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ARTICLE INFO ABSTRACT

Late embryogenesis abundant (LEA) proteins are highly hydrophilic proteins with key roles in environmental
stress responses. In this study, we performed the first survey of the LEA proteome in seedling leaves from two
wheat genotypes subjected to drought stress, i.e., Shaanhe 6 (SH, drought-tolerant) and Zhengyin 1 (ZY,
drought-sensitive). After isolating the LEA subpopulation by treating total soluble proteins with heating com-
bined with 1% trichloroacetic acid treatment that was assessed by Western blotting of dehydrins, label-free
proteomic analysis identified 38 LEA proteins or homologues belonging to seven LEA subfamilies in the two
genotypes. The abundances of over half of the LEA proteins changed significantly after drought stress and they
were involved in protection against drought, with at least 20 in SH and 14 in ZY. We found that the common
differentially expressed LEA proteins increased in abundance more in the SH genotype compared with the ZY
genotype, and six LEA proteins were significantly upregulated exclusively in the SH genotype, which may
contribute to higher drought tolerance in SH. We also identified 221 non-LEA proteins from 12 functional ca-
tegories. Our results provide a deeper understanding of the LEA expression patterns in response to drought stress
in two wheat genotypes.

Significance: We identified 38 LEA proteins or homologues from different LEA families in two wheat genotypes,
thereby indicating the complex and versatile protective roles of LEA proteins in drought stress resistance.
Moreover, the abundance of differentially expressed LEA proteins increased more in the SH genotype compared
with the ZY genotype, and several LEA proteins with significant upregulation only in the SH genotype may
contribute to its higher tolerance of drought stress. 221 non-LEA proteins were differentially accumulated in at
least one of the SH and ZY genotypes. They are involved mainly with 12 biological functions and they might
explain different drought responses of the two genotypes. The differentially expressed LEA and non-LEA proteins
may be potential markers of drought tolerance to facilitate wheat breeding, particularly those that were spe-
cifically upregulated in the SH genotype, or with opposing expression patterns in the two genotypes.
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1. Introduction osmolytes, signaling molecules, ion homeostasis molecules, reactive

oxygen scavengers, proteins with responses to abscisic acid (ABA),

Drought, one of the most adverse environmental factors, sig-
nificantly impair the growth and consequently restrain productivity of
plants such as the most important cereal crops, including wheat. Plants
undergo various physiological, biochemical, and molecular changes in
order to cope with the possible damage caused by unfavorable condi-
tions [1-3]. Many specialized proteins are differentially expressed in
plants during adaptation to stress, where they generally have roles as

pathogen-related proteins, heat shock proteins, late embryogenesis
abundant (LEA) proteins, and chaperones [4-7]. In particular, LEA
proteins have been studied for many years because they accumulate in
abundance in plant desiccation-tolerant structures such as seeds, as well
as being induced in vegetative tissues in response to drought, extreme
temperatures, and salinity, or after the exogenous application of ABA,
even in bacteria and anhydrobiotic invertebrates [8-11]. However, the
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LEA proteome patterns have not been investigated in the seeds or ve-
getative tissues of wheat during drought stress.

LEA proteins are divided into at least six different groups based on
their amino acid sequence similarities and the presence of repeated
sequence motifs found in a publically available database (LEAPdb)
[12]. Much of the evidence indicates that the expression of LEA proteins
is linked to the acquisition of dehydration tolerance [8,13,14], although
their precise cellular action remains obscure. Nevertheless, in vitro ex-
periments have shown that different LEA proteins potentially have
protective functions in water retention during dehydration, radical and
ion scavenging, the stabilization of enzymes, proteins, and membranes,
interactions with RNA and DNA, or their combinations [14,15]. LEA
proteins may exhibit structural transitions when dried or associated
with phospholipids [16-18].

About 170 LEA proteins are found in the Triticum plants listed in the
latest UniProt release. Proteome-wide approaches are necessary to de-
termine the physiological roles of LEA proteins in wheat by identifying
the entire LEA profile during the response of wheat to drought stress,
thereby understanding how LEA proteins might confer different levels
of drought stress tolerance in various wheat genotypes. However, di-
verse LEA proteins profile have not been reported in the proteomics
data obtained for wheat seeds or vegetative tissues in response to de-
hydration stress and only individual LEA proteins have been studied
instead [19-22], although many studies have shown that the abun-
dance of LEA proteins is low in the complex wheat proteome. Moreover,
the low capacity of mass spectrometry (MS) for resolving and frag-
menting large numbers of peptides can hinder the identification of
proteins in complex samples by MS. Proteins with low abundances that
are located in very specific subcellular compartments, or that are only
present at certain stages of plant development, may only be detected if
subpopulations of specific enriched proteins are analyzed [23]. Thus,
reducing the complexity of samples before MS analysis is important for
the successful identification of the wheat LEA proteome.

Most LEA proteins are highly hydrophilic and low complexity pro-
teins, which contain a high proportion of charged and polar amino
acids, and they have a largely unstructured conformation in the hy-
drated state. These features contribute to their tolerance of heat and
acidity [10,24,25]. Disorder predictions for whole genomes have shown
that nearly one-third of all eukaryotic genes encode proteins that are
entirely or partially disordered [26]. These proteins are defined as in-
trinsically disordered proteins (IDPs). Most LEA proteins are in-
trinsically disordered proteins, which may exhibit mainly a-helical
structures during drying or after binding to target molecules such as
membranes [15]. Hydrophilins are defined as a group of proteins with a
Gly content > 6% and a hydrophilicity index > 1 [25]. Moreover, it
has been estimated that hydrophilins account for approximately 0.2%
of the total proteins in a given genome. Most LEA proteins are also
members of the hydrophilins group. These evidences suggest that heat
and acid stability is not an exclusive feature of the LEA proteins found
in plants. However, LEA proteins have been isolated from the seeds or
radicles of some plant species, as well as invertebrates, according to
proteomic identification based on their heat tolerance [11,23,27,28].
Moreover, a more effective strategy for detecting LEA proteins in the
heat-soluble proteome has been investigated, which involves treating
total protein extracts from Arabidopsis thaliana seeds by heating, fol-
lowed by 3% trichloroacetic acid (TCA) treatment in order to obtain a
soluble fraction that is highly enriched in LEA proteins, and this system
is suitable for the large-scale identification of LEA proteins in seeds
[29].

In the present study, we identified the LEA proteins present in the
seedling leaves of two wheat genotypes in response to drought stress by
using a label-free proteomics approach based on the MaxQuant algo-
rithm. We identified 38 and 31 LEA proteins in the Shaanhe 6 (SH,
drought-tolerant) and Zhengyin 1 (ZY, drought-sensitive) genotypes,
respectively, which corresponded to 38 unique LEA proteins from seven
LEA groups, and we also determined the changes in their abundances in
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the two wheat genotypes. We identified some differentially expressed
proteins that did not belong to any known LEA family and we predicted
their biological functions. Their physicochemical properties were also
analyzed. Furthermore, the expression levels and functions of the LEA
and non-LEA proteins with significant changes in abundance were in-
vestigated in detail. This study provides insights into the mechanisms
employed by LEA proteins when responding to drought stress in the
seedling leaves of two wheat genotypes.

2. Materials and methods
2.1. Plant material

Two genotypes of winter wheat (Triticum aestivum L.), drought-tol-
erant Shaanhe 6 (SH) and drought-sensitive Zhengyin 1 (ZH), were
selected for this study. The seeds were grown in plastic pots filled with a
mixture of peat substrate (Pindstrup, Denmark) and vermiculite (1:1, v/
v). The experiment was performed in a rain shelter under natural
temperature, light, and moisture conditions. Seedlings were watered
well until the three-leaf stage. The plants were then subjected to
drought stress by water withdrawal. Leaf samples were collected from
the two genotypes using three biological replicates at 70%, 50%, 40%,
30%, and 20% of the maximum field capacity (FC), respectively. Some
of the fresh leaves were used to measure physiological indicators, and
the remainder were frozen immediately in liquid nitrogen and stored at
— 80 °C until further analyses.

2.2. Physiological measurements

Physiological traits were investigated including the leaf relative
water content (RWC) and relative electrolyte leakage in leaves from the
two wheat genotypes subjected to water deficit. Fresh seedling leaves
were weighed (fresh mass, FM) from three replicates treated with dif-
ferent water stress levels. The seedling leaves were then immersed in
distilled water for 4 h. At fully turgid weight, the leaves were reweighed
(TM) and the dry mass (DM) was then determined after incubating at
70 °C for 24 h. RWC was calculated according to the formula described
by Turner [30]: RWC = (FM — DM) / (TM — DM) x 100. Relative
electrolyte leakage was measured in fresh leaves, as described by Dio-
nisio-Sese and Tobita [31].

2.3. Protein extraction and western blot analysis

Soluble proteins were extracted from the leaves of control (70% FC)
and stress-treated (20% FC) plants in triplicate, as described by Oliveira
et al. [29] with some slight changes. Briefly, 1 g of leaf sample was
ground into powder in liquid nitrogen and solubilized in salt buffer
(20 mM TES-KOH, pH 8.0, 0.5 M NaCl) in the presence of standard
protease inhibitors (1 mM PMSF, 50 pM leupeptin, 10 mM E-64). After
two consecutive rounds of centrifugation at 10,000 X g for 10 min at
4 °C, the resulting supernatant was boiled for 10 min at 100 °C on a
heating block, cooled for 30 min on ice, and centrifuged at 10,000 x g
for 10 min at 4 °C. Subsequently, the heat-stable fraction was subjected
to TCA treatment by slowly adding 40% TCA to a specific final con-
centration of TCA (0.5, 1, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, or
6.0%). Next, after 15 min on ice, the TCA-insoluble fraction was sepa-
rated by centrifugation at 10,000 X g for 15 min. The acid-soluble
proteins corresponding to the resulting supernatant were recovered by
15% TCA precipitation overnight. The pellets were washed twice with
cold acetone and air-dried. For the MS experiments, the pellets were
resuspended in 300 pL of SDT lysis buffer (4% SDS, 1 mM DTT, 150 mM
Tris-HCI pH 8.0) [32], before ultrasonication ten times for 10 s with an
interval of 15 s, and boiling for 10 min. The supernatants were obtained
by centrifugation at 14,000 X g for 40 min at 25 °C, and then stored at
— 80 °C until further use. The protein contents were determined with a
BCA Protein Assay Kit (Bio-Rad, USA). All samples were preliminarily
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