots and roots
respectively. Differential abundance was divided equally in shoots,
whereas in roots the tendency was of higher abundance under
salinity treatment.

The volcano plots in Fig. 4 show that a faster response occurred
in roots than in shoots, given that many more proteins showed a
significant increase after only 6 h of salinity treatment. In shoots,
among 6 h proteins, more than 80% showed no differential abun-
dance and only seven showed significant differential abundances
(Fig. 4). This situation was reversed at 48 h, when many more dif-
ferentially abundant proteins were observed in shoots than in
roots. In fact, the number of significantly differential proteins in
shoots increased to 58, and only 48% of the proteins showed no dif-
ferential abundance. Moreover, the fold-change values at 48 h in
shoots reached lower than —4 and higher than 3, whereas in roots
the fold-changes remained —1 and 1 as also observed at 6 and 24 h.
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Similarly, root protein percentages in each fold-change region were
similar between the three time points. The number of root proteins
with differential abundance (P > 0.05, above black horizontal line
in the volcano plots) was similar at the three time points.

3.4. Identification of candidate proteins for salinity tolerance

Among the proteins identified in FL478, 85 shoot and 64 root
proteins showed differential abundances (P < 0.05) and a low false
discovery rate (q < 0.15), in comparison with the fold-change aver-
ages of the three time points (100 mmol L~!/0 mmol L~! Nacl;
Table S5). In this subset, some proteins were unknown (not anno-
tated) and were termed UnkS and UnkR for shoots and roots,
respectively. Networks established with Cytoscape coupled with
STRING-DB are shown in Fig. 5A and B for shoots and roots, respec-
tively. Like the volcano plots, this analysis also demonstrates that
the abundance changes in roots were more controlled than those
in shoots, given that the fold-changes occupied a narrower range
than that for shoots.

The shoot network is interconnected with several clusters of
proteins showing substantial abundance changes (-2.7 to 1.27
fold-change), with the majority of proteins being downregulated
under salinity (Fig. 5A). PLAT_plant_stress and a plant dehydrin
family (DHN) protein, both involved in stress tolerance, showed
high abundances under salinity treatment. Two ribosomal proteins
(rpuS5 and rpS30) showed higher abundances under salinity stress
than the mock treatment. The protein UnkS-37, with high abun-
dance under salinity, may be involved in amino acid biosynthesis,
given its close links with betaine aldehyde dehydrogenase 2
(BADH2), lysine-tRNA ligase (LysRS), and glutamine amidotrans-
ferase (GATase). Proteins UnkS-1, possibly involved in antioxidant
and defense functions, and UnkS-13 and UnkS-14 also showed high
abundance under salinity treatment. In contrast, three proteins
involved in photosynthesis (psbQ, psb27, and LCH) were downreg-
ulated, as expected, but another protein involved in this process
was upregulated (PsbP). Proteins UnkS-2 and UnkS-35, with
unknown function, were significantly less abundant under salinity.

In the root network analysis, UnkR-19 and UnkR-26 showed
high abundances during salinity and their connections to histones
2A and 4 (H2A and H4) suggest a role in transcription. A highly
interconnected cluster of proteins involved in translation, riboso-
mal proteins and UnkR-29 and UnkR-4, showed high abundance
under the salinity treatment (Fig. 5B). Thus, several of the proteins
with no identity are candidates for proteins involved in genetic and
environmental information processing. UnkR-17, highly accumu-
lated under salinity, has no known role. It is not related to other
proteins but should be investigated further as a potential candidate
for salinity tolerance. In contrast, several proteins such as UnkR-9,
UnkR-10, and UnkR-24 displayed a pronounced low salinity/mock
treatment ratio. No candidate function could be attributed to these
proteins, as no interconnection with other proteins was present.
Peroxidases (PDXs), of which one gene lies within the Saltol region,
displayed lower abundances under the salinity treatment.

3.5. Abundance patterns of the early protein stress responses of FL478
under salinity stress

All the proteins identified and listed in Tables S3 and S4 are
visually represented in heat maps grouped by the five functional
categories, without considering their sub-functional category, for
shoots and roots (Figs. S3 and S4, respectively). As observed in
Fig. S3, for category (i), energy and biomolecule metabolism, the
treatments (0 and 100 mmol L~! NaCl) at 48 h clustered separately,
evidence of the drastic changes experienced by shoots during the
salinity treatment. For this category, several proteins involved in
photosynthesis (psbQ, psb27, TSP9, and PSI-N among others) were
grouped in clusters 1 and 2 showing low abundance under salinity.
In contrast, proteins involved in carbohydrate (e.g. GAPDH and
PGK) and amino acid and protein (e.g. CysS and GCS-H) metabo-
lism cluster 4 showed high abundance in salinity. Similar patterns
can be observed in category (ii), genetic and environmental infor-
mation processing, where at 48 h the treatments also clustered
separately. Proteins involved in signaling (CaM-1 and annexin
among others) in cluster 1 displayed higher abundance at 48 h
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interactions.

under the mock treatment, whereas the majority of proteins asso-
ciated with translation and ribosomes in cluster 2 displayed higher
abundance under the salinity treatment. As expected for proteins
involved in antioxidant and defense functions, category (iii), the
mock and salinity treatments were clustered separately with
increasing abundances at the three time points. Within this cate-
gory there were marked differences at 48 h between the mock
and salinity treatments. Strikingly, in the case of cluster 3 where
an increased abundance at 0 mmol L~! was observed for several
enzymes involved in antioxidant stress and protein protection,
there was no upregulation of these enzymes at 48 h under
100 mmol L' NaCl. In contrast, there was a reverse of these
dynamics for cluster 2 and 4, with these proteins showing
increased abundance during the salinity treatment. In the heat
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maps of functional categories (iv) and (v), cytoskeleton-related
and unassigned function, respectively, there are no clear patterns
that correspond to the stress experienced by the plants, but in both
categories the treatments (0 and 100 mmol L~' NaCl) were
grouped separately after hierarchical clustering, as seen for cate-
gory (ii).

In roots, five clusters were defined within category (i), energy
and biomolecule metabolism, as observed in Fig. S4. In contrast
to the situation in shoots, at 48 h the two treatments were grouped
together, indicating that there were no large differences in this
proteome subset in roots during the salinity treatment. In fact,
the largest differences between the treatments (0 and 100 mmol
L~! NaCl) were observed at 24 h in all clusters (Fig. S4).
Although a large increase in protein abundance was observed for



C. Lopez-Cristoffanini, M. Bundo, X. Serrat et al.

carbohydrate and amino acid and protein metabolism in cluster 5,
the abundances of the majority of these proteins were the most
different among the six conditions (white circles within the
squares). In category (ii), genetic and environmental information
processing, the mock and salinity treatments at 48 h were grouped
together, showing similar abundances, especially in cluster 2,
which includes the majority of proteins associated with translation
and ribosomes (Fig. S4). For roots, annexin also displayed lower
abundance in comparison with the mock treatment at 48 h. There
were marked differences between the 6 and 24 h time points in the
salinity treatment for clusters 2 and 4, in which proteins involved
in the translation process decreased in abundance from 6 to 24 h.
Unlike in shoots, in functional category (iii) the salinity and mock
treatments did not cluster together in the roots. Nonetheless, pro-
tein abundance patterns at 48 h for clusters 1 and 2, which
included several antioxidant proteins, were very similar between
treatments. In contrast, in clusters 3 and 4, which contained a
majority of proteins involved in protein protection (e.g. PPl and
chp60), there was a higher abundance at 48 h under the 100 mmol
L~! NaCl treatment. For the last two functional categories, (iv) and
(v), the majority of proteins in all the samples assayed showed
abundance ratios close to 1:1 (black color), indicating a low differ-
ential abundance between treatments, and the treatments were
clustered together.

4. Discussion

In the present study we used the rice cultivar FL478, which car-
ries the region on chromosome 1 containing Saltol, a QTL known to
confer high salinity tolerance in rice [8,24,60,61]. To our knowl-
edge there is only one study [3] of this rice cultivar’s proteome
under salinity stress, in which changes were recorded after 16 days
of exposure. Ours is also the first study of root salinity using shot-
gun proteomics. To expand our knowledge of the tolerance of Saltol
cultivars, we performed proteomic and physiological analysis dur-
ing salinity stress at early stress stages in both shoots and roots (6,
24, and 48 h after salinity treatment). This study, in which roots
were analyzed under salinity, contributes to our resources for
studying salinity tolerant rice accessions. Our finding that pro-
teomic and physiological changes were more organized in roots
suggests that this tissue better tolerates stress and thus plays a
crucial role in salinity tolerance.

4.1. Roots of FL478 show an enhanced physiological response to
salinity stress compared to shoots

High salinity causes growth reduction in terms of length and
fresh weight. It has been proposed [9] that growth reduction can
be triggered by two processes, one responsive to salt shoot accu-
mulation (days to weeks) and the other independent of salt accu-
mulation (minutes to days). The two can be experimentally
distinguished because the latter explains effects triggered upon
addition of salt before there has been time for salt to accumulate
in the shoot. This model was supported in our study, in which
the Na*/K" ratio in salt-stressed shoots at 24 and 48 h was half that
recorded in other studies [8,62] where stress was more prolonged.
Abdollah Hosseini et al. [3] observed that in FL478 even after
14 days of salinity treatment the shoot Na*/K" ratio was main-
tained at 0.5, a value similar to our values at 48 h, and this finding
suggests that mechanisms are set in motion to prevent Na" accu-
mulation in this tissue. In contrast, the root Na*/K" ratio increases
continuously during salinity stress. At 48 h we recorded values of
~2.5 and Abdollah Hosseini et al. [3] observed at 14 days values
of 3.4. Salinity treatment reduced only the shoot length because
roots continued their natural development, to probably find less

1163

The Crop Journal 9 (2021) 1154-1168

saline areas in the growing medium. Growth reduction in terms
of fresh weight was observed for both tissues, suggesting lower
water availability in roots during salinity stress. Still, root water
content was similar between treatments, indicating that the differ-
ence could be due to development of thinner roots under the salin-
ity treatment that increase the surface to better cope with the high
salinity. In accord with our results, Abdollah Hosseini et al. [3]
(14 days of salinity treatment) and Lakra et al. [8] (15 min to
72 h of salinity treatment) reported reduction in length and fresh
weight during salinity treatments in rice cultivars carrying Saltol.
Likewise, Khan and Panda [62] reported reductions in the root
fresh weight of a salt-tolerant rice cultivar (O. sativa L. cv. Lun-
ishree) under salinity stress after 24 h of treatment. The overall
growth reduction (in length and weight) can be attributed to a
low rate of CO, assimilation, a possible consequence of the over-
abundance of ABAr9, which promotes stomatal closure, as well as
the lower abundance of photosynthesis proteins and the reduction
in chlorophyll content.

4.2. Shotgun proteomics affords advantages over conventional 2D-
PAGE

Shoot and root proteomes have been characterized [63,64] by a
shotgun proteomics approach for large-scale and high-throughput
protein identification. This technique overcomes the limitations of
2D-PAGE, which include low representation of proteins with high
molecular weights, high isoelectric points (pls), hydrophobic
domains, and low abundance [40].We accordingly detected more
proteins than other studies that characterized the proteomes of
rice cultivars under salinity [3,8,65]. In comparison with the stud-
ies of Abdollah Hosseini et al. [3] and Lakra et al. [8], which used
Saltol cultivars and classical 2D-PAGE techniques, we found respec-
tively 5 and 17 times more proteins in the shoot [3,8]. The number
of identified proteins was similar to or higher than those in other
studies using an iTRAQ approach for shoots and roots [66,67],
including one using cultivar Pokkali [68]. Although there are iTRAQ
studies [69-71] that yielded a higher number of proteins, in those
studies the parameters for identifying proteins were not as restric-
tive as in ours (the mass error was set to 20 mg kg~! instead of
10 mg kg~') and it is not clear whether or not peptides found in
all samples were used for subsequent analysis. Thus, this study
represents an expansion of knowledge of the shoot proteome in
cultivars harboring the salinity-tolerance Saltol QTL. It also
expands our current datasets for root proteomes under salinity,
which has not been studied in these cultivars.

4.3. Global proteome abundance shows more efficient response in
roots than shoots

The proteomics data are summarized in a schematic of key
mechanisms for shoots and roots in Fig. 6A and B, respectively.
In general, it can be observed that roots are more responsive to
salinity than shoots because their response is faster and more orga-
nized (Fig. 4). In fact, protein activation in roots starts at 6 h,
whereas in shoots it changes, and drastically, only after 48 h of
salinity treatment. These events are not unexpected, as roots are
the first organs that sense salinity stress [72]. Our results disagree
with those of Yan et al. [72], who showed that upregulation of root
proteins under salinity stress was maximized after 72 h of stress, a
finding that could be explained by the higher NaCl concentration
(150 mmol L) that they used. Still, in the present study the root
protein abundances were similar between mock and salinity treat-
ments, especially for amino acid biosynthesis pathways, suggesting
that normal functions are not strongly disrupted. Also, the activa-
tion of proteins involved in stress tolerance was higher in roots
than in shoots, allowing higher salinity stress tolerance (Fig. 3).
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We accordingly propose that the more efficient responses dis-
played by roots in Saltol-carrying cultivars are explained by better
adaptation to the excessive salt present in the growing medium
[9,73].

4.4. Roots and shoots display differential biomolecule and
photosynthetic metabolisms when subjected to salinity

The majority of shoot proteins involved in photosynthesis
showed lower abundance under the salinity treatment, concomi-
tant with a reduction in relative chlorophyll content values, sug-
gesting a halt in photosynthetic processes. In accord with our
findings, Walia et al. [35], Moradi et al. [74], and Lakra et al. [8]
showed that photosynthetic CO, fixation, stomatal conductance,
and transpiration decreased substantially in rice plants exposed
to salt stress [8,74]. Although roots are a photosynthetically inac-
tive tissue [44], some photosynthesis-related proteins were identi-
fied in root leucoplasts that have been reported [75,76] to be
present in other species. Despite the downregulation of the photo-
synthetic processes, many proteins involved in energy and biomo-
lecule metabolism were upregulated in both tissues, as observed in
other studies for shoots [8,65,68] and roots [3]. Greater changes in
abundance were observed in shoots than in roots, as also reported
by Lakra et al. [68], implying that shoots require more intense acti-
vation of cell machinery than roots to avoid salinity-related dam-
age at the plant and cell level. The upregulation of these
processes does not greatly increase tolerance to salinity stress
itself, but is essential in the activation of pathways involved in pro-
ducing compatible solutes (e.g. proline and glycinebetaine), trig-
gering antioxidant responses and aiding in signaling cascades for
sensing salinity among other functions [6]. For this, a highly coor-
dinated response is required in rice plants, which includes the
rapid upregulation of initiation and elongation factors at the tran-
scription and translation levels, as well as many ribosomal proteins
needed to activate salinity-tolerance pathways. In fact, our results,
along with those of other authors [3,68], show that roots display a
more efficient response than shoots.

4.5. Proteins involved in Na* sensing and sequestration and vesicular
trafficking

Concerning strategies and mechanisms for coping with excess
salt, all plants, even glycophytes (salinity-intolerant plants), have
developed the ability to sense the hyperosmotic component and
the ionic Na* component of salinity stress [73,77]. This sensing
ability depends on a multigene response, and although several
genes are already known, the molecular identities of these sensors
are not yet elucidated [1,9,73]. Our results contribute to under-
standing the sensing pathways, as we have identified proteins such
as calmodulin, annexin, phospholipases and ABA receptors (Fig. 6A
and B). The finding that abundance changes were more prominent
in shoots than roots suggest that roots’ signaling mechanisms are
more consolidated, as Lakra et al. [68] observed for Pokkali under
salinity stress. Among these proteins, the transporter OsHKT1;5
encoded in the Saltol region was not identified under any of the
six conditions assayed, as also found by several authors [3,8,32].
High salinity stress rapidly leads to cytosolic Ca®* spiking [7,78],
which could strongly influence low-affinity channels called nonse-
lective cation channels that allow Na* to enter cells, and if the
channels are not adequately regulated could drastically perturb
the Na*/K" ratio [1]. Calmodulin is a ubiquitous protein that binds
Ca?* and is highly conserved in eukaryotes [78]. As found here and
previously [8], it is present in low abundance in shoots during
salinity treatments. Loss of function of the SOS (Salt Overly Sensi-
tive) gene in Arabidopsis, which encodes a Ca®" binding protein,
produces mutants that are oversensitive to salt stress [79].
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Annexin, a Ca**-dependent phospholipid binding protein, showed
higher abundance under salinity than under mock treatment at
48 h in roots and shoots and a high transcriptional activity of this
protein accompanied increased stress tolerance [80,81].
Downstream Ca?* kinases could be activated that transduce the
perceived signal to activate gene transcription, such as calcium-
dependent protein kinases (CDPKs) [73]. Phospholipase D was
detected in shoots and roots but exhibited its highest abundance
in shoots at 48 h, as observed by Domingo et al. [82] where its tran-
scription was more evident in a salinity-sensitive rice line. This
enzyme is involved in the regulation of phospholipid-based signal-
ing, which has been associated with salt stress tolerance, so that its
high abundance in shoots could contribute to the salt-tolerance
response [82]. ABA is a phytohormone that can play an important
role in salinity tolerance by reducing transpirational water loss via
stomatal closure [83]. The ABA receptor 9 was over-accumulated
only in salt-stressed shoots, suggesting a role in reducing water
loss through transpiration by closing stomata, as described previ-
ously [84] for other ABA receptors. Several translation-initiation
and elongation factors along with many ribosomal proteins were
upregulated in shoots and roots. The increase in proteins involved
in gene expression has also been reported in rice accessions har-
boring Saltol [3,8], but to our knowledge this is the first time so
many proteins involved in this function have been identified.

We also detected other proteins that could be involved in sens-
ing stress signals (hyperosmotic stress and elevated Na* concentra-
tion), in particular those involved in vesicular trafficking in cells
(clathrin, coatomer, Sarl, secA) and the nucleus (transportin,
importin), along with GDI (guanosine nucleotide diphosphate dis-
sociation inhibitor) [85-90]. These proteins showed higher abun-
dance under the salinity treatment, being more abundant in
roots than in shoots, in agreement with findings [82,91] that Na*
has a low accumulation in shoots in tolerant rice lines. Salinity
stress induced bulk-flow endocytosis in A. thaliana roots via
clathrin-dependent and -independent pathways after only
10 min of exposure to NaCl [92-94]. Luo et al. [95] reported that
a gene encoding importin B was required for the drought tolerance
response (i.e. the osmotic component of salinity stress). In accord
with that study, we observed an increased abundance of importin
ot in roots after 48 h of 100 mmol L' NaCl. Increased vesicular traf-
ficking during salinity stress has been associated [89] with removal
of sodium transporters from the plasma membrane, limiting Na*
uptake and internalizing of plasma membrane aquaporins to pre-
vent water loss.

4.6. Roots showed higher activation of proteins involved in antioxidant
and defense functions than shoots

Higher abundance of proteins involved in oxidative stress, pro-
tein protection, and abiotic stress in general was observed in
shoots and roots during salinity treatment (Figs. 5A and B, 6A
and B). Enzymes involved in ROS scavenging such as ascorbate per-
oxidase (AP), catalase (CAT), PDX, superoxide dismutase (SOD), and
GME-1 (L-ascorbic acid biosynthesis) showed differential higher
abundances, suggesting differential activation. In shoots, some
protein abundances were lower under the salinity treatment, sug-
gesting an erratic antioxidant response, as Lakra et al. [8,68]
observed for Pokkali. The PDX gene, contained in the Saltol QTL,
was substantially upregulated in shoots at 24 and 48 h under
100 mmol L~! NaCl, whereas in roots its abundance remained
the same throughout the treatment, suggesting different roles in
the two tissues. In contrast, APX abundances in roots were higher
under salinity at the three time points, whereas for shoots lower
abundances were observed at 24 and 48 h. SOD, an enzyme
involved in ROS scavenging mechanisms, showed higher activity
in roots and shoots, as observed by Abdollah Hosseini et al. [3]
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for FL478. Li et al. [65] and Dooki et al. [96] reported upregulation
of APX and AP in the roots of the rice cultivar 93-11 and the pan-
icles of cultivar IR651, respectively. It appeared in this study, as in
others [3,8,68], that antioxidant responses are tissue- and time-
specific, given that some enzymes are activated rapidly but others
only after prolonged stress, and their responses differ between
shoots and roots.

Rice mutants for allene oxide cyclase, a protein downregulated
in shoots and roots in the present study, showed increased salt tol-
erance [97]. Proteins involved in protein protection (e.g. HSPs, pep-
tidylprolyl isomerase, and chaperonins) were markedly
upregulated only in shoots, suggesting that roots cope better with
salinity and withstand the stress without activating these proteins.
Overabundance of chaperonins in roots has been described, but in
salinity-sensitive cultivars [98]. As in our study, Lakra et al. [8]
found upregulation of a chaperonin for shoot proteins in rice plants
harboring Saltol (Pokkali). More stress-related proteins were
observed in shoots, the majority of them up-regulated, in particu-
lar a protein of the dehydrin family (DH) whose members are
known [99] to accumulate in rice vegetative tissues. But the SalT
protein, encoded in the Saltol region, was observed only in roots,
in contrast to the findings of Lakra et al. [68], where this protein
was not detected under salinity stress in Pokkali using an iTRAQ
approach.

The osmotic component of the salt stress can lead to plasmoly-
sis, generating additional stress [23]. We found that cytoskeleton
protein abundances between treatments varied greatly in shoots
and roots. In general, roots displayed lower abundances than
shoots under salinity. Because the cytoskeleton plays a key role
in response to high salinity owing to its highly dynamic changes
and complex regulatory networks [100], this finding merits further
study. Several compatible solutes (osmoprotectants) have been
studied in rice [1]. In our study, only two enzymes involved in
the synthesis of sucrose (8P5CS) and glycinebetaine (BADH2),
showing higher abundances in roots under salinity stress. In
shoots, BADH2 abundance was lower under salinity stress, sup-
porting again the key role of roots in tolerating salinity. Lakra
et al. [8] described high proline contents in IR64 (a salt-sensitive
cultivar) and Pokkali (a salt-tolerant cultivar) under salinity stress,
suggesting that this mechanism is not specific to salt-tolerant cul-
tivars but is widespread across rice cultivars.

5. Conclusions

In this study, as in others that have evaluated salinity tolerance
in Saltol accessions, the OsHKT1;5 protein was not detected even
by shotgun proteomics, and it thus remains in doubt. SalT and
PDX proteins, encoded in the Saltol QTL region, were detected in
roots but only PDX was detected in shoots. In roots, the two pro-
teins showed similar abundances between treatments but in
shoots, PDX was increased under salinity stress. The study has cre-
ated a large database for future studies of salinity-stress response
in rice accessions harboring the Saltol region, comprising more
than 2000 proteins expressed during the early stages of salinity
stress in the shoots and roots of rice line FL478. Our dataset for root
proteomic analysis is remarkable, as information about this tissue
in the literature is very scarce and should be addressed as is the
first barrier to avoid salinity excesses. Protein-protein interaction
networks developed in this study allow identification of novel can-
didates of unknown function that may play major roles in toler-
ance to salinity stress, and invite further study. Among higher-
abundance proteins, UnkS-13 and UnkS-1, involved respectively
in amino acid synthesis and antioxidant stress, are potential candi-
dates. Proteins UnkS-13 and UnkS-14, also showing higher abun-
dance under salinity, are also promising. In roots, ROS scavenging
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was crucial for salinity response, as was the maintenance of mito-
chondrial activity and amino acid metabolism. In shoots, there was
also an activation of antioxidant machinery and of transcription
mechanisms, though disparate and contrasting responses were
observed for amino acid metabolism and the Calvin cycle. Stress-
responsive proteins such as dehydrin and PLAT may play key roles,
in view of their high activation during salinity stress. This study
highlights the importance of examining both shoots and roots,
because their salinity tolerance traits are different and respond
to different requirements of the rice plant. It sheds light on adap-
tive processes under high salinity in rice plants and, in particular,
in roots. This knowledge could be further used to develop highly
tolerant rice cultivars.
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