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Abstract

Key message BABA or GABA induces salinity accli-
mation during citrus seeds germination via alternation
of specific proteins (e.g., citrin).

Abstract The impact of four elicitors, namely hydrogen
peroxide (H,0,), -amino butyric acid (BABA), y-amino
butyric acid (GABA) and hydrogen sulfide (H,S) donor,
sodium hydrosulfide (NaHS), in citrus seed germination
under salinity (150 mM NaCl) was tested. The germination
potential was adversely affected by NaCl-alone treatment.
Pretreatment with H,O, or the NaHS-H,S donor prior to
salinity had no significant effect in germination process,
however, BABA and GABA substantially improved seed
acclimation to salinity, as evidenced by increased germi-
nation percentage and radicle length. Total soluble proteins
of radicle and cotyledons were separated by 1DE SDS-
PAGE and proteins zones were analyzed by mass spec-
trometry. In total, 27 and 3 proteins were identified in
radicle and cotyledons, respectively. The identified pro-
teins mainly include redox-regulated enzymes (i.e., glu-
tathione S-transferase, dehydroascorbate reductase, Mn-
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superoxide dismutase, glutathione peroxidase), energy-re-
lated proteins (i.e., isocitrate lyase, malate synthase,
pyruvate decarboxylase), stress proteins (i.e., stress-related
protein, miraculin, thaumatin, disulfide isomerase), storage
proteins (i.e., vicilin, Pis v 1 allergen 2S albumin) and
transcriptional regulators (i.e., MarR family transcriptional
regulator, MADS544 protein). Pretreatments with BABA
or GABA altered the accumulation of protein zones
exclusively corresponding to citrin, indicating that this
protein may serve as a marker for salinity acclimation in
citrus seeds.

Keywords BABA - Citrus - GABA - Proteomics -
Salinity - Seed germination

During germination, the seed is highly sensitive to envi-
ronmental stresses, notably salinity. Several signaling
molecules, such as hydrogen peroxide (H,0,), hydrogen
sulfide (H,S) and the non-protein amino acids f-amino
butyric acid (BABA) and y-amino butyric acid (GABA)
can confer protection against abiotic stresses. Evidence
suggests that the salt responses ensure appropriate stress-
related gene and protein expression that ultimately leads to
acclimation (see Rajjou et al. 2012 for review). Citrus are
among the most economically important fruit trees and
characterized as relatively sensitive to salt stress (Tanou
et al. 2012). In this study, we investigated whether seed
pretreatment with four well-known inducers of plant
resistance, H,O,, BABA, GABA or NaSH (a H,S donor)
can induce acclimation of citrus seeds to subsequent
salinity. One-dimensional sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (1IDE SDS-PAGE) followed
by nanoscale liquid chromatography coupled to tandem
mass spectrometry (nano LC-MS/MS) was conducted in
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radicle and cotyledons to characterize, for the first time,
citrus protein status during germination.

Citrus (Citrus aurantium L.) seeds were prepared for
germination according to King and Roberts (1980). Seeds
pretreated with 100 uM of H,O,, BABA, GABA, NaSH or
distilled water (control) for 12 h in the dark at room tem-
perature. Subsequently, seeds were allocated randomly in
two Petri dishes (9 cm diameter) for each treatment (10
seeds in each Petri dish) containing three layers of filter
paper, moistened with distilled water (control) or 150 mM
NaCl solution. Germination was performed under standard
conditions (King and Roberts, 1980).

Total proteins were extracted from radicle and cotyledon
tissues in 50 mM potassium phosphate (pH 7.4) extraction
buffer containing 1 mM EDTA, 0.5 % Triton X-100,
1 mM PMSF, 1 M NaCl, 1 % PVPP and the protease
inhibitor cocktail ‘Complete Mini’ (Roche Diagnostics,
Mannheim, Germany). Afterwards, proteins were separated
by 1DE SDS-PAGE and gels were analyzed with Quantity
One software (Bio-Rad) (Minas et al. 2012). Following
digestion, peptides from protein zones of interest were
analyzed by LTQ-Velos-Orbitrap online with a nanoLC
Ultimate 3000 chromatography system (Thermo Fisher
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Fig. 1 Influence of chemical pretreatment on a citrus seed germina-
tion phenotype, b germination percentage (%) and c¢ radicle length
(cm). Bars marked by the same letter are not significantly different
according to Duncan’s multiple range test (P < 0.05). Results are
mean £+ SD of three replications. d Representative total soluble
protein 1DE SDS-PAGE analysis in radicle and cotyledon. Equal
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Scientific, Bremen, Germany). Proteins were annotated
based on the National Center for Biotechnology Informa-
tion (NCBI) using BLASTp. All identified proteins had a
MASCOT score greater than the significance level corre-
sponding to P < 0.05. Moreover, among the positive
matches, only protein identifications based on at least two
different peptide sequences of more than six consecutive
amino acids with an individual score above 20 were
accepted. To validate protein identification with one pep-
tide (e.g., as in protein zone 1, 4, 6 and 9; Supplementary
Fig. 3), the threshold score was set above the identity
threshold (value of 32) with at least a series of five con-
secutive y or b fragments in the spectrum.

Phenotypical and physiological data showed that seed
germination was depressed by NaCl (Fig. 1a—c). Although
H,0, or H,S had no significant effect in germination,
pretreatment with BABA or GABA improved germination,
as documented by the increased germination percentage
and radicle (Fig. 1b, c). Several distinct proteins zones
(Fig. 1d; 1-11 arrows) showed significant variation in
abundance (Supplementary Table 2). NanoLC-MS/MS
analysis identified 27 and 3 proteins in radicle and
cotyledons (Table S1), respectively, which mainly
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localized in plastid and extracellular space (Figure S1).
These proteins (n = 30) were primarily related to protein
destination/storage (53.3 %) and plant defense (30.0 %)
(Figure S2).

The detection of several antioxidant enzymes in the
radicle, such as glutathione S-transferase (GST), dehy-
droascorbate reductase (DHAR), Mn-superoxide dismutase
(Mn-SOD) and glutathione peroxidase (GPX) together with
the identification of several defense proteins (stress-related
protein, miraculin, thaumatin) (Table S1) give the citrus
tissues an advantage for survival in saline environment.
The presence of energy-related proteins in radicle that
participate into glyoxylate (TCA) cycle, such as malate
synthase and isocitrate lyase (Table S1), suggests that
lipids act as an energy source during radical growth under
salinity. The identification of a MarR family transcriptional
regulator in radical along with the detection of the tran-
scription-related protein (MADS544 protein; Table S1)
support that the post-germination development was medi-
ated by transcription factors.

An important result revealed by this proteomic analysis
was that the protein zones 2 and 3 (Fig. 1d), that exclu-
sively corresponded to citrin (Table S1), were accumulated
in NaCl-alone treated radicle compared with control
(Table S2), possibly suggesting that mobilization of the
two citrin subunits occurred during imbibition of seeds
under salinity stress. Since citrin expression is tightly
linked with polyembryony in citrus seeds (Nakano et al.
2013), we assume that the accumulation of citrin in the
radicle and its presence in the cotyledons exposed to NaCl
(Table S1) might be associated with the stimulation of
polyembryony to improve the survival of at least one
seedling per seed under salinity-originated unfavorable
conditions, in a type of environmental-induced polyem-
bryony mechanism. Interestingly, the accumulation of
protein zones 2 and 3 of citrin in BABA- or GABA-treated
tissues under salinity reversed to the levels of unstressed
control (Table S2). Therefore, BABA- or GABA-depressed
citrin accumulation could embody an acclimation mecha-
nism that allows citrus seeds to depress polyembryony to
avoid competition inside the seed or could be an indicator
that the severity of salt stress is less sensed in tissues. An
alternative explanation for the observed germination

behavior could be that salinity-induced solubilization/mo-
bilization of citrin, as mentioned above, was detrimental
for seedling establishment because it caused premature
depletion of citrin-like storage compounds that are nor-
mally useful later during seedling establishment under non-
stressed conditions. In this hypothesis, BABA and GABA
under salinity would restore the normal seedling estab-
lishment behavior seen under optimal germination condi-
tions. Further detailed researches are needed to
characterize the potential roles of citrin in salt acclimation.
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Supplementary Figure 1, Ziogas et al.
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Supplementary Figure 2, Ziogas et al.
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Supplementary Table 1. List of the 30 soluble proteinsidentified by mass spectrometry in the radicle and cotyledons of citrus seeds.
Legend: Zone number, Zone label on the reference gel maps presented in Figure 1d; Protein name, identified peptide names; Acces. number, accession number in NCBI
or in Uniprot database; Matching criteria, adopted criteriafor the valuation of similarity for proteinsidentified after manual blast against current databases. Blank cells
correspond to proteins readily identified without further blast; Organism, organism in which the protein has been identified; Subcellular localization, Sub-cellular
localization was assigned based on database searches; Functional category, proteins ontologically classified into functional categories proposed by Bevan et al. (1998);
Theor.pl/Mw, theoretical isoelectric point/molecular weight; % Cov, Mascot coverage %, percentage of sequence coverage obtained with identified peptides with Mascot
software for the orthologous protein; Score, a minimum of two different peptides was used (score>65 for search in NCBI nr, score> 32 when using UNIPROT database
and score>76 when using the EST database). To validate protein identification with one single peptide Supporting Information are provided in Supplementary Figure 3;
m/z, mass to charge ratio; Mass(exp), experimental mass of peptide;
Sequences, list of peptides identified with Mascot software
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