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Abstract: The germin-like protein (GLP) family plays vital roles for plant growth, stress
adaptation, and defense; however, its evolutionary dynamics and functional diversity in
halophytes remain poorly characterized. Here, we present the genome-wide analysis of
the GLP family in the halophytic forage alkaligrass (Puccinellia tenuiflora), which identified
54 PutGLPs with a significant expansion compared to other plant species. Phylogenetic
analysis revealed monocot-specific clustering, with 41.5% of PutGLPs densely localized
to chromosome 7, suggesting tandem duplication as a key driver of family expansion.
Collinearity analysis confirmed evolutionary conservation with monocot GLPs. Integrated
gene structure and motif analysis revealed conserved cupin domains (BoxB and BoxC).
Promoter cis-acting elements analysis revealed stress-responsive architectures dominated
by ABRE, STRE, and G-box motifs. Tissue-/organ-specific expression profiling identi-
fied root- and flower-enriched PutGLPs, implying specialized roles in stress adaptation.
Dynamic expression patterns under salt-dominated stresses revealed distinct regulatory
pathways governing ionic and alkaline stress responses. Functional characterization of
PutGLP37 demonstrated its cell wall localization, dual superoxide dismutase (SOD) and
oxalate oxidase (OXO) enzymatic activities, and salt stress tolerance in Escherichia coli, yeast
(Saccharomyces cerevisiae INVScl), and transgenic Arabidopsis. This study provides critical
insights into the evolutionary innovation and stress adaptive roles of GLPs in halophytes.

Keywords: Puccinellia tenuiflora; germin-like protein (GLP) gene family; expression pattern;
salt tolerance

1. Introduction

Germin-like proteins (GLPs) were first identified during wheat seed germination and
have since been characterized across diverse plant lineages including gymnosperms, dicots,
monocots, and mosses [1-4]. As members of the versatile cupin superfamily, all GLPs pos-
sess conserved cupin domains characterized by a 3-barrel structure that facilitates metal ion
binding [5]. These proteins exhibit exceptional stability as oligomeric complexes, demon-
strating remarkable resistance to thermal denaturation and proteolytic degradation [6]. In
plants, GLPs contribute to multiple biological processes such as developmental regulation,
osmoregulation, and pathogen defense through cell wall fortification mechanisms [5,7-9].

Plants 2025, 14, 2259 https:/ /doi.org/10.3390/plants14152259
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The majority of GLPs exhibit enzymatic activities, including oxalate oxidase (OXO),
superoxide dismutase (SOD), and cysteine peptidase functions [10-12]. For example, rice
(Oryza sativa) OsGLP3-7 demonstrates SOD activity and regulates H,O, accumulation in
transgenic plants [12]. Enzymatic assays of Calotropis procera latex fluids identified OXO
activity in the latex-derived CpGLP1 and CpGLP2 proteins [13]. Similarly, the azalea (Rhodo-
dendron mucronatum) GLP (RmGLP2) exhibited OXO activity in both in vitro and in vivo
assays, while negative staining further revealed its concurrent SOD activity [14]. Notably,
a GLP purified from Thevetia peruviana demonstrated proteolytic activity characteristic of
cysteine peptidase [15].

GLPs participate in plant developmental processes and mediate responses to biotic
and abiotic stresses, potentially through enhanced enzymatic activity [4,16]. In rice, sup-
pression of OsGLP2-1 expression accelerated dormancy release in immature seeds, while its
overexpression enhanced seed dormancy [8]. Notably, the rice GLP (OsGER4) acts as a neg-
ative regulator of gibberellin (GA)-mediated crown root development [17]. Furthermore,
in Arabidopsis, plasmodesmata GLP (PDGLP1/2) regulate root architecture by controlling
phloem-mediated resource allocation between primary and lateral root meristems [18].
Critically, GLPs also mediate biotic and abiotic stress responses. The Craterostigma plan-
tagineum CpGLP1, which defines a novel GLP subfamily, demonstrates SOD activity and
pectin-binding capacity, coordinating ROS homeostasis and cell wall remodeling during
desiccation tolerance [19]. Likewise, transgenic expression of the sunflower (Helianthus
annuus) HaGLP1 in Arabidopsis conferred significant tolerance to Sclerotinia sclerotiorum and
protects against Rhizoctonia solani infection, likely through elevated ROS levels [20]. Re-
cently, OsGLP8-7 in rice was shown to alleviate copper toxicity through lignin biosynthesis-
mediated cell wall remodeling, which enhances Cu?* retention, suppresses oxidative stress,
and preserves cellular ultrastructure under excess Cu conditions [21].

Alkaligrass (Puccinellia tenuiflora), a halophytic forage species exhibiting exceptional
saline-alkaline stress tolerance [22], serves as a model organism for studying stress
resistance mechanisms with applications in saline soil remediation and functional ge-
nomics [23,24]. Although GLP gene family has been functionally characterized in soy-
bean (Glycine max), longan (Dimocarpus longan), Citrus (Citrus sinensis), peanut (Arachis
hypogaea), melon (Cucumis melo), rapeseed (Brassica napus), cotton (Gossypium hirsutum),
maize (Zea mays), rice (O. sativa), barley (Hordeum vulgare), Arabidopsis (Arabidopsis thaliana),
and moss (Physcomitrella patens) [3,4,16,25-32], research on the GLP family in P. tenuiflora
remains limited.

In this study, we aim to comprehensively identify and annotate PutGLP members
through genome-wide analysis. We will elucidate their evolutionary relationships, struc-
tural features, expression levels across tissues and organs, and salinity-responsive dynamics.
On these bases, we further functionally validate the key PutGLP37 via subcellular local-
ization, enzymatic assays, and phenotypic analysis in transgenic plants. These objectives
will establish a foundation for deciphering the molecular mechanisms by which PutGLPs
mediate development and environmental resilience in halophytes.

2. Results
2.1. Identification of PutGLPs in P. tenuiflora

Using a Hidden Markov Model (HMM) scan and BLASTP searches, 53 PutGLPs were
identified in the P. tenuiflora genome, designated as PutGLP1-PutGLP36 and PutGLP3§-
PutGLP54 (Table S1). PutGLP37 was subsequently isolated from the P. tenuiflora cDNA
library but lacked a corresponding genomic position in the published genome assembly [22].
Therefore, a total of 54 family members encoding the cupin_1 domain (PF00190) were
analyzed. The amino acid sequences varied in length from 171 residues (PutGLP33) to
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280 residues (PutGLP4), with predicted theoretical isoelectric points (pI) ranging from
4.51 (PutGLP46) to 9.51 (PutGLP11) (Table S1). The predicted molecular weights (MW)
of these proteins ranged from 18.33 kDa (PutGLP33) to 30.91 kDa (PutGLP4). Subcellular
localization predictions indicated that most PutGLP proteins localize to the cell wall.

2.2. Phylogenetic and Evolutionary Analysis of the PutGLPs

To investigate the functional and evolutionary relationships within the GLP gene fam-
ily, an unrooted phylogenetic tree was constructed using sequences from six plant species:
alkaligrass (P. tenuiflora), soybean (G. max), barley (H. vulgare), Arabidopsis (A. thaliana),
rice (O. sativa), and maize (Z. mays) (Figure 1 and Table S2). The 218 GLPs analyzed were
classified into seven major clades (I-VII). PutGLPs were distributed across clades 111, V, VI,
and VII, comprising 24, nine, one, and 20 members, respectively. Among all clades, clade
III represented the largest group, encompassing 80 GLP members (36.7% of the total). This
clade was further subdivided into four subgroups: 1lla (ten PutGLPs), IlIb (one PutGLP),
llIc (three PutGLPs), and IIId (ten PutGLPs). Similarly, clade VII was partitioned into
subclades VIla (eight PutGLPs), VIIb (five PutGLPs), VIIc (seven PutGLPs), and VIId (no
P. tenuiflora representatives). Maize ZmGLPs in subclade VIId only contain cupin_1 domain
and cupin_2 domain, while PutGLPs within subclade VIIc have cupin_1 domain, cupin_2
domain, and cupin_3 domain, suggesting potential functional divergence.

Hia

P28-
ZmGLPS:
ZmGLP23.
ZmGLP17.

Viid

Py

Figure 1. Phylogenetic tree constructed from GLP protein sequences of alkaligrass (Puccinellia
tenuiflora), soybean (Glycine max), barley (Hordeum vulgare), Arabidopsis (Arabidopsis thaliana), rice
(Oryza sativa), and maize (Zea mays). Different-colored circles represent distinct phylogenetic groups,
whereas gene names are color-coded according to their respective species.
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2.3. Chromosomal Distribution and Collinearity Analysis of the PutGLPs

Chromosomal distribution analysis revealed that 53 PutGLPs were unevenly dis-
tributed across all seven chromosomes of P. tenuiflora (Figure 2A). Chromosomes 1 and
3 each harbored four PutGLPs, while chromosomes 2, 4, and 6 contained seven, eight,
and six PutGLPs, respectively, while chromosome 5 carried only two PutGLPs. Notably,
chromosome 7 exhibited the highest density with 22 PutGLPs, accounting for 41.5% of

the total.
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Figure 2. Chromosomal distribution and collinearity analysis of PutGLPs in Puccinellia tenuiflora.
(A) Chromosomal localization of PutGLPs across the P. tenuiflora genome. (B) Comparative collinear-
ity analysis of GLPs between alkaligrass (P. tenuiflora) and three angiosperm species, rice (Oryza sativa),
maize (Zea mays), and soybean (Glycine max). Gray lines depict collinear genomic regions between
P. tenuiflora and the reference species, while red lines specifically denote syntenic GLP gene pairs.

To elucidate evolutionary relationships, we performed collinearity analysis between
P. tenuiflora and three related species (rice, maize, and soybean) (Figure 2B). The results
identified nine orthologous GLP pairs between P. tenuiflora and rice, 11 pairs with maize,
and one pair with soybean. Notably, PutGLP54 showed homologous relationships with
both OsGLP9-1 and ZmGLP57, while PutGLP36 exhibited homology with OsGLP1-1 and
GmGER1. The more homologous gene pairs from PutGLPs with rice and maize than
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with soybean indicate closer phylogenetic affinity of PutGLPs to monocotyledons than
to dicotyledons.

2.4. Gene Structure, Conserved Domain, and Motif Analysis of PutGLPs

To elucidate the structural and functional characteristics of the GLP gene family in
P. tenuiflora, the gene structure, conserved domain, and conserved motif of PutGLPs were
analyzed (Figure 3). A phylogenetic tree constructed from the PutGLPs divided them into
five distinct clades (Figure 3A). Gene structure analysis revealed that PutGLPs contain one to
four exons (Figure 3B). Motif prediction analysis identified three conserved domains: motif
1, motif 2, and motif 4, which encode the BoxB, BoxA, and BoxC domains, respectively
(Figures 3C and S1). These motifs (motif 1, motif 2, and motif 4) were observed in all
PutGLPs except PutGLP18 and PutGLP33. Multiple sequence alignment further confirmed
that the GLP proteins contain BoxA, BoxB, and BoxC domains, with the cupin domain
comprising BoxB and BoxC (Figures S2 and S3). Additionally, two conserved cysteine
residues were identified in the aligned sequences (Figure S2).
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Figure 3. Phylogenetic, structural, and motif analysis of PutGLPs. (A) Neighbor-Joining phylogenetic
tree of PutGLP proteins. Bootstrap values (1000 replicates) are labeled at branch nodes. (B) Genomic
organization of PutGLPs. Structural components are annotated as follows: untranslated regions
(UTRs, blue boxes), exons (green boxes), and introns (black lines). Scale bar indicates sequence length.
(C) Distribution of conserved protein motifs. Ten motifs (Motif 1-10) are identified and color-coded
with numerical identifiers. Motif positions are mapped to the corresponding protein sequences.

2.5. Analysis of Cis-Acting Elements of PutGLP Promoters

To better understand potential regulation and function of PutGLPs, we analyzed
cis-acting elements within the 3000-bp upstream promoter regions of PutGLP members
(Figure 4A,B). A total of 2619 cis-acting elements were identified and categorized into
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>

three functional groups based on previous research [33]: plant growth and development,
phytohormone regulation, and stress response. Stress-responsive elements constituted
nearly half of all elements (1282/2619, 48.9%), with the G-box (10.84%) and STRE (8.29%)
being the two most prevalent. Among phytohormone regulatory elements, abscisic acid
(ABA)-responsive element (ABRE), TGACG-motif, and CGTCA-motif collectively ac-
counted for the highest proportion (25.47%). Notably, ABRE was detected in all PutGLPs
except PutGLP52. Within the plant growth and development category, nine elements were
identified, of which AS-1 exhibited the highest proportion (7.75%).
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Figure 4. Quantitative and functional profiling of cis-acting elements in PutGLPs. (A) Heatmap
visualization of cis-acting element abundance across PutGLPs. Element counts are color-coded (red
intensity gradient) and numerically annotated in grid cells. (B) Functional classification of cis-acting
elements. Grouped bar plots quantify elements associated with three biological processes, plant
growth and development (purple), phytohormone regulation (green), and stress response (blue).

2.6. Subcellular Localization of PutGLP37 and Expression Profiles of PutGLPs in Various Organs

To determine the subcellular localization of PutGLP37, we performed transient ex-
pression assays in tobacco (Nicotiana benthamiana) leaves (Figure 5A). The coding sequence
of PutGLP37 was fused in-frame to the C-terminus of GFP under the control of the
CaMV 35S promoter. Both the 35S::PutGLP37-GFP fusion construct and 355::GFP con-
trol were transiently expressed in tobacco epidermal cells, respectively. Results revealed
that the GFP-only control localized diffusely in the cytosol, nucleus, and plasma membrane
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(PM). In contrast, PutGLP37-GFP was predominantly localized to the cell wall and PM
(Figures 5A and S4).
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Figure 5. Subcellular localization and expression dynamics of PutGLPs. (A) Transient subcellular
localization of PutGLP37 in Nicotiana benthamiana epidermal cells. Confocal micrographs show GFP
fluorescence (green channel) from leaves co-infiltrated with Agrobacterium tumefaciens strains carrying
either 355::GFP (vector control) or 355::PutGLP37-GFP constructs. Images were captured at 48 h
post-infiltration. Scale bar = 25 um. (B) Tissue-/Organ-specific expression profiles of 15 PutGLPs.
Real-time quantitative PCR (RT-qPCR) analysis quantifies transcript abundance in five organs: roots,
stems, leaves, sheaths, and flowers. Expression values were normalized to PutActin using the 2 BACt
method. (C) Salt stress-responsive regulation of PutGLPs in leaves and roots. Heatmaps display
logy-transformed fold-changes in expression levels under three sodium treatments: 50 mM Na;CO3,
200 mM NaCl, and 100 mM NaHCOj3, sampled at 0, 6, 12, and 24 h post-treatment. Color gradients
(red: upregulation; blue: downregulation) reflect standardized expression relative to untreated
controls (0 h). Significant differences compared to the control group were determined by Student’s
t-test, *** p < 0.001, ** p < 0.01, and * p < 0.05.

To investigate potential functional roles, we analyzed the expression patterns of
PutGLPs across five tissues (roots, stems, leaves, sheaths, and flowers) using RT-qPCR
(Figure 5B). Based on relative expression levels, PutGLPs were classified into three distinct
groups. PutGLP2, PutGLP4, PutGLP13, PutGLP15, PutGLP37, and PutGLP42 exhibited
the highest expression in roots. PutGLP1, PutGLP32, PutGLP33, PutGLP34, PutGLP38,
PutGLP48, and PutGLP54 were predominantly expressed in flowers, while PutGLP36 was
exclusively expressed in stems.
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2.7. Expression Patterns of PutGLPs in Roots and Leaves Under Various Abiotic Stresses

To validate the potential involvement of PutGLPs in stress responses suggested by
cis-acting element analysis, we investigated the expression level of 15 PutGLPs in roots and
leaves under various salt treatments including Na,COs3, NaCl, and NaHCOj (Figure 5C).
In roots, NapCOj treatment led to upregulation in half of the 15 tested genes (8/15) and
downregulation in the remaining half (7/15). Strikingly, all 15 genes exhibited varying
degrees of upregulation under NaCl treatment. Under NaHCOj stress, 14 PutGLPs showed
suppressed expression at 6 h, except PutGLP37. Notably, PutGLP1 and PutGLP36 reached
peak expression levels at 12 h, while PutGLP2, PutGLP32, PutGLP33, PutGLP37, PutGLP42,
PutGLP44, PutGLP48, and PutGLP54 peaked at 24 h. In leaves, all 15 genes displayed
maximal expression at 6 h under Na,COs treatment. Remarkably, PutGLP15 and PutGLP37
showed sustained upregulation throughout NaCl treatment, whereas all 15 genes were
significantly upregulated at 12 h and 24 h under NaHCOj5 stress compared to the control.

2.8. Tolerance Analysis by Overexpressing PutGLP37 in Yeast and E. coli

To investigate the biological role of PutGLP37, we expressed this gene in yeast
(S. cerevisiae INVScl) and E. coli. Under non-stress conditions in YPD medium, the growth
of pYES2-PutGLP37 yeast strains was comparable to the pYES2 empty vector control
(Figure S5A). However, when exposed to osmotic stressors including 1.3 M NaCl, 26 mM
NaHCOs3, or 12 mM Na,COs, the pYES2-PutGLP37 strains exhibited significantly enhanced
growth relative to the control, indicating that PutGLP37 conferred tolerance to ionic and
alkaline stresses. To further validate this stress-adaptive function, we overexpressed Put-
GLP37 in E. coli as well (Figure S5B). On Luria-Bertani (LB) agar plates supplemented with
100 mM or 250 mM NaCl, E. coli cells expressing PutGLP37 showed markedly improved
growth compared to the control strain. This phenotype was corroborated in liquid culture
assays in liquid LB medium containing 250 mM NaCl; the PutGLP37-expressing strain
displayed a significantly higher growth rate than the control (Figure S5C). These results
demonstrate that PutGLP37 enhances NaCl stress tolerance in prokaryotic systems.

2.9. SOD and OXO Activity Assays of Recombinant PutGLP37 Protein

Previous studies have demonstrated that barley GLP proteins exhibit both OXO and
SOD activities, which are critical for their defensive roles [34-36]. To assess whether
PutGLP37 shares these enzymatic functions, we purified the recombinant protein and mea-
sured its SOD and OXO activities (Figure 6A,B). A semi-native PAGE gel assay confirmed
that recombinant PutGLP37 was properly folded and enzymatically active, indicating
potential SOD activity (Figure 6A). OXO activity was further evaluated using in-gel activity
staining (Figure 6B). Incubation with oxalate revealed strong OXO activity in purified Put-
GLP37, whereas supplementation with the inhibitor glycolic acid significantly suppressed
this activity, confirming reaction specificity.

2.10. Salt-Responsive Phenotype of PutGLP37-Overexpressing Arabidopsis Plants

To investigate the function of PutGLP37 in salt tolerance, we generated PutGLP37-
overexpressing Arabidopsis plants under the control of the strong constitutive CaMV 35S pro-
moter and compared survival rates between Col-0 and PutGLP37-overexpressing seedlings
under NaCl treatment (Figure 6C,D). Under normal conditions, survival rates did not differ
significantly between PutGLP37-overexpressing plants and Col-0 controls. In contrast, NaCl
stress significantly increased green seedling survival in PutGLP37-overexpressing plants
compared to Col-0, with the most pronounced difference observed under 150 mM NaCl.
These results suggest that PutGLP37 may play a role in salt stress response mechanisms.
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Figure 6. Functional characterization of PutGLP37 in enzymatic activities and salt stress phenotypes
in transgenic Arabidopsis. (A) Superoxide dismutase (SOD) activity analysis. The semi-native PAGE
showing SOD activity bands in PutGLP37 samples. Bovine serum albumin (BSA) served as negative
control. (B) Oxalate oxidase (OXO) activity assay of PutGLP37 through in-gel activity staining. Reac-
tion mixtures containing 2 mM oxalic acid (OA) or glycolic acid (GA) were incubated with purified
protein. (C) Salt stress tolerance phenotypes of wild-type (Col-0) and PutGLP37-overexpression
Arabidopsis lines. The seedlings grown under 22 °C were treated with 0-150 mM NaCl for 7 days
under 16 h light/8 h dark conditions at 22 °C. (D) Survival rate quantification post-NaCl treatment.
Each bar indicated the mean =+ standard deviation (SD) (n = 4, significant differences compared to
the control group were determined by Student’s t-test, ** p < 0.01 and * p < 0.05; “ns” represents
no significance).

3. Discussion
3.1. Evolutionary Expansion and Stress-Adaptive Innovation of the PutGLP Family in P. tenuiflora

Research on the GLP gene family in plants reveals evolutionary expansion of GLPs.
Currently, this gene family has been characterized in 12 species, comprising dicotyledons
such as soybean (G. max) (21 GLPs), longan (D. longan) (35 GLPs), Citrus (C. sinensis)
(57 GLPs), peanut (A. hypogaea) (84 GLPs), melon (C. melo) (22 GLPs), rapeseed (B. napus)
(77 GLPs), and cotton (G. hirsutum) (106 GLPs), monocotyledons such as maize (Z. mays)
(60 GLPs), rice (O. sativa) (43 GLPs), barley (H. vulgare) (80 GLPs), and Arabidopsis (A. thaliana)
(32 GLPs), and bryophytes moss (P. patens) (77 GLPs) [3,4,16,25-32]. In this study, 54 PutGLPs
were systematically identified in the halophytic model species P. tenuiflora (Figure 1).
Compared to species exhibiting GLP gene expansion (such as B. napus, moss, cotton, and
barley), members of PutGLP gene family also show significant expansion, potentially
reflecting genomic adaptations to extreme saline-alkaline habitats of P. fenuiflora.

Previous evolutionary analyses of rice GLP family showed that 23 rice GLPs and 13 Ara-
bidopsis GLPs clustered together, whereas maize GLP family analysis revealed that distinct
clustering of 32 rice and 41 maize GLPs [29,30]. Here, PutGLPs primarily clustered in Clade
III (24 GLPs) and Clade VII (20 GLPs), with 47 and 25 monocot GLPs, respectively (Figure 1),



Plants 2025, 14, 2259

indicating monocot-specific orthology. Chromosomal distribution analyses further sug-
gested that tandem duplication drives GLP family expansion across species. For instance,
chromosome 2 contained 15 of 35 GLPs in D. longan [25], while 38 of 84 GLPs formed
duplicated gene pairs in peanut [26]. Moreover, rice chromosome 8 harbored 14 of 43 GLPs
in rice [30], Arabidopsis chromosome 5 carried 12 of 32 GLPs [30], while melon chromosome
8 contained 8 of 22 GLPs [27]. Here, we found the high density of PutGLPs on chromosome
7 (22 of 53) (Figure 2A). This suggests that gene family expansion of PutGLP gene family
was highly likely to be driven by tandem duplication or chromosomal rearrangements.

Conserved cupin domains are essential for GLP function, enabling enzymatic activities
such as OXO and SOD, as well as roles in plant development and defense [5]. These do-
mains occur universally across GLPs in diverse species [3,4,16,25-32]. Our study confirms
the conserved cupin domain is also ubiquitous within PutGLPs (Figure 3C), demonstrating
its extensive conservation across the GLP family. This further underscores the conserved
functional importance of cupin domains in fundamental enzymatic activities like OXO and
SOD [37].

Promoter cis-acting elements critically govern gene expression patterns, stress re-
sponses, and biological functions, such as hormone-responsive elements (AREB) and stress-
responsive elements (STRE) [38-40]. ABRE-binding transcription factors were reported to
mediate ABA-triggered chlorophyll degradation and leaf senescence in Arabidopsis [39],
while STREs were known to bind osmotic stress-responsive transcription factors [40]. Al-
though prior analyses of the GLP gene family did not explicitly quantify ABREs and STREs,
functional categories encompassing these elements were significantly enriched [25,26].
For instance, DIGLP promoters in longan exhibited enrichment for methyl jasmonate
(MeJA)-response (70 elements), ABA-response (44 ABREs), and drought-inducible elements
(35 elements) [25]. Furthermore, hormone-responsive elements and stress-responsive ele-
ments were also enriched in peanut [26]. Here, we identified 259 ABREs and 217 STREs
in PutGLP promoters (Figure 4), indicating potent ABA-mediated regulation and osmotic
stress responses. This conservation supports the role of PutGLPs in halophytic adaptation
in P. tenuiflora [23].

3.2. Organ-Specific and Stress-Inducible Expression Patterns of PutGLPs

The members of GLP gene family exhibit tissue-/organ-specific expression patterns
across diverse plant tissues, indicating their functional specialization for stress adapta-
tion [25]. Approximately half of its 35 GLPs are highly expressed in roots in longan,
whereas only four GLPs show root-specific expression in rapeseed [4,25]. The rice root
germin-like protein (OsRGLP1) was induced by salinity stress, supporting its potential
utility for developing transgenic crops with enhanced stress tolerance [41]. In our study,
six PutGLPs exhibit root-predominant expression (Figure 5B), implying their involvement
in root architecture and ion homeostasis essential for salt exclusion and osmoregulation in
halophytes [22,42]. Moreover, five GLPs in melon exhibit peak expression in flowers, sug-
gesting their functional significance in key developmental phases such as floral transition
and fruit maturation [27]. Moreover, flower-enriched genes may also regulate salt stress
responses. In alfalfa (Medicago sativa), the flavonol synthase gene MsFLS13 exhibits flower-
enriched expression and enhances saline-alkali stress tolerance [43]. Consequently, seven
PutGLPs exhibiting both flower-enriched and NaCl-induced expression likely regulate
floral reproductive traits and participate in the salt stress response during seed formation.

GLPs play a critical role in salt stress resistance across diverse species. Salt stress
prolongs the expression of two HuvGLPs in barley [44], and drives 11 OsGLP expression in
rice [30]. Furthermore, salt stress induces peanut AhGLP expression, and overexpressing
AhGLP2 or AhGLP3 in Arabidopsis enhances its salt tolerance [45]. Our study identified up-
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regulated expression of 15 PutGLPs in roots exposed to NaCl stress and in leaves subjected
to NaHCOs stress (Figure 5C). Notably, the sustained induction of PutGLP15 in leaves
under both NaCl and NaHCOj stress implies its role in long-term ionic stress adaptation.
This functional conservation aligns with the phylogenetically related rice OsGLP8-12 (Clade
VIla), where stress-responsive differential methylation occurs within promoter cis-acting
elements, linking epigenetic modification to OsGLP regulation under drought and salinity
conditions [46]. These results suggest PutGLPs play critical roles in plant salt stress response
and tolerance.

3.3. Functional Significance of PutGLP37 in Salt Stress Adaptation

Notably, PutGLP37, identified through salt-tolerant yeast lines [47], was absent from
the alkaligrass reference genome assembly, highlighting the challenges of resolving com-
plex genomic regions in halophytes [48,49]. However, this absence sparked our interest
in its functional verification. We found that PutGLP37 was localized to the cell wall
(Figures 5A and S4), a pattern similar to that observed in peanut AhGLP2/5 and rice
OsGLP2-1 [45,50], where it may participate in cell wall remodeling or ROS scavenging [51].

GLPs from various plant species have been reported to exhibit SOD or OXO
activities, including rice OsGLP3-7 [12], Capsicum chinense CchGLP [52], C. procera
CpGLP1/CpGLP2 [13], and R. mucronatum RmGLP2 [14]. The SOD activity neutralizes
superoxide radicals (O, ~) [53], while OXO activity generates HyO, [54]. The dual SOD and
OXO activities of recombinant PutGLP37 (Figure 6A,B) suggest functional conservation
of its enzymatic activity. These imply that the dual SOD and OXO activities of PutGLP37
potentially maintain ROS homeostasis in response to stress conditions [6,12,19,25].

GLP family members exhibit multifunctional roles in coordinating plant growth and
mediating defense against abiotic stress [31,55]. CRISPR/Cas9-mediated knockout of Os-
GLP1 in rice resulted in UV-B-dependent lesion formation [56]. Under heat stress, rice osger4
mutant lines exhibit significantly reduced crown root production compared to wild-type
rice [57]. Overexpression of potato (Solanum tuberosum) StGLP boosts heat stress tolerance
by elevating H,O, ™ triggered ROS scavenging and upregulating antioxidant enzymes
in transgenic plants [6]. However, the involvement of GLPs in salt stress adaptation is
lacking. In this study, overexpression of PutGLP37 conferred NaCl tolerance in Arabidopsis,
indicating its role in salt stress regulation (Figure 6C,D). In addition, enhanced survival of
PutGLP37-overexpressing yeasts and E. coli under ionic and alkaline stresses demonstrates
its conserved function across kingdoms (Figure S5) [31,56]. Furthermore, the universal
presence of ABRE elements in PutGLP promoters (Figure 4) suggests that PutGLP37 likely
enhances salt tolerance by integrating ABA signaling, potentially through modulating ion
homeostasis and ROS scavenging [12,58]. Future studies should investigate PutGLP37’s
interactions with salt tolerance pathways (e.g., SOS or ABA) and cell wall components
(e.g., pectin or lignin) [59-64].

4. Materials and Methods
4.1. Sequence Search and Identification of PutGLPs

The whole-genome sequence of P. tenuiflora was obtained from the Alkaligrass Genome
Database V1.0 (http:/ /xhhuanglab.cn/data/alkaligrass.html; accessed on 10 March 2025) [22].
Candidate GLPs were initially identified by performing a local BLASTp v2.14 search against
the Arabidopsis GLP protein database (TAIR, https://www.arabidopsis.org/; accessed on
10 March 2025) by setting a cutoff value of 1 x 1079 for the expected value (e-value). To
refine the selection, domain-specific screening was conducted using HMMER 3.0 (http:
//hmmer.org/; accessed on 10 March 2025), employing the Cupin_1 domain (PF00190)
from the Pfam database (http:/ /pfam.xfam.org/; accessed on 10 March 2025) as a query.
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Candidate proteins containing the Cupin_1 domain were further validated using NCBI-
CDD (https:/ /www.ncbi.nlm.nih.gov/cdd/; accessed on 10 March 2025) by setting the
e-value to 0.01. Coding sequences (CDS), amino acid sequences, and genomic sequences of
the identified PutGLPs were extracted for downstream analyses. Notably, PutGLP37 was
isolated from full-length cDNA libraries derived from salt-tolerant yeast strains. MW and
theoretical pI of PutGLP proteins were predicted using the ExXPASy ProtParam tool (https:
/ /web.expasy.org/compute_pi/; accessed on 12 March 2025). Subcellular localization
was predicted using the Plant-mPLoc server (http://www.csbio.sjtu.edu.cn/bioinf/plant-
multi/; accessed on 12 March 2025).

4.2. Phylogenetic and Classification Analysis of PutGLPs

The multiple sequence alignments of GLP proteins among six species, alkaligrass
(P. tenuiflora), soybean (G. max), barley (H. vulgare), Arabidopsis (A. thaliana), rice (O. sativa),
and maize (Z. mays), were initially analyzed using the MAFFT alignment program [65].
The databases include Alkaligrass Genome Database V1.0 (http://xhhuanglab.cn/data/
alkaligrass.html; accessed on 10 March 2025), GenBank database (http://www.ncbi.nlm.
nih.gov/Entrez/; accessed on 10 March 2025), Phytozome (https:/ /phytozome-next.jgi.doe.
gov/info/HvulgareMorex_V3; accessed on 10 March 2025), TAIR 10 (http:/ /arabidopsis.
org; accessed on 10 March 2025), RGAP 7 (http:/ /rice.plantbiology.msu.edu/; accessed
on 10 March 2025), and Phytozome (https://phytozome-next.jgi.doe.gov/info/Zmays_
Zm_B73_REFERENCE_NAM_5_0_55; accessed on 10 March 2025). Subsequently, an un-
rooted phylogenetic tree was constructed through the Maximum Likelihood (ML) method
implemented in FastTree version 2.1.11 by Jones-Taylor-Thornton (JTT) model [66], based
on the alignment results. The phylogenetic tree was further refined and visualized using
the Interactive Tree Of Life (iTOL) online platform [67].

4.3. Gene Structure and Conserved Motif Analysis of PutGLP Proteins

The exon/intron structures of PutGLPs were analyzed using the Gene Structure Dis-
play Server (GSDS 2.0, http:/ / gsds.gao-lab.org/index.php; accessed on 13 March 2025) [68].
Conserved motifs in PutGLP proteins were identified using the Multiple Expectation
Maximization for Motif Elicitation (MEME, https://meme-suite.org/meme/tools/meme;
accessed on 13 March 2025), configured to detect a maximum of ten motifs [69].

4.4. Analysis of Cis-Acting Elements in PutGLP Promoters

Genomic DNA sequences spanning 3000 bp upstream of the transcription start site
for each PutGLP gene family member were retrieved and analyzed for cis-acting elements
using the PlantCARE online tool (http:/ /bioinformatics.psb.ugent.be/webtools/plantcare/
html/; accessed on 14 March 2025) [70]. Promoter cis-acting elements associated with plant
growth and development, phytohormone regulation, and stress response were selected for
detailed analysis.

4.5. Chromosomal Distribution and Collinearity Analysis of PutGLPs

Based on the P. tenuiflora genome annotation, chromosomal locations of PutGLPs
(excluding PutGLP37) were determined. Their physical positions were mapped to chro-
mosomes using TBtools (v2.322) software [71]. Interspecific collinearity analysis between
P. tenuiflora and three related species (rice, maize, or soybean) was performed and visualized
using TBtools to infer evolutionary relationships.

4.6. Plant Material and Abiotic Stress Treatment

Seeds of alkaligrass (P. tenuiflora) were germinated hydroponically on gauze-lined

-2.4-1

baskets under controlled conditions: fluorescent light (200 pmol-m intensity, 12 h

12



Plants 2025, 14, 2259

light/12 h dark cycle), 25 °C daytime and 20 °C nighttime temperatures, and 75% relative
humidity for 21 days. Seedlings were subsequently subjected to abiotic stress treatments
by exposure to 50 mM NayCOj3, 200 mM NaCl, or 100 mM NaHCOj; for durations of 0 h,
6h, 12 h, and 24 h. Following treatment, leaf and root tissues were harvested, immediately
flash-frozen in liquid nitrogen, and stored at —80 °C. For tissue-specific expression pro-
filing, roots, stems, leaves, sheaths, and flowers were collected from mature plants at the
reproductive stage.

4.7. RNA Extraction and Real-Time Quantitative PCR (RT-gPCR) Analysis

Total RNA was extracted from alkaligrass (P. tenuiflora) tissue samples using TRIzol™
reagent (Invitrogen). Complementary DNA (cDNA) was synthesized from the Prime-
Script™ RT Reagent Kit with gDNA Eraser (TaKaRa, Tokyo, Japan). Gene-specific primers
were designed using the Primer3 online tool (https:/ /bioinfo.ut.ee/primer3-0.4.0/; ac-
cessed on 20 March 2025) and were listed in Table S4. RT-qPCR was performed on an ABI
7500 Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA, USA) using SYBR®
Green Master Mix (Vazyme), with the following cycling parameters: initial denaturation at
95 °C for 5 min, followed by 40 cycles of 95 °C for 15 s, 60 °C for 30 s, and 72 °C for 30 s.
Relative transcript levels were quantified via the 2-24¢t method [72], normalized to the
reference gene PutActin. Three biological replicates were analyzed per sample. Heatmaps
of relative expression values were generated using TBtools.

4.8. Subcellular Localization Analysis

To determine subcellular localization, the CDS of PutGLP37 was amplified using
gene-specific primers (Table S4) and subsequently cloned into the pCAMBIA1300-GFP
expression vector under the control of the CaMV 35S promoter. The recombinant plasmid
(pCAMBIA1300-PutGLP37-GFP) and the empty vector control (tCAMBIA1300-GFP) were
separately expressed in N. benthamiana leaves via Agrobacterium tumefaciens-mediated tran-
sient transformation. After 48-72 h incubation, transformed leaf sections were plasmolyzed
by immersion in 1 M mannitol solution for 30 min. GFP fluorescence was visualized using
confocal microscopy. Three independent biological replicates were performed to confirm
localization patterns.

4.9. Stress Tolerance Assay of Yeast Transformants Expressing PutGLP37

The CDS of PutGLP37, flanked by Kpnl/Xhol restriction sites, was amplified and
ligated into the pYES2 expression vector, generating the recombinant plasmid pYES2-
PutGLP37. Recombinant plasmids (pYES2-PutGLP37 and empty pYES2 control) were
transformed into yeast (S. cerevisize INVSc1). Transformed yeast strains were grown in
YPD medium. Cultures were then serially diluted to 10~1, 1072, 1073, and 10~* times,
and spotted onto YPD agar plates supplemented with 1.3 M NaCl, 26 mM NaHCOj3, and
12 mM NayCOj;. Untreated YPD plates served as controls. Stress tolerance was assessed
by comparing growth between recombinant and control strains. Experiments included
three independent biological replicates.

4.10. Production and Purification of Recombinant PutGLP37 Protein

The recombinant plasmid pET32a-PutGLP37 was constructed by amplifying the Put-
GLP37 coding sequence and inserting it into the linearized pET32a vector using BamHI and
Sall restriction sites. The recombinant plasmid was transformed into chemically competent
E. coli BL21 (DE3) cells. Recombinant strains were cultured overnight in LB medium supple-
mented with 100 pg/mL ampicillin at 37 °C with shaking (220 rpm). Bacterial cultures were
diluted 6-fold in fresh LB medium and incubated at 37 °C until reaching ODgg = 0.6-0.8.
Protein expression was induced by adding 1 mM isopropyl (3-D-1-thiogalactopyranoside
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(IPTG) under three temperature conditions: 16 °C for 20 h, 28 °C for 10 h, and 37 °C for
4 h. Based on comparative yield analysis, the optimal induction condition (1 mM IPTG at
37 °C for 4 h) was selected for large-scale protein production. His-tagged recombinant pro-
teins were purified using a nickel-nitrilotriacetic acid (Ni-NTA) affinity column, following
established protocols.

4.11. Salt Stress Tolerance Assay of E. coli Transformants Expressing PutGLP37

To assess salt tolerance, E. coli BL21 (DE3) cells harboring pET32a-PutGLP37 were
induced with 1 mM IPTG at 37 °C for 4 h. Cultures were serially diluted to 10!, 1072, and
102 and spotted onto LB agar plates supplemented with 0, 100, or 250 mM NaCl. E. coli
BL21 (DE3) carrying the empty pET32a vector served as the control. For liquid culture
assays, IPTG-induced E. coli transformants were inoculated in LB medium containing NaCl
at 28 °C for 8 h. Bacterial growth was monitored by measuring ODgq at 2-h intervals over
an 8-h period. All experiments included four independent biological replicates.

4.12. SOD and OXO Activity Assays of PutGLP37

SOD activity was assessed as described previously [73]. Briefly, proteins were sepa-
rated by semi-native PAGE, and gels were immersed in 0.1 M potassium phosphate buffer
(pH 7.8) containing 0.1 mg/mL riboflavin and 20 mg/mL nitroblue tetrazolium (NBT)
under dark conditions. After negative staining, gels were rinsed twice with distilled water
and exposed to light for 40 min to visualize activity bands. Bovine serum albumin (BSA)
served as the negative control. OXO activity of PutGLP37 was analyzed through in-gel
activity staining to detect oxalate-dependent H,O, production. Horseradish peroxidase
(HRP) was used to catalyze the oxidation of 4-chloro-1-naphthol (4CN) dye substrates in
an ethanolic system [74]. Recombinant PutGLP37 protein was resolved via non-reducing
10% SDS-PAGE, after which gels were incubated at 25 °C for 1-3 h in a combined solution
of substrate (2 mM oxalic acid, 100 mM succinate buffer pH 3.5, and 60% v/v ethanol)
and developing solution (5 U/mL HRP and 0.5 mg/mL 4CN in sodium phosphate buffer
pH 5.5). Oxalic acid served as the substrate and glycolic acid as the inhibitor. Experiments
were performed in triplicate.

4.13. Salinity Tolerance Analysis of PutGLP37-Overexpressing Transgenic Arabidopsis

A. tumefaciens strain EHA105 harboring the pCAMBIA1300-PutGLP37-GFP plasmid
was introduced into Arabidopsis Col-0 plants via the floral dip method to generate PutGLP37-
overexpressing transgenic lines. Transgenic seedlings were selected over three successive
generations on half-strength Murashige and Skoog (1/2 MS) agar medium containing
30 ug mL~! hygromycin. Homozygous Ts lines were validated for PutGLP37 expression
levels using RT-qPCR with gene-specific primers (Table S4), and the lines exhibiting the
highest expression were chosen for salinity tolerance assays. For salt stress analysis, Col-0
and PutGLP37-overexpressing seedlings were germinated and grown on 1/2 MS medium
either control (0 mM NaCl) or 100 mM, 125 mM, or 150 mM NaCl under controlled
conditions (22 °C/16 h light, 20 °C/8 h dark, 75% relative humidity) for seven days. Post-
treatment survival rates were quantified to assess salt tolerance. The experiment was
performed with three independent biological replicates.

4.14. Statistical Analysis

Statistical analyses were performed using GraphPad Prism 6. Data are shown as the
means £ SD. Significant differences compared to the control group were determined by
Student’s t-test, *** p < 0.001, ** p < 0.01, and * p < 0.05.
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5. Conclusions

This study elucidates the evolutionary expansion and functional diversification of
the PutGLP gene family in the halophyte P. tenuiflora. The PutGLPs exhibit significant
expansion driven by tandem duplication on chromosome 7, implying the genomic plas-
ticity underlying stress adaptation in alkaligrass. Collinearity, gene structure, and motif
analyses reveal monocot-specific conservation among PutGLPs. Stress-responsive cis-acting
elements and tissue-/organ-specific expression patterns highlight roles of PutGLPs in stress
adaptation, particularly in root ion homeostasis and floral resilience. Dynamic responses to
salt stresses revealed that PutGLPs could be involved in distinct signaling pathways for
ionic and alkaline stress. Functional characterization demonstrates that cell wall-localized
PutGLP37 possesses dual enzymatic activity and is critical for salt adaptation as evidenced
by heterologous expression in yeast (S. cerevisiae INVScl), E. coli, and transgenic Arabidopsis.
These findings advance our understanding of GLP multifunctionality in P. tenuiflora stress
tolerance and provide a foundation for molecular engineering of salt-tolerant crops.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/plants14152259 /51, Figure S1: Sequence logos depicting con-
served amino acid residues across the ten identified protein motifs; Figure S2: Multiple sequence
alignment of PutGLPs. The atypical Cupin domain was marked; Figure S3: Multiple sequence
alignment of PutGLP37 with orthologous germin-like proteins: OsGLP1-1 (Oryza sativa), OsGLP5-2
(O. sativa), ZmGLP32 (Zea mays), and HvGER6v (Hordeum vulgare). The atypical Cupin domain
and conserved cysteine residues were marked; Figure S4: Plasmolysis of Nicotiana benthamiana cells
expressing PutGLP37-GFP. Scale bar = 25 um; Figure S5: Heterologous expression of PutGLP37
enhances salt stress tolerance in yeast (Saccharomyces cerevisine INVSc1) and Escherichia coli. (A) Yeast
complementation assay under sodium stress. Recombinant strains harboring pYES2-PutGLP37 or
empty vector (EV, pYES2) were serially diluted (10! to 10~%) and spotted on YPD agar plates
containing 1.3 M NaCl, 26 mM NaHCO3, and 12 mM NayCO3. Plates were incubated at 30 °C for
48-72 h. Scale bar =1 cm. (B) E. coli BL21 (DE3) survival assay on Luria-Bertani (LB) solid medium.
Transformants expressing pET32a-PutGLP37 or EV (pET32a) were plated with 10-fold serial dilutions
(107! to 10~3) under NaCl gradients (0, 100, 250 mM). Scale bar = 1 cm. (C) Growth kinetics of E. coli
BL21 (DE3) strains in liquid LB medium supplemented with 250 mM NaCl. Growth was monitored
at 28 °C for 8 h. Optical density (OD600) was recorded hourly. EV transformants served as negative
controls. Data represents mean =+ standard deviation (SD) (n = 4, significant differences compared
to the control group were determined by Student’s t-test, *** p < 0.001, ** p < 0.01, and * p < 0.05);
Table S1: Basic characteristics of GLP gene family in Puccinellia tenuiflora; Table S2: Protein sequences
of GLP in soybean (Glycine max), barley (Hordeum vulgare), Arabidopsis (Arabidopsis thaliana), rice
(Oryza sativa), alkaligrass (Puccinellia tenuiflora), and maize (Zea mays); Table S3: List of GLP ortholo-
gous gene pairs identified between alkaligrass (Puccinellia tenuiflora) and three angiosperm species,
rice (Oryza sativa), maize (Zea mays), and soybean (Glycine max); Table S4: Primer sequences were
designed for both RT-qPCR analysis of GLP gene expression and vector construction of PutGLP37 in
Puccinellia tenuiflora.
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Abstract: L-type lectin receptor-like kinases (L-LecRLKSs) play key roles in plant responses
to environmental stresses and the regulation of growth and development. However, com-
prehensive studies of the L-LecRLK gene family in wheat (Triticum aestivum L.) are still
limited. In this study, 248 L-LecRLK candidate genes were identified in wheat, which is the
largest number reported in any species to date. Phylogenetic analysis grouped these genes
into four clades (I-1V), with Group IV exhibiting significant monocot-specific expansion.
Gene duplication analysis revealed that both whole-genome/segmental and tandem du-
plications contributed to family expansion, while Ka/Ks ratio analysis suggested that the
genes have undergone strong purifying selection. The TaL-LecRLK genes displayed diverse
exon-intron structures and conserved motif compositions. Promoter analysis revealed a
cis-element associated with hormone signaling and abiotic stress responses. Transcriptome
profiling showed that Tal-LecRLKSs exhibit tissue- and stage-specific expression patterns.
RNA-Seq data revealed that, under drought and heat stress conditions, TaL-LecRLK35-3D
and TaL-LecRLK67-6B exhibited synergistic expression patterns, whereas TaL-LecRLK67-6A
demonstrated antagonistic expression. A qRT-PCR further demonstrated that six TaL-
LecRLKs may function through ABA-independent regulatory mechanisms. These findings
provide valuable gene candidates for stress-resistant wheat breeding and shed light on the
evolution and functional diversity of L-LecRLKSs in plants.

Keywords: Triticum aestivum L.; L-type lectin receptor-like kinase; phylogeny; gene
expression; abiotic stress

1. Introduction

Wheat (Triticum aestivum L.) is the most widely cultivated cereal crop globally, serving
not only as a primary food source for humans but also as a crucial feedstock for livestock
and an important raw material for various industries, occupying a central position in food
security and the global economy [1,2]. Common wheat has undergone two rounds of
polyploidization during its evolution, resulting in an allohexaploid genome of approxi-
mately 15 Gb [3,4]. This large and complex genome presents significant challenges for
genomic research and breeding efforts. The release of a high-quality reference genome for
the hexaploid cultivar ‘Chinese Spring’ by the International Wheat Genome Sequencing
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Consortium (IWGSC) in 2018 [5] laid the groundwork for advanced molecular breeding.
Subsequent multi-omics analyses based on this reference revealed dynamic expression of
homologous genes across developmental stages and stress conditions [6], facilitating gene
cloning and functional characterization for key agronomic traits.

Lectin receptor-like kinases (LecRLKSs) form a distinct subgroup of receptor-like pro-
tein kinases (RLKSs) unique to higher plants, characterized by extracellular lectin motifs’
domains [7,8]. A typical LecRLK protein comprises three domains: an extracellular lectin
domain for ligand recognition, a transmembrane region for membrane anchoring, and an
intracellular kinase domain responsible for signal transduction [9]. Based on extracellular
lectin domain structures and phylogenetic relationships, LecRLKSs are categorized into
three subtypes: C-type, G-type, and L-type [7,10]. C-type LecRLKSs are primarily found
in mammals and contain a calcium-dependent carbohydrate-binding lectin domain [11].
Currently, only a single member has been identified in various plant species, such as
Arabidopsis, rice, barley, foxtail millet, and soybean [12-15]. G-type LecRLKSs, which were
previously known as S-domain RLKSs or B-type LecRLKs, have a lectin domain charac-
terized by a B-barrel structure and are predicted to bind «-D-mannose specificity [8,16].
Many G-type LecRLKSs also contain an Epidermal Growth Factor (EGF) and/or PAN motifs,
both of which are absent in L-type and C-type LecRLKs [17]. The EGF motif is rich in
cysteine residues and is potentially involved in the formation of disulfide bonds, while the
PAN motif mediates protein—protein and protein—carbohydrate interactions [16,18]. L-type
LecRLKs (L-LecRLKSs), the extracellular domains, resemble legume lectins and adopt a
B-sandwich fold structure [19]. These domains contain hydrophobic cavities that bind
various hydrophobic ligands such as polysaccharides, phytohormones, and PAMPs [7,20],
and their carbohydrate-binding activity is stabilized by Ca** /Mn?* coordination [10]. The
transmembrane regions (TMRs) of LecRLKSs typically consist of 1825 amino acids and
exhibit low conservatism [19]. Notably, not all LecRLKs contain a TMR, nor do all members
possess only one single transmembrane region [21,22]. Although the TMR is non-essential
for the structural integrity of L-LecRLK proteins and shows low conservatism, it is crucial
for their kinase activity. Studies demonstrated that a single amino acid mutation in the
TMR can lead to a loss of kinase function [23]. The kinase domains of LecRLKSs are highly
conserved, typically comprising 200-300 amino acids and containing phosphorylation
binding sites. These domains are located in the cytoplasm and are primarily responsible for
transmitting external signals [24]. The N-terminus of the kinase domain contains a short
GxGxxG (x represents any amino acid) amino acid sequence motif, which can influence
nucleotide binding, while the C-terminus, consisting of 43 to 66 amino acids, is essential
for the kinase’s catalytic activity [24].

The sequence and structural diversity of LecRLKs underlie the molecular basis for
their functional diversity. Research demonstrated that LecRLKs function as important
signaling receptors that recognize extracellular carbohydrate ligands and play central
roles in plant immunity and development [7]. In immune defense, LecRLKs function as
pattern recognition receptors (PRRs) that detect pathogen-associated molecular patterns
(PAMPs). For example, following infection with Ralstonia solanacearum, the Arabidopsis
lectin receptor-like kinase LORE is activated by phosphorylation at residue 5761, initiating
a phosphorelay that activates reactive oxygen species’ (ROS) production and cell wall
lignification, thereby contributing to basal resistance in the xylem [25]. In the developmental
process, OsDAF1 in rice interacts with OsINP1 to regulate pollen aperture formation [26],
while Arabidopsis LecRK-VIIL2, acting as an upstream component of the MAPK signaling
pathway, modulates silique number, seed size, and seed number to determine seed yield,
demonstrating considerable promise for crop improvement [27]. Recent studies increasingly
indicate that LecRLKSs, particularly L-LecRLKSs, play significant roles in various abiotic
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stress responses. For example, overexpression of the rice OsLec-RLK gene in pigeon pea
significantly enhanced plant salt stress tolerance [28]. The transgenic plants exhibited
superior physiological and biochemical traits (such as higher K*/Na™" ratio, enhanced
antioxidant enzyme activity) and yield performance under salt stress [28]. Furthermore,
studies revealed that PaLectinL7 can enhance salt tolerance in sweet cherry via interaction
with the lignin-metabolizing enzyme PaCADI1 to regulate lignin deposition [29]. Moreover,
expression profiles and gRT-PCR experiments across multiple species further confirmed the
involvement of L-LecRLKSs in responses to drought, salt, and temperature stress [30-33].
Despite wheat’s global importance, few studies have systematically examined the L-LecRLK
gene family, and many annotations remain incomplete or imprecise [34].

Given the increasing impact of climate change and the plateauing of genetic gains
in wheat, the identification of novel stress-responsive genes is essential for advancing
molecular breeding. L-LecRLKSs, as central regulators of stress adaptation and devel-
opment, offer promising targets. In this study, we systematically analyzed the wheat
L-LecRLK gene family, integrating phylogenetic reconstruction, evolutionary analysis, and
spatiotemporal expression profiling. Our aim was to refine the classification framework
of wheat L-LecRLKSs, uncover evolutionary patterns, and link gene expression dynamics
with potential biological functions. These findings will provide a theoretical foundation for
future functional genomics research and facilitate the development of stress-resilient wheat
cultivars through molecular breeding.

2. Results
2.1. Identification and Characterization of TaL-LecRLK Genes in Wheat

A total of 248 candidate genes encoding L-type lectin receptor-like kinases (L-LecRLKSs)
were identified in the wheat genome. These genes were designated TaL-LecRLK1 to TaL-
LecRLKS8 based on chromosomal location and homology (Tables S1 and S2). In-paralogous
genes originating from the same genome were differentiated through sequential num-
bering. For instance, TaL-LecRLK72-6A1, TaL-LecRLK72-6A2, and TaL-LecRLK72-6A3 were
separately identified. Although all 248 candidate genes encoded the same class of protein
kinase, their physicochemical properties varied widely. The encoded proteins ranged from
274 (TaL-LecRLK12-2B) to 1054 (TaL-LecRLK24-2A) amino acids in length, with an average
of 663 amino acids. Corresponding molecular weights spanned from 31.2 (TaL-LecRLK12-
2B) to 115.7 (TaL-LecRLK24-2A) kDa, and theoretical isoelectric points (pl) ranged from
5.27 (TaL-LecRLK46-4D) to 10.22 (TaL-LecRLK78-7D) (Table S1). Approximately 67.7%
(168/248) of these proteins were classified as acidic. Instability indices ranged from
25.35 (TaL-LecRLK35-3A2) to 61.68 (TaL-LecRLK78-7D), with 74.2% (148/248) catego-
rized as stable and 25.8% (64/248) as unstable at the sequence level. The aliphatic index
spanned from 68.0 (TaL-LecRLK78-7D) to 104.16 (TaL-LecRLK12-2B), while the Grand
Average of Hydropathicity (GRAVY) values ranged from —0.379 (TaL-LecRLK39-3B) to
0.092 (TaL-LecRLK5-1A) (Table S1).

Subcellular localization predictions indicated that 85 proteins localized to the cell
membrane, while 43 were distributed across the cytoplasm, cell membrane, and various
organelles. Thirty-five proteins were present in both the cytoplasm and cell membrane,
another 35 were localized to the cytoplasm and organelles, and 30 were associated with
the cell membrane and membrane-bound organelles such as the endoplasmic reticulum,
mitochondria, lysosomes, and vacuoles. Additionally, 18 proteins localized exclusively to
the cytoplasm, one to the endoplasmic reticulum and one to both the endoplasmic reticulum
and lysosomes/vacuoles (Table S1). Among the proteins, 67.3% (167/248) were predicted
to be soluble. Furthermore, 35 proteins contained mitochondrial targeting peptide (MTP)
signals, and another 35 were identified as lipid-anchored proteins (Table S1). These findings
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suggest the involvement of TaL-LecRLK proteins in diverse physiological processes such

as signal transduction and cell metabolism.

2.2. Phylogenetic Relationships and Classification of TaL-LecRLK Proteins

To investigate the evolutionary relationships of L-LecRLKSs across different species, a
phylogenetic tree was constructed using 367 homologous sequences, including 248 from
wheat (Triticum aestivum), 76 from rice (Oryza sativa), and 43 from Arabidopsis thaliana
(Tables S1 and S3; Figure 1). An additional tree was generated exclusively for the 248 wheat

TaL-LecRLK proteins (Figure S1).

Group 11
2997553530800
fM;\;;gpgg%gmam.gwmssam
o Shalalo T R ESRE R S
s i 'é‘i%é%gé’gﬁsiia;w:jg s
2 sl = 7 555d Dt} PR
2238200002282 wmﬁ% sisiek EECEREEE R P U E e
B A L e e S ek kA sk 55 EIREEN
8 gg i@og’é‘@i%%%%%%iéﬁﬁ‘ééws@Ecééﬁﬁéﬁéﬁﬁﬁﬂsﬁ?ﬁf%&%&’ S
234 A g F RIS I ST S oSS 5 S5
AN LG RS Y § SISO e
B B T BT SRR SCANIN SN
SR NPT E NG I SOEE IS
22557 SRECE 1 3 SN T T ST IS4
R L/ F NRCERSCEONAN
NI A 1\ 4 L E . SIS A
20 B e 223 \3 g AR LS A R
2 R 3 3 IS S PO
»‘(‘%.qofet& 290 \ E S &3’,yj RN
RIS AN 2 SRS
25 A ) RIS ‘9&'@«&\
AT, A F F 3 Y SRR,
%00 e ek 2B 2 ~ K AT S e,
2 st e e E 3 R A
2% %“VQ’(}/ G, E 3 &yz\#@,’ S
Lo et et 00 £ @’V@Y@‘&D'\;\%
S s e AR A E PR
o) e 2 A 4 V. > AL ALY
Pete 5%\ - ~ e el
o T NN : “%%g’yjl%>
BN N > E S LS AR,
75t e 2 AR
e . : SOCRETS, o
1o C RSy,
TROLS) - $ AAONRE R
2y, 0‘0‘%?’553 f SAE < »\tﬁ%{‘}.ﬂ“ﬁ% v%
ey, g 3 < RSO
o Lol 821 SREREEN
LSS, . ; SR
e, 5. <€ 2
T SO 9 e
Tugecr 0950 MACONRA e
Ta-jLeces K63 00,7 » < ® < ROSORIR2\
Taf_fecry o 50 ” > XRAZSEGRIA,
Tar e85 » ,, s % i
3l ] SCRY e /3-2D, Z DAL 210\
Tap -ecR 155 ALt D
l-Lecpi k4], ol m“%b;’v’l
Lk 15D o 7 Q P\t OC DecRC 118
TR ‘ %‘*&“ﬂl’ﬂ,ﬁ
s, i, i A
£9C Osg7 3635 . - 1 -LecRiRg Unl
L8 0s07g3230.1 el W ® Fal LRG0y
Tar 50713930 7 oc e
LOC Gsoka23s ! ol LeeRUE 1D
Loc osa8153301 w o - = LR B
LOC 0st703i701— o . g ARG 101
TaL-Loop o2 so0:} 2 oc 055 S0l
TaL LecRLK67-00i T w 9 21A
TaL-LecRLK67-6 Al . 0 »—'hL—LecRLKtlD
). T TalL-LecRLK4-1B
o )C 0509¢07730.1
-2A J TaL-LecRLKS55-5D
2D ™ TalLecRLKS5-5A
.1 TR . AT5GS5830,]
o1 ™ LOC Os06g17490,
Tl .
S e
eana, 76-7A
% —AT1G] 553
d ~ATIGy3
T ATiGas0 ]
o oc GAT3Gs5500]
Tl 25128356701
@ W 7 Tl ek Koo 0.1
Tal J-CeRL K Si-5B
7 “Leory 5451y
Gt
oy a S 3 ).
N ik
L) T f\TsGy,'560.7
S gk
w «rf%ﬁgggﬁoi%bff
» sl
g Leop ks 9
i O('L“c/\&kk 2]
& gL o505 K 75
it R K7
2 2 ek oo, 107
ag Lecel oy, 205
Lokt
A7 ke g0 M
\“177:7(1)0)”/50‘3?1
47.2 /07?%310‘/
NN
B S sp
5502
R
NS «JZ,QJO"}% 7 4
N e R0 08,
’%o%egf‘e{“"g"
e
i
\\7736“' S
N -y“’»f‘f C}O%- 2%
vﬂf}“'o%,? 5l
a vaqu 0
RIS S
B
a’a)o’v/
B>
* Ttiticum aestivum L.
<« Oryza Sativa L.

@ Arabidopsis thaliana

Figure 1. Phylogenetic analysis of L-LecRLK proteins in wheat (Triticum aestivum L.), rice (Oryza
sativa L.), and Arabidopsis thaliana. Full-length amino acid sequences were aligned using MUSCLE,
and the phylogenetic tree was constructed using the maximum likelihood method in FastTree. Clades
are shown in different colors: Group I (green), Group II (blue), Group III (purple), and Group IV
(pink). Species are marked by colored shapes: wheat (red star), rice (yellow triangle), and Arabidopsis

(green circle).
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Based on sequence homology and following the classification used in Arabidopsis
and rice [31], the wheat proteins were categorized into four distinct groups: Group I
(n = 29), Group Il (n = 83), Group III (n = 11), and Group IV (n = 125). Groups
II and IV were the largest subfamilies, accounting for 84.3% of all TuL-LecRLK genes
(Figures 1 and S1). The phylogenetic analysis revealed significant expansion in Groups I, 11,
and IV in wheat compared to Arabidopsis and rice. Several subclades were observed to
be species-specific, forming distinct monocot or dicot lineages. This pattern suggests that
functional diversification of LecRLK genes may have occurred during evolution to meet
species-specific physiological needs.

2.3. Gene Structure and Conserved Motif Analysis of TaL-LecRLKs

To explore structural diversity and potential functional divergence, exon-intron struc-
tures and conserved motifs were analyzed for all 248 Tal-LecRLK genes (Figure 2). Intron
counts ranged from 0 to 6 (Table 1), with a significant inverse relationship between intron
number and gene abundance. Intronless genes were the most common (148/248; 59.68%),
followed by those with one intron (28.2%; 70/248). Only 12.1% of the genes had three or
more introns. Within Group 1V, 84% (104/125) of the genes were intronless, indicating high
evolutionary conservation. In contrast, Group II displayed the greatest intron variability
(0-6), suggesting extensive intron gain or loss events (Figure 2a,b; Table 1). Only one gene,
TaL-LecRLK39-3B, contained six introns, potentially reflecting domain or exon duplication
during evolution (Figure 2b; Table 1).

Table 1. The distribution of intron numbers across TaL-LecRLK gene subfamilies.

Subfamily 0 Intron 1 Intron 2 Introns 3 Introns 4 Introns 5Introns 6 Introns Total
Group I 10 18 1 0 0 0 0 29
Group II 28 31 15 3 2 3 1 83
Group 11 6 5 0 0 0 0 0 11

Group IV 104 16 3 1 1 0 0 125

Total 148 70 19 4 3 3 1 248

A total of 20 conserved motifs were identified among the TaL-LecRLK proteins, with
individual proteins containing between 8 and 24 motifs (Tables 2 and S1). As illustrated
in Figure 2¢, proteins sharing similar motif compositions clustered together, indicating
potential functional similarities. Highly conserved motifs included motifs 10, 11, 3, 2, 6,
13,7,9, and 8 (Figure 2c). Motifs 14 and 16 were specific to Group IV and rarely appeared
in other groups, suggesting evolutionary adaptation (Figure 2a,c). Motif 18 was almost
entirely absent in Group II but was frequently found in Groups I, III, and IV (Figure 2a,c),
further supporting functional divergence among groups.
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Table 2. List of the identified motifs in TaL-LecRLK proteins.

MOTIF ID WIDTH
1 YLHEEWEQVVIHRDIKASNVLLDSSMNGRLGDFGLARLYDH 41
2 KRVSHDSRQGMKEFVAEVVSIGRLRHRNLVQLL 33
3 WEVEFGPHRFSYKDLFRATKGFSEKNLLGRGGFGSVYK 38
4 HVVGTMGYJAPELVRTGKATPETDVFAFGVFLLE 34
5 YDADEAELVLKLGLLCSHPDPSARPSMRQ 29
6 GYCRRKGELLLVYEYMPNGSL 21
7 WPQRYKIKGVASAL 15
8 INDNHVGIDVNSLVS 15
9 NGNGSNRIVAVEFDT 15

10 HYVLGWSFSSDGPAP 15
11 VLPETVYVGFSAATG 15
12 GAFQNLSLISGKAMQVWYVDYD 21
13 TGEVASFSTSFVFAI 15
14 JDISKLPKLPRLGPKPRSKVLEIVLPIAT 29
15 LVDWVWELYGRGAJL 15
16 GLLELTNGTSQLKGHAFHPTP 21
17 GDGMAFFLAPS 11
18 ATQINVTLAPLGVAKPARPLLSA 23
19 VACGRRPIEQNAEDN 15
20 VMQYLDGDAPLPELP 15

2.4. Chromosomal Localization and Homoeolog Identification of the TaL-LecRLKs

The chromosomal positions of the Ta-LecRLK genes are listed in Table S1. As illustrated

in Figure 3, a heterogeneous distribution pattern was observed for the 248 TaL-LecRLK

genes across the 21 chromosomes. Chromosome 2D possessed the highest number of
TaL-LecRLK genes (28), followed by chromosomes 2B (20), 3B (17), and 2A (16). In contrast,
chromosomes 4D and 4B contained the fewest, with only 3 and 4 TaL-LecRLK genes,

respectively. Chromosome group 2 (comprising 2A, 2B, and 2D) possessed the largest total
number of TaL-LecRLK genes (64), while chromosome group 4 (44, 4B, and 4D) exhibited
the smallest total (16) (Figure 3a,b). The distribution of TaL-LecRLK genes among other
chromosome groups varied, demonstrating differences among the wheat subgenomes.

To further understand the evolutionary history of the TuL-LecRLK genes, homoeolo-

gous group analysis was performed (Tables 3 and S2). It was found that 29% (72/248) of

TaL-LecRLK genes were organized into complete triads, maintaining strict 1:1:1 orthologous

relationships across the A, B, and D homoeologous chromosome groups. This proportion

was lower than the 35.8% whole-genome triad frequency [5]. Additionally, higher propor-

tions of homoeolog-specific duplications (n:1:1/1:n:1/1:1:n; 21.8% vs. 5.7%) and single
homoeolog losses (1:1:0/1:0:1/0:1:1; 24.6% vs. 13.2%) were identified, as compared to the
whole-genome averages (Table 3). However, the frequency of orphan or singleton genes
within the TaL-LecRLK family (1.6%) was significantly lower than that of the entire wheat

genome (37.1%; Table 3).

Table 3. Homoeologous genes of TaL-LecRLKs identified in the wheat genome.

Homoeologous L All wheat TaL-LecRLK Genes
All Wh
Groups (A:B:D) eat Genes Number of Groups Number of Genes % of Genes 2
1:1:1 35.80% 24 72 29.00%
n:1:1/1m:1/1:1:n 3 5.70% 27 54 21.80%
1:1:0/1:0:1/0:1:1 13.20% 15 61 24.60%
Other ratios 8.00% 18 57 23.00%
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Table 3. Cont.

Homoeologous All wheat TaL-LecRLK Genes

1
Groups (A:B:D) All Wheat Genes 2

Number of Groups Number of Genes % of Genes

1.60%
100%

37.10% 4
99.80% 248

Orphans/Singletons
Total

1 According to IWGSC (2018) [5]. 2 Percentage calculated with 248 TuL-LecRLK genes, see Supplementary Table S3

for detailed information.
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Figure 3. Chromosomal distribution of TuL-LecRLK genes. (a) Distribution map of 248 genes on wheat
chromosomes. Gene names are listed on the right side, scale is in megabases (Mb); (b) numbers of
TaL-LecRLK genes per chromosome (Chr1-Chr7).
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2.5. Duplication and Syntenic Analyses of the L-Type LecRLK Genes

To explore the mechanisms driving the expansion of TuL-LecRLK genes, synteny
analysis was conducted within the wheat genome. A total of 183 genes were located within
syntenic blocks, forming 156 pairs of duplicated genes (Figure 4; Table S4). Of the 248 TuL-
LecRLK genes, approximately 19% (47 genes) were identified as tandem duplicates, these
included 5 sets of three tandemly duplicated genes and 22 sets of two tandemly duplicated
genes. Additionally, 60% (156/248) of the genes were associated with whole-genome
duplication (WGD) or segmental duplication events (Table S4). Notably, chromosome
group 2 (2A, 2B, and 2D) exhibited the highest frequency of WGD/segmental duplications.
These findings suggest that the polyploidization history of wheat, particularly its hexaploid
genome formation, likely contributed to the extensive expansion of the L-type LecRLK
gene family through WGD/segmental duplication.
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Figure 4. Duplication events of TuL-LecRLK genes in wheat. Chromosome numbers are labeled
around the circle, with a scale bar in Mb. Segmental duplications are shown as red lines, while

tandem duplications are shown as green lines. Gray areas represent syntenic blocks.

To assess the evolutionary pressures acting on duplicated TuL-LecRLK genes, the ratio
of nonsynonymous to synonymous substitutions (Ka/Ks) was calculated for each gene
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pair. The Ka/Ks ratios ranged from 0.07 to 0.90 (all ratios < 1), with an average of 0.29
(Table S4). As shown in Figure 5, more than 78% of the duplicated gene pairs exhibited
Ka/Ks ratios within the 0.1 to 0.3 range. This distribution suggests that these genes
underwent strong purifying selection, which acted to conserve their functional stability
throughout evolutionary history.
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Figure 5. Histogram of pairwise Ka/Ks ratios for duplicated TaL-LecRLK gene pairs.

To clarify the evolutionary trajectory of L-LecRLK genes across plant species, a genome
collinearity analysis was conducted among wheat (Triticum aestivum L.), rice (Oryza sativa),
and Arabidopsis thaliana. As shown in Figure S2, only two L-LecRLK loci in Arabidopsis
exhibited collinearity with two non-TaL-LecRLK loci in the wheat genome, indicating
lineage-specific functional divergence of L-LecRLK genes following monocot-dicot diver-
gence. In contrast, a stronger syntenic relationship was observed between the monocot
species (rice-wheat), with 16 rice L-LecRLK genes corresponding to 45 wheat homologs. In
most cases, one rice gene was collinear with 3-5 wheat genes (Figure S2). These results
highlight the impact of polyploidization in expanding the TaL-LecRLK gene family and help
explain the substantially higher number of L-LecRLK genes in hexaploid wheat relative to
diploid plant species.

2.6. Analysis of Cis-Acting Elements in the Promoters of the TaL-LecRLK Genes

To further investigate the potential regulatory functions of TuL-LecRLK genes and
their involvement in signal transduction pathways, a comprehensive analysis of cis-acting
elements in their promoter regions was conducted. A total of 5804 cis-acting elements
were identified (Table S5). As illustrated in Figure S3, these elements exhibited an uneven
distribution pattern across the promoters of the 248 TaL-LecRLK genes.

Based on their biological roles, these elements were categorized into three major
categories: hormone-responsive elements, environmental adaptation elements, and growth-
and development-related elements (Table 4). Hormone-responsive elements represented the
largest proportion, accounting for 49.1% of the total. These included elements responsive to
five phytohormones: MeJA (methyl jasmonate), ABA (abscisic acid), GA (gibberellin), IAA
(auxin), and SA (salicylic acid). Among these, ABREs (ABA-responsive elements) were the
most prevalent (28.40%), followed by Me]A-responsive elements—CGTCA-motif (25.9%)
and TGACG-motif (25.8%) (Table 4) —suggesting that TaL-LecRLK genes may play pivotal
roles in ABA and MeJ A signaling pathways. Environmental adaptation elements accounted
for approximately 41% of the total. These included light-responsive elements (e.g., G-Box,
Sp1, GT1-motif), anaerobic induction elements (ARE), drought-inducibility elements (MBS),
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and low-temperature responsive elements (LTR), indicating that TaL-LecRLK genes are
potentially involved in diverse environmental stress responses (Table 4). Notably, some
cis-acting elements exhibited gene-specific distributions. For instance, the light-responsive
4cl-CMAZ2b element was found exclusively in the TaL-LecRLK68-6A promoter, while DRE
elements (associated with dehydration, low-temperature, and salt stresses) were only
detected in the TaL-LecRLK10-2D and TaL-LecRLK41-7A promoters (Table 4). These patterns
imply specialized regulatory adaptations in response to environmental stimuli. Growth-
and development-related elements comprised 9.1% of the total. This category included the
meristem-associated CAT-box, the zein metabolism-regulating O,-site, the seed-specific
RY-element, and the endosperm expression-controlling GCN4_motif (Table 4), suggesting
the involvement of TuL-LecRLK genes in developmental regulation throughout various
growth stages. Additionally, several elements, such as ABRE, CGTCA-motif, TGACG-
motif, and G-Box, were widely distributed across the promoters of various TaL-LecRLK
homologs (Table S5; Figure S3). These conserved regulatory elements likely constitute
central regulating hubs coordinating inter-pathway crosstalk during stress responses.

Table 4. Functional categorization and statistical profiling of cis-regulatory elements in TaL-LecRLK
gene promoter regions.

Percentage for

Percentage of

Category Function Site Name Number Each the Total
Category (%)  Number (%)
abscisic acid ABRE 810 28.81 13.96
responsiveness
MeJ A-responsiveness CGTCA-motif 739 26.28 12.73
TGACG-motif 735 26.14 12.66
Hormonal P-box 103 3.66 1.77
responsiveness  gibberellin-responsiveness  TATC-box 44 1.56 0.76
(2812, 49.1%) GARE-motif 28 1.00 0.48
auxin-responsive element TGA-element 166 290 2.86
AuxRR-core 40 1.42 0.69
salicylic acid TCA-element 146 5.19 2.52
responsiveness SARE 1 0.04 0.02
G-Box 868 35.90 14.96
Spl 212 8.77 3.65
GT1-motif 152 6.29 2.62
ACE 48 1.99 0.83
light responsive element 1;4211;:1 bindi 48 199 083
~AF1 binding 13 0.54 0.22
site
AAAC-motif 5 0.21 0.09
C-box 3 0.12 0.05
Environmental 4cl-CMA2b 1 0.04 0.02
adaptation anaerobic induction ARE 413 17.08 7.12
(2418, 41.7%) drought-inducibility MBS 261 10.79 4.50
low-temperature LTR 171 7.07 2.95
responsiveness
anoxic specific inducibility = GC-motif 127 5.25 2.19
defense.and stress TC-rich repeats 86 3.56 1.48
responsiveness
wound-responsive element WUN-motif 8 0.33 0.14
dehydration,
low-temperature, DRE 2 0.08 0.03

salt stresses
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Table 4. Cont.

Percentage for Percentage of

Category Function Site Name Number Each the Total
Category (%)  Number (%)
meristem expression CAT-box 235 44.01 4.05
zein metabolism regulation ~ O2-site 143 26.78 2.46
Plant growth,  endosperm expression GCN4_motif 52 9.74 0.90
development,  seed-specific regulation RY-element 36 6.74 0.62
and metabolism  circadian control circadian 34 6.37 0.59
(534, 9.1%) cell cycle regulation MSA-like 27 5.06 0.47
differentiation of the .
palisade mesophyll cells HD-Zip1 7 131 0.12
Total 5804 100.00

2.7. GO Analysis of the TaL-LecRLK Genes

A comprehensive Gene Ontology (GO) analysis was performed on the 248 TaL-LecRLK
genes (Figure 6). Among them, 239 members (96.4%) were successfully annotated to
87 GO terms, of which 43 terms were statistically enriched (p < 0.01). These were dis-
tributed across three major categories: biological processes (26 terms), cellular components
(10 terms), and molecular functions (7 terms) (Figure 6; Table S6). Within the biological
process category, enriched GO terms included post-translational protein modification (GO:
0006464, GO: 0043412) and metabolic regulation (GO: 0044237, GO: 0008152), indicating
potential regulatory functions in protein homeostasis and metabolic balance. Significant en-
richment was also observed in cell signaling (GO: 0007165), developmental regulation (GO:
0032502), and environmental stress responses (GO: 0050896), suggesting the critical roles of
TaL-LecRLK genes in growth and adaptation. At the molecular function level, enriched terms
included kinase activity (GO: 0016301), phosphoryltransferase activity (GO: 0016772), and
nucleotide binding (GO: 0000166), consistent with their roles in phosphorylation-mediated
signal transduction. The enrichment of binding activity (GO: 0005488) and catalytic activity
(GO: 0003824) further suggests multifunctionality in molecular interaction networks and
enzymatic reactions. For cellular components, most gene products were predicted to local-
ize to the plasma membrane (GO: 0005886) and general membrane systems (GO: 0016020).
This subcellular localization aligns with their proposed functions as membrane-associated
receptors in transmembrane signaling.

2.8. Spatiotemporal Expression Patterns of the TuL-LecRLK Genes

To systematically analyze the spatiotemporal expression characteristics of TaL-LecRLK
genes, RNA-seq datasets for roots, leaves/shoots, grains, and spikes of Chinese Spring
wheat during both vegetative and reproductive stages were obtained from the Wheat
Expression Browser (https://www.wheat-expression.com/, accessed on 10 March 2025;
Table S7). A tissue-specific expression heatmap of the TaL-LecRLK gene family was sub-
sequently generated based on logy-transformed normalized expression values (TPM+1)
(Figure 7; Table S8). The expression profiling revealed that, although TaL-LecRLK genes
were broadly expressed across various tissues, including roots, leaves/shoots, grains, and
spikes, their expression patterns displayed significant developmental stage specificity. Dur-
ing grain development (10-30 days after flowering), the majority of genes (>99%) exhibited
negligible expression (TPM < 1), although limited expression was still detectable in early
grain samples collected at 2 days post-anthesis (DPA). Moreover, several genes, such as
TaL-LecRLK73-6B, TuL-LecRLK30-2D, and TaL-LecRLK11-2B, were either lowly expressed
or unexpressed in vegetative-stage leaves/shoots but became upregulated during the
reproductive stage in the same tissues (Figure 7; Table S8). Notably, more than half of
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the TaL-LecRLK family members (55.6%, 138/248) showed no expression or consistently
low expression levels across all sampled stages (maximum log,(TPM+1) < 1), implying
possible functional redundancy or subfunctionalization (Table S8). Conversely, three homol-
ogous gene sets, TuL-LecRLK20 (2A/2B/2D), TaLecRLK38 (3A/3B/3D), and TaL-LecRLK68
(6A/6B/6D), maintained relatively high expression levels in all sampled tissues and stages,
suggesting that these genes may serve as core regulators in wheat growth and development

(Table S7).
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Figure 6. GO annotation of TaL-LecRLK genes, classified into biological process, molecular function,
and cellular component. Supplementary Table S6 provides details.

2.9. Abiotic Stress-Responsive Profiling of the TaL-LecRLK Genes

To investigate the involvement of TuL-LecRLK genes in abiotic stress responses, one-
week-old seedlings were exposed to rapid drought (filter paper dehydration) and high-
temperature (42 °C) conditions. Leaf samples were collected at 0 h (CK) and 1,3, and 6 h
after stress exposure for transcriptome sequencing (three biological replicates per condition).
The transcriptomic profiles of all 248 TuL-LecRLK genes under drought and heat stress are
presented in Table S9. Expression heatmaps were generated based on the average FPKM
values across replicates (Figure 8). Differential expression analysis ( | logyFoldChange | > 1,
FDR < 0.01) identified 44 and 35 TnL-LecRLK genes that were significantly upregulated
or downregulated under drought and heat stress, respectively (Figure 8; Table S10). A
Venn analysis of differentially expressed genes (DEGs) across various stress durations
revealed that 4 genes were persistently regulated under drought group conditions at
all three time points, while 11 genes exhibited sustained responsiveness to heat stress
(Figure S4). Under drought stress, the number of DEGs increased over time. Initially, gene
expression was characterized by unidirectional upregulation (1 h), which transitioned into
a bidirectional pattern involving both up- and downregulation by 3 h and 6 h (Table S11).
These findings suggest that TaL-LecRLK genes may function within temporally dynamic
regulatory networks during drought stress responses. A comparative analysis further
revealed coordinated expression patterns among certain genes under both stress conditions.
For instance, TuL-LecRLK34-7B and TaL-LecRLK78-7B showed consistent expression trends
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(either upregulated or downregulated) under both drought and heat treatments. In contrast,
Tal-LecRLK67-6A, TaL-LecRLK68-6A, and TuL-LecRLK16-2D displayed opposing regulatory
patterns, being upregulated under drought stress but downregulated under heat stress.
These contrasting responses reflect a potential ‘synergistic and antagonistic’ dual regulatory
mechanism that may enable stress-specific functional modulation through layered signal
transduction pathways.
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Figure 7. Heatmap of 248 TaL-LecRLK gene expression profiles at different wheat developmental
stages, based on logy(TPM + 1) values from the wheat expression database.

To validate the RNA-seq results, the expression patterns of six stress-responsive Tal-
LecRLK genes were examined by qRT-PCR. Under drought stress, the upregulated genes
TaLecRLK35-3D, TaLecRLK67-6D, and TaLecRLK78-7B reached peak expression at 6 h, 6 h,
and 24 h, respectively. Meanwhile, the downregulated genes TaLecRLK39-3D, TaLecRLK68-
6B, and TaLecRLK67-6B showed maximal suppression at 6 h (Figure 9). Under heat stress, all
upregulated genes reached peak expression at 6 h, while downregulated genes displayed
minimal expression at 3 h, 6 h, and 6 h, respectively. These qRT-PCR results demonstrated
high consistency with the transcriptome data. Additionally, a qRT-PCR analysis under
exogenous ABA treatment revealed that five of the six genes (excluding TuLecRLK68-6B)
were significantly downregulated in a time-dependent manner (Figure 9). This finding
suggests that the stress-responsive regulation of these TnL-LecRLK genes may proceed via
ABA-independent pathways.

33



Plants 2025, 14, 1884

Drought

Heat

ABA

3.00
Group IV 2.00
1.00
0.00
e P Y
—2.00
|||||| AL TURH IIII il IIII\I I\ \ | \ HI L || Drovght_1h
| || I|||I i ||| ||| II III || | } |l || | |||| I | | | Drough_6h
|| || || || ||| 1 \ e |||| I\ Il | Hea 31
Figure 8. Heatmap of 248 TaL-LecRLK gene expression profiles in seedlings under drought and heat
treatments. Expression values are the mean FPKM from three biological replicates.
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Figure 9. A qRT-PCR analysis of six TuL-LecRLK genes under drought, heat, and ABA treatments.
B-ACTIN was used as an internal control. Mean and standard deviation (SD) values were calculated
from three biological replicates. The y-axis shows relative expression; the x-axis indicates time points
(0, 3, 6, and 24 h). Significant differences are indicated as follows: * p < 0.05; ** p < 0.01.

3. Discussion

L-type lectin receptor-like kinase (L-LecRLK) genes are known to play pivotal roles in
regulating plant growth and development, responding to biotic and abiotic stresses and
mediating transmembrane signal transduction processes [7]. Due to these diverse functions,
L-LecRLK genes are promising targets for crop molecular breeding and improvement [28].

In the present study;, a total of 248 wheat L-LecRLK genes were identified (Table S1).
The prediction and analysis of sequence length, physicochemical properties, and sub-
cellular localization revealed that the proteins encoded by the TuL-LecRLK gene family
displayed significant heterogeneity in both structural characteristics and subcellular dis-
tribution. This diversity in sequence and location provides a molecular foundation for
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their broad and specialized biological functions in wheat. Additionally, we found that the
number of TaL-LecRLK genes in wheat (248) was significantly greater than those reported
in Arabidopsis (43) and rice (76) (Table S3), representing 5.8-fold and 3.3-fold expansions,
respectively. This makes wheat the flowering plant with the largest known L-LecRLK gene
family to date [35,36]. A further analysis revealed that TaL-LecRLKs are relatively evenly
distributed across the A, B, and D subgenomes, with 87, 77, and 75 members, respectively
(Figure 3), suggesting balanced evolutionary pressures and potential functional redun-
dancy across subgenomes [34]. Notably, compared with the whole-genome average [5],
TaL-LecRLK homoeologs showed a significantly higher rate of lineage-specific duplication
(n:1:1/1mn:1/1:1:n; 21.8% vs. 5.7%) and a markedly lower proportion of orphan or singleton
genes (1.6% vs. 37.1%) (Table 3). These findings suggest that, throughout wheat evolu-
tion, paralogous genes were retained through subfunctionalization or neofunctionalization
rather than eliminated as redundant copies [37,38].

To investigate the evolutionary relationships within the L-LecRLK gene family, a phy-
logenetic analysis was conducted, classifying the TuL-LecRLKs into four major groups
(Figures 1 and S1). The classification was highly consistent with groupings observed in
model species such as Arabidopsis and rice, indicating a conserved evolutionary frame-
work across species [13,39]. Among these groups, Groups I, 11, and IV exhibited notable
expansions, with several subclades demonstrating monocot-specific distributions. A syn-
teny analysis further revealed strong collinearity between monocot species (rice-wheat)
(Figure S2), implying that lineage-specific functional divergence likely occurred following
the monocot-dicot split. Notably, the number of Group II genes in wheat was significantly
higher (83 genes, 33.5% of the wheat family) than in Arabidopsis (1 gene) or rice (7 genes).
This pronounced expansion, likely driven by wheat’s polyploidy and intense adaptive
selection under complex environmental conditions, suggests a core role for Group II L-
LecRLKs in wheat’s evolution and adaptation to diverse stresses. Although Group IV
contained the highest number of L-LecRLK genes (125 members), its relative proportion
within the wheat family (50.4%) was notably lower than in Arabidopsis (83.7%) and rice
(56.6%). This pattern—large absolute number but reduced relative proportion—suggests a
distinct evolutionary trajectory for Group IV. Despite the lower proportional representation
in wheat, the substantial number of Group IV genes implies their continued functional
significance in wheat, potentially involving conserved core functions or roles adapted to
monocot-specific or wheat-specific biology. Overall, these contrasting expansion patterns
in Group II and Group IV likely reflect adaptations to wheat-specific selective pressures,
contributing significantly to its ecological success.

Intron deletion and insertion are known important mechanisms driving gene evo-
lution and functional diversification [40]. In this study, a high proportion of TaL-LecRLK
genes (59.68%) were found to be intronless (Table 1; Figure 2a). Previous studies showed
that intronless genes often function as rapid responders to environmental stimuli [41,42].
In Group 1V, 84% of TaL-LecRLK genes lacked introns, suggesting a strong evolutionary
conservation and possibly fundamental biological functions [43]. In contrast, Group II
showed the greatest variation in intron number, indicating frequent intron gain/loss events
that may have contributed to functional expansion and environmental adaptability. Con-
served motif analysis also highlighted potential mechanisms of functional divergence.
Core functional motifs such as Motifs 10 and 11 were widely distributed across all clades
(Figure 2a,c), whereas Motifs 14 and 16 were predominantly found in Group 1V, possibly
due to selective loss in other clades under environmental pressures. The absence of Motif
18 in Group II, despite its high prevalence in other groups, suggested further differentiation
in function. These findings align with previous studies on the wheat SnRK family [44],
in which protein motif differences were closely associated with functional differentia-
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tion. Together, these results indicate that the wheat L-LecRLK gene family has evolved a
complex genetic architecture shaped by lineage-specific expansions, intron structural varia-
tion, and selective motif retention, which may underlie its adaptation to a wide range of
ecological niches.

Chromosomal distribution, gene duplication mechanisms, and evolutionary dynam-
ics of TaL-LecRLKs were further analyzed. The 248 identified genes were unevenly dis-
tributed across the 21 chromosomes, with homoeologous group 2 (2A /2B/2D) exhibit-
ing the highest enrichment (64 genes) and group 4 (4A/4B/4D) containing the fewest
(16 genes) (Figure 3). These differences are hypothesized to result from genome remodeling
events during hexaploid wheat evolution [45]. Gene duplication analysis indicated that
whole-genome/segmental duplication (60%) and tandem duplication (19%) served as the
main drivers of gene family expansion (Figure 4; Table S4). Whole-genome duplication
may facilitate adaptive evolution by retaining functional gene clusters, while tandem du-
plication might contribute to rapid functional innovation in response to environmental
challenges [46,47]. An analysis of evolutionary rates showed that all duplicated gene pairs
exhibited Ka/Ks ratios < 1 (mean = 0.29), with 78% of the ratios clustered between 0.1 and
0.3 (Figure 5), indicating that purifying selection played a dominant role in preserving gene
function and restricting deleterious mutations [48].

Orthology analysis, a widely used method for inferring gene function across species,
was also conducted [49]. A total of 45 L-LecRLK orthologous gene pairs were identified be-
tween wheat and rice (Figure S2). Given that orthologous genes often retain conserved func-
tions while acquiring species-specific traits [50], these results suggest that a subset of wheat
L-LecRLKs may perform evolutionarily conserved roles similar to their rice counterparts.

The precise regulation of plant gene expression is mediated by specific interactions
between promoter cis-regulatory elements and transcription factors [51]. In this study,
a systematic analysis of cis-acting elements within the TuL-LecRLK gene family was con-
ducted (Table S5; Figure S2). The results revealed the presence of three major categories
of cis-regulatory elements in wheat TaL-LecRLK genes: hormone-responsive elements
(49.1%), elements related to environmental adaptation (41.7%), and elements associated
with growth and metabolism regulation (9.1%) (Table 4). Among these, ABA-responsive el-
ements (ABRE) and MeJA-responsive elements (CGTCA /TGACG motifs) were particularly
enriched, suggesting the potential involvement of TuL-LecRLK genes in response to drought
and salt stress, as well as in biotic defense mechanisms through ABA and JA signaling
pathways [52-54]. Prior studies showed that MBS elements, which serve as binding sites for
MYB transcription factors, regulate drought stress responses [55]. Therefore, TaL-LecRLK
genes containing MBS elements in their promoter regions are likely regulated by related
MYB transcription factors during stress responses.

Furthermore, promoter regions of TaL-LecRLK genes were found to contain numerous
cis-regulatory elements associated with growth and development (e.g., CAT-box, O2-site)
and protein metabolism (e.g., GCN4_motif), implying potential roles in tissue-specific
development and metabolic regulation. Spatiotemporal expression analysis indicated that
Tal-LecRLK genes were expressed across a range of organs at different developmental
stages, with particularly high expression levels during early grain development, notably at
2 DPA (Figure 7). This suggests potential involvement in young embryo formation and
endosperm cell differentiation. GO enrichment analysis (Figure 6) further supported their
roles in signal transduction, environmental stress responses, and the regulation of growth
and metabolism. Collectively, these findings provide important clues for understanding
the functional diversity and regulatory potential of the TaL-LecRLK gene family.

L-LecRLKSs were shown to play crucial roles in mediating plant stress responses to
abiotic stresses such as salinity, drought, and temperature extremes [14-16]. To identify
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stress-responsive gene candidates within the wheat L-LecRLK family, RNA-seq data were
analyzed to assess expression patterns under drought and heat stress conditions. Multiple
TaL-LecRLK genes were found to be differentially expressed in response to these stresses
(Figure 8; Table S10). Under drought stress, the number of differentially expressed TaL-
LecRLK genes increased over time, with distinct temporal expression peaks observed.
Similar temporal expression trends were reported in other plant species [32,35], indicating
that TuLecRLK genes may function in a stage-specific manner during stress response. Early-
responsive genes are likely involved in rapid signal transmission, while late-responsive
genes may contribute to metabolic reprogramming or the restoration of cellular homeostasis.
Moreover, gene expression under drought and heat stress was not entirely consistent. For
example, TaL-LecRLK35-3D and TaL-LecRLK67-6B exhibited synergistic expression patterns
under drought and heat stress conditions (Table S11), suggesting that these genes may act
in the same or interconnected pathways to confer stress tolerance. One possible hypothesis
is that they form heterodimeric receptor complexes. In this scenario, each gene product
could contribute distinct functional domains, with one subunit recognizing specific stress-
associated ligands and the other initiating downstream signaling cascades. This cooperative
action might enhance the sensitivity and specificity of the stress response, allowing the plant
to more effectively combat multiple stressors simultaneously. Conversely, TuL-LecRLK67-6A
demonstrated antagonistic expression under drought and heat stress conditions (Table S11),
suggesting that TuL-LecRLK67-6A might be involved in two separate signaling branches
that compete for limited cellular resources. Under heat stress, it could promote pathways
that enhance thermotolerance but are detrimental to drought resistance, such as increased
metabolic activity that consumes water. During drought, it may suppress these heat-
related pathways to prioritize water-saving mechanisms [56]. The qRT-PCR validation
confirmed the transcriptomic data and demonstrated that several differentially expressed
TaL-LecRLK genes were generally downregulated in response to ABA treatment (Figure 9).
This downregulation pattern suggests that these genes might be involved in non-canonical
pathways such as JA or SA signaling and may not necessarily involve ABA-dependent
mechanisms [57,58]. Previous studies demonstrated that drought stress can induce genes
such as the soybean GsSRK, which enhances drought tolerance independently of ABA
signaling [59]. Given the complexity of the regulatory networks involving the L-LecRLK
family genes, future research should employ gene knockout and overexpression approaches,
in conjunction with protein interaction assays, to further dissect the molecular mechanisms
of TuL-LecRLKs and identify novel targets for improving crop stress resistance through
molecular breeding.

4. Materials and Methods

4.1. Sequences” Acquisition and Identification of the L-Type Lectin Receptor-like Kinase (L-LecRLK)
Genes in Wheat

The identification of wheat L-LecRLK genes was performed based on the methods
described previously [15,60], with some minor modifications. The complete genome
and protein sequence files of wheat were downloaded from the Ensembl Plant database
(https://plants.ensembl.org/index.html/, accessed on 23 November 2024) [61]. Annotated
and identified L-LecRLK protein sequences from the rice genome were obtained from the
Rice Genome Annotation Project website (https://rice.uga.edu/, accessed on 23 November
2024) [62].

The Hidden Markov Model (HMM) profile of the L-type LecRLK conserved do-
main (PF00139, Lectin_legB) and Pfam-A models were downloaded from the Pfam
database (https://pfam.xfam.org/, accessed on 28 November 2024) [63]. BLASTP
(E-value < 1 x e~1%) and HMM searches were conducted using Tbtools-II software (ver-
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sion 2.210) [64], using rice L-LecRLK protein sequences and the PF00139 HMM profile,
respectively. The results from both searches were integrated, and only the first variant was
retained for downstream analysis (with three exceptions).

Domain validation was conducted using two bioinformatics tools: the batch CD-
Search tool (https:/ /www.ncbi.nlm.nih.gov/Structure/bwrpsb /bwrpsb.cgi/, accessed on
10 December 2024) [65,66] and the SMART database (https:/ /smart.embl-heidelberg.de/,
accessed on 10 December 2024) [67]. Proteins were confirmed to contain both a complete N-
terminal functional domain (PF00139) and at least one conserved kinase domain (PF00069
or PF07114). Qualified genes were uniformly designated as “TuL-LecRLK’ followed by their
chromosomal locations.

4.2. Physicochemical Properties and Subcellular Localization Prediction of TaL-LecRLKs

The basic physical and chemical properties of TaL-LecRLKs—including molecular
weight, isoelectric points (pl), instability index, and other parameters—were analyzed
using the ProtParam tool on the ExPASy Server (https://web.expasy.org/protparam/,
accessed on 3 January 2025) [68]. Subcellular localization, signal peptides, and membrane
classification were predicted using the Cell-PLoc 2.0 web-server (http://www.csbio.sjtu.
edu.cn/bioinf/Cell-PLoc-2/, accessed on 3 January 2025) [69]. Information regarding
c¢DNA length and amino acid number was obtained from the Ensembl Plants database [61].

4.3. Phylogenetic Analysis and Classification of TaL-LecRLK Proteins

Protein sequences encoded by L-LecRLK genes in wheat (Triticum aestivum L.), rice
(Oryza sativa L.), and Arabidopsis thaliana were used for phylogenetic and evolutionary
analyses. Genome and proteome data for rice and Arabidopsis were downloaded from Phy-
tozome V13 (https:/ /phytozome-next.jgi.doe.gov/, accessed on 23 November 2024) [70].
All L-LecRLK genes were retrieved using gene IDs from the three species, and their protein
sequences were extracted using Tbtools-IL.

Multiple sequence alignments were conducted using MUSCLE (Multiple Sequence
Comparison by Log-Expectation) [71]. Phylogenetic trees were constructed using FastTree
(version 2.1.11), with the maximum likelihood method [72]. The resulting tree was visu-
alized and annotated using the iTOL v6 webtool (https://itol.embl.de/, accessed on 18
February 2025) [73]. Finally, a phylogenetic tree using 248 TaL-LecRLK protein sequences
was reconstructed and used to categorize family members into distinct clades.

4.4. Gene Structure and Conserved Motifs’ Analysis of TaL-LecRLKs

Gene structures and conserved motifs were analyzed using two tools: GSDS2.0 (v2.0;
https:/ /gsds.gao-lab.org/, accessed on 21 January 2025) [74] for gene structure visual-
ization and the MEME Suite (v5.5.7; https://meme-suite.org/meme/, accessed on 29
January 2025) [75] for motif detection. The MEME search was configured to identify up to
20 motifs, allowing 0 or 1 occurrence per sequence, with motif widths set between 6 and
50 amino acids.

4.5. Chromosomal Distribution and Homoeolog Identification of TuL-LecRLK Genes

Chromosomal locations for TaL-LecRLK genes were retrieved from the Ensembl Plants
database [61] and visualized using Tbtools-1I software [64]. Homoeologous genes were
identified through phylogenetic analysis and validated using cross-referencing from the
Ensembl Plants database [76,77].

4.6. Duplication and Syntenic Analysis of L-Type LecRLK Genes

Tandem gene clusters of TuL-LecRLKs were identified based on definitions and methods
from previous studies [12,39]. Segmental and tandem duplication events were categorized
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by examining the chromosomal positions of TuL-LecRLK genes. Syntenic relationships
within wheat and among wheat, Arabidopsis, and rice were analyzed using TBtools-II [64].
Advanced circos visualization features within TBtools-1I were used to display synteny [64].
To evaluate selective pressure, Ka/Ks ratios were calculated using aKaKs_calculator [78].

4.7. Cis-Regulatory Element and Gene Ontology (GO) Analysis of TaL-LecRLKs

To identify potential regulatory elements, 2000 bp genomic sequences upstream of each
TaL-LecRLK translation start codon were extracted and analyzed as promoter regions [79].
These sequences were submitted to the PlantCARE platform (https:/ /bioinformatics.psb.
ugent.be/webtools/plantcare/html/, accessed on 22 February 2025) for cis-regulatory
element prediction [80]. The predicted cis-elements were systematically categorized, quan-
tified, and visualized using TBtools-II [64].

GO annotations for TaL-LecRLK genes were retrieved from the agriGO v2 database
(http:/ /systemsbiology.cau.edu.cn/agriGOv2/, accessed on 6 March 2025) [81,82] and
visualized using GraphPad Prism software (version 9.5).

4.8. Tissue Expression Profiling of TaL-LecRLK Genes

To investigate the expression patterns of TuL-LecRLK genes across different wheat
organs, RNA-seq data representing various developmental stages were retrieved from
the Wheat Expression Browser (https://www.wheat-expression.com/, accessed on 10
March 2025) [6]. Transcripts per kilobase million (TPM) values from multiple tissues
and time points were extracted as measures of gene expression for TaL-LecRLK genes or
their homologs. Expression profiles were visualized in a heatmap based on log, (TPM+1)
values [77], generated using TBtools-II [64].

4.9. Plant Cultivation, Growth Conditions, and Stress Treatments

Seeds of the wheat cultivar ‘Chinese Spring’ (Triticum aestivum L.) were germinated in
plastic pots filled with a peat-based growth medium. Plants were maintained in growth
chambers under controlled conditions: 22 °C/20 °C day/night temperatures, 60% relative
humidity, and a 16-h light/8-h dark photoperiod. One week after sowing, seedlings were
subjected to the following treatments: (1) Drought stress: seedlings were transferred to
culture dishes lined with dry filter paper to rapidly induce water deficiency. (2) Heat
stress: seedlings were placed in an illuminated growth chamber set to 42 °C. (3) Exogenous
ABA application: a 100 uM abscisic acid (ABA) solution was uniformly sprayed onto the
seedling leaves. Leaf tissues were harvested at 0, 3, 6, and 24 h after treatment, with three
biological replicates per time point. All samples were immediately flash-frozen in liquid
nitrogen and stored at —80 °C for further analyses.

4.10. RNA Isolation, RNA-Seq Library Preparation, and Illumina HiSeq 2000 Sequencing

Total RNA was extracted using the RN Aiso Plus reagent (TaKaRa, Otsu, Japan), and
first-strand cDNA synthesis was performed using an EX RT kit with gDNA remover
(Zoman Biotech, Beijing, China). Three biological replicates were prepared for RNA-seq
libraries. RNA quality and concentration were assessed using a NanoDrop 2000 spec-
trophotometer (Thermo Fisher Scientific, Wilmington, DE, USA), and RNA integrity was
verified with an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA) [83].

Qualified RNA samples were submitted to Beijing Biomarker Technologies (BMK-
GENE, Beijing, China) for sequencing on the Illumina HiSeq 2000 platform (Illumina, San
Diego, CA, USA) in PE150 mode. Raw reads were subjected to quality filtering to remove
adapter sequences and low-quality reads [84]. Clean reads were aligned to the wheat
reference genome (Triticum_aestivum.v2.1.genome.fa), and downstream analyses, including
expression quantification, differential expression analysis, and functional annotation, were
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performed using BMKCloud tools (https://www.biocloud.net/, accessed on 21 March
2025). DEGs were identified based on fold change > 2 and FDR < 0.01.

4.11. Quantitative Real-Time PCR (qRT-PCR) Analysis and Statistical Methods

A qRT-PCR was performed on an ABI QuantStudio 7 Flex real-time PCR system
(Life Technologies, Carlsbad, CA, USA) using 2x HQ SYBR qPCR Mix (Zoman Biotech,
Beijing, China) according to the manufacturer’s guidelines. Wheat B-actin was used as the
internal control. All qRT-PCR reactions included three biological replicates. Relative gene
expression level was calculated using the 2~#4t method [85], and results were visualized
using GraphPad Prism (v9.5). Data are presented as mean =+ standard deviation (SD).
Statistical analysis was conducted using one-way ANOVA, with significance levels set at
*(p <0.05) and ** (p < 0.01). Primer sequences are listed in Table S12.

5. Conclusions

In this study, 248 TauL-LecRLK genes were identified in the wheat genome, and a
comprehensive analysis was conducted encompassing their phylogenetic relationships,
chromosomal localization, gene structure, conserved motifs, cis-acting elements, and ex-
pression patterns. The TaL-LecRLK genes were primarily classified into four subfamilies.
Segmental and tandem duplication events jointly contributed to the expansion of this gene
family, with purifying selection playing a critical role in its evolutionary formation. The
exon-intron structures and conserved motifs of the encoded proteins exhibited considerable
diversity. Cis-element analysis indicated potential involvement of TuL-LecRLKs genes in
hormonal regulation and responses to abiotic stress. Tissue-specific transcriptome data
demonstrated distinct, stage-specific expression patterns. RNA-Seq analyses under drought
and heat stress conditions showed that differentially expressed TuL-LecRLK genes displayed
coordinated or antagonistic regulatory responses to different stress treatments. Further-
more, qRT-PCR validation suggested that six TuL-LecRLKs genes may operate through
ABA-independent regulatory mechanisms. These findings lay the groundwork for future
functional studies on L-LecRLK genes in wheat and offer new research perspectives into
their evolutionary dynamics and potential biological roles.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/plants14121884/s1: Figure S1. Phylogenetic analysis of the
248 L-type Lectin Receptor-like Kinases (L-LecRLKs) in wheat (Triticum aestivem L.). Figure S2.
Syntenic relationships of wheat L-LecRLK genes with Arabidopsis thaliana and Oryza sativa. Ge-
nomic collinearity regions between wheat and other species are indicated by gray lines. Blue
and red lines highlight syntenic L-LecRLK gene pairs between wheat-Arabidopsis and wheat-rice,
respectively. Figure S3. Analysis of TuL-LecRLK gene promoters and their cis-acting elements.
(a) Distribution of predicted cis-acting elements in the promoter regions; (b) Quantification of dif-
ferent cis-acting elements in each promoter. Figure S4. Venn diagram of differentially expressed
genes (DEGs) (llogyFoldChange | > 1, FDR < 0.01) under drought and heat stress at different time
points. Detailed data are provided in Supplementary Table S11. Table S1. List of 248 TaL-LecRLK
genes identified in the wheat (Triticum aestivem L.) genome. Table S2. Detailed information on
homoeologous gene groups of the TauL-LecRLK genes in wheat. Table S3. List of L-type LecRLKs
in Arabidopsis thaliana and Oryza sativa genome. Table S4. Ka/Ks ratios of duplicated TaL-LecRLK
gene pairs. Table S5. Identification and classification of cis-acting elements in the promoters of
248 Tal-LecRLK genes. Table S6. Gene ontology analysis of TaL-LecRLK genes. Table S7. TPM values
of the 248 TuL-LecRLK genes in different wheat tissues and developmental stages. Table S8. Expres-
sion profiles of 248 TaL-LecRLK genes across diverse tissues and developmental stages (presented as
logy(TPM+1) values). Table S9. Transcriptome sequencing data of the 248 TaL-LecRLK genes in wheat
before and after drought and heat stress treatments. Table S10. Expression profiles of 248 TaL-LecRLK
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genes under normal and stress conditions. Mean FPKM (Fragments Per Kilobase of transcript per
Million mapped reads) values calculated from three biological replicates. Table S11. Significantly
differentially expressed TaL-LecRLK genes in stress-treated vs control groups. Table S12. Primers used
for qRT-PCR in this study.
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Abstract: Wheat (Triticum aestivum) is one of the most important cereal crops globally,
with significant economic value. The Arabidopsis Téxicos en Levadura (ATL) gene family,
which comprises members of ubiquitin ligase enzymes (E3s), functions in substrate protein
tagging during ubiquitin-mediated protein modification. Recent studies have demonstrated
its involvement in stress responses. However, the ATL gene family in wheat remains
poorly characterized. This study aimed to identify the members of the ATL gene family
in wheat and investigate their roles under salt stress. We identified 334 TuATL genes
in the wheat genome, all of which contain either RING-H2, RING U-box, or RAD18
superfamily domains, exhibiting a remarkably low proportion of intron-containing genes.
The Ka/Ks (non-synonymous to synonymous substitution rate) analysis and cis-acting
element analysis of the TATL gene family indicate that its sequences are highly conserved
and functionally constrained, suggesting that it may participate in abiotic stress responses
through the ABA, MeJA, and MYB signaling pathways. Both RNNA-seq analysis and
RT-qPCR data demonstrated that the expression levels of the TuATL gene family were
significantly upregulated under stress conditions, indicating their crucial roles in stress
responses. This study demonstrates that the targeted regulation of stress-responsive
signaling pathways mediated by superior TuATL gene family members can effectively
enhance wheat salt tolerance, thereby providing a viable strategy for the development of
high-yielding cultivars adapted to saline agricultural ecosystems.

Keywords: Arabidopsis Téxicos en Levadura; E3 ligases in wheat; whole-genome
characterization; abiotic stress

1. Introduction

Wheat (Triticum aestivumy), a pivotal cereal crop in global agriculture, serves as a
primary source of dietary calories and protein for a substantial proportion of the world’s
population. Nevertheless, wheat productivity is persistently challenged by diverse abiotic
stresses, including drought, salinity, extreme thermal fluctuations, and others [1]. These
environmental stresses significantly constrain wheat growth and development, ultimately
affecting grain yields, thereby posing substantial threats to global food security [2]. Among
these, salt stress adversely impacts plant growth and yields by inducing the accumulation
of reactive oxygen species (ROS), which subsequently cause oxidative damage to DNA and
proteins, disrupting cellular homeostasis and metabolic processes [3]. In the context of the
escalating global population and intensifying climate change impacts, which exacerbate
the frequency and magnitude of these stresses, elucidating the molecular mechanisms
underlying wheat’s response to abiotic stresses has become increasingly imperative [4].
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The ubiquitin—proteasome system (UPS) represents a fundamental molecular mecha-
nism in plant stress adaptation, orchestrating the degradation of misfolded or damaged
proteins and modulating the turnover of regulatory proteins involved in stress signaling
pathways [5]. Central to this system are E3 ubiquitin ligases, which are key determinants
of target specificity for degradation by the 26S proteasome system [2,6]. Among these,
the Arabidopsis Téxicos en Levadura (ATL) family of RING-type E3 ubiquitin ligases,
characterized by the presence of a conserved RING-H2 domain that is essential for their
catalytic activity, has emerged as crucial regulators of plant stress responses [7].

The functional significance of ATL genes in stress adaptation has been extensively
documented across diverse plant species, revealing the evolutionary conservation of their
regulatory roles. In the model plant Arabidopsis thaliana, multiple ATL members have
been implicated in mediating responses to various abiotic stresses, including drought,
salinity, and cold stress [8]. Notably, in Oryza sativa, the ATL43 knockout line displays
ABA hyposensitivity, suggesting its involvement in stress signaling through the ABA-
dependent pathway [8]. Similarly, in maize (Zea mays), the expression of ZmATL10 is
significantly upregulated under high-temperature conditions, and the overexpression of
this gene enhances thermotolerance, further underscoring the potential regulatory role of
ATL genes in stress adaptation [9]. These collective findings position ATL genes as integral
components of the plant stress signaling network, modulating critical physiological and
biochemical processes to enhance stress tolerance.

Despite substantial progress in characterizing the functions of ATL genes in model
plants and some crop species, the ATL gene family in hexaploid wheat remains largely
unexplored. The inherent complexity of the wheat genome, characterized by its allo-
hexaploid nature and substantial size, presents unique challenges for genetic investigations.
However, given wheat’s global agricultural significance and its particular vulnerabil-
ity to abiotic stresses, it represents a crucial target for stress tolerance research. Recent
breakthroughs in wheat genomics, particularly the completion of high-quality genome
sequencing projects, have provided unprecedented opportunities for the comprehensive
identification and functional characterization of stress-responsive genes, including those
encoding E3 ubiquitin ligases.

This study systematically identifies and characterizes the wheat ATL (TuATL) gene
family, with a specific focus on investigating its potential functions in salt stress responses.
This research aims to elucidate the mechanisms underlying the role of this gene family
in stress adaptation in wheat. Through integrative bioinformatics approaches coupled
with experimental validation, we delineate the involvement of TuATLs in stress response
pathways and identify key regulatory nodes within this gene family. The elucidation of
ATL gene functions in wheat will not only advance our fundamental understanding of the
stress response mechanisms in this crucial crop but also provide valuable genetic markers
and candidate genes for molecular breeding programs aimed at developing stress-resilient
wheat cultivars. This study provides the first comprehensive genome-wide analysis of
the ATL gene family in hexaploid wheat, revealing novel insights into their evolutionary
patterns and stress-responsive expression profiles and offering valuable genetic resources
for wheat improvement. In light of the escalating challenges posed by climate change and
the pressing need for sustainable agricultural practices, this research is anticipated to make
significant contributions to global food security initiatives.

2. Results
2.1. Genome-Wide Identification of TaATL Family Genes

In this study, a combination of a HMMER search and BLASTp was used to identify
1198 genes of TaATLs. Next, domain screening was performed using the InterPro (version
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104.0) platform, which resulted in the identification of 334 ATL family members containing
either the RING-H2 finger domain or the E3 ubiquitin protein ligase domain, named TuATL1
to TuATL334 based on their chromosome localization (Figure 1). The TuATL family genes
are uniformly distributed across all chromosomes except chromosome 3A, which lacks
TaATL family genes. The RING-H2 finger and E3 ubiquitin protein ligase domains are
characteristic structures of the ATL family E3 ubiquitin ligases, playing a crucial role in
their enzymatic activity. To investigate the evolutionary relationships of the TaATL genes,
a phylogenetic tree was constructed using the 334 genes from wheat in IQ-TREE. Based
on the evolutionary tree branches and conserved structures and features of the genes, the
TaATL family was classified into three phylogenetic clusters. Cluster I comprised 148 genes,
Cluster II contained 83 genes, and Cluster III included 103 genes (Figure 2).
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Figure 1. Chromosomal distribution of the Arabidopsis Téxicos en Levadura gene family in wheat
(TaATL). The gradient of the blue color on the chromosomes represents the gene density. The scale on
the left indicates the base pair lengths (Mb) of the chromosomes.
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Figure 2. Phylogenetic analysis of TiATL family genes. Roman numerals I to III denote the three
phylogenetic clusters. The numbers adjacent to the branches represent bootstrap values, with all
values exceeding 60.

In addition, 105 ATL family genes were successfully extracted from Aegilops tauschii,
50 from Triticum urartu, 75 from A. thaliana, 68 from Vitis vinifera, and 121 from Z. mays
(Figure S1). An ML phylogenetic tree was constructed using genes from six species, reveal-
ing six distinct evolutionary clusters, each comprising genes from all species. Among these,
the ATL family genes of wheat exhibited the closest phylogenetic relationships with those
of A. tauschii.

The physicochemical properties of the TuATL gene family were predicted, includ-
ing the molecular weight, theoretical isoelectric point (pl), instability index, aliphatic
index, and grand average of hydropathicity. The molecular weight varied from 13.09
kDa (TuATL174) to 47.85 kDa (TuATL212), and the theoretical isoelectric point (plI) ranged
from 4.28 (TaATL222) to 11.1 (TuATL220), indicating the presence of both acidic and basic
proteins in the ATL family. Among the proteins, 153 were acidic, 11 were neutral, and 168
were basic. The instability index spanned from 26.97 (TuATL283) to 95.76 (TaATL135), with
most of the proteins exhibiting intrinsic instability. The aliphatic index ranged between
57.47 (TnATL208) and 121.6 (InATL73). The grand average of hydropathicity varied from
—0.521 (TnATL47) to 0.624 (InATL68), with a balance between hydrophilic and hydrophobic
proteins. Among them, 11 proteins were highly hydrophobic, while one protein (InATL242)
was highly hydrophilic. These results suggest that the TuATL family contains a large num-
ber of proteins with diverse characteristics. Cellular component analysis further elucidated
the subcellular localization patterns, with the majority of the TnATL proteins predicted to
be integral membrane components, while a subset was localized to intracellular organelles
and nuclei (Table S1).

2.2. Gene Structure of TnATL Family Genes

Based on the wheat genome’s annotation, the gene structure diagram of the TuATL
family members was constructed using TBtools (version 2.210) (Figure 3). Upon analyzing
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A

334 family members, only 35 genes contained introns, indicating a very low proportion
of intron-containing genes within this family. Furthermore, in the TaATL gene family,
the majority of the genes contain both 5-UTRs and 3/-UTRs. However, 146 genes are
missing untranslated regions (UTRs) on one end, and 10 genes lack untranslated regions
altogether (Figure 3). The vast majority of the genes are composed of only a single exon of
approximately 500-2000 bp, with only 35 genes having two to three exons. These findings
indicate that the TiATL gene family exhibits a highly conserved and uniform gene structure,
and this is consistent with the conclusions of previous studies on Z. mays, A. thaliana, and
O. sativa, indicating that the TATL family genes are likely to function as structural genes
within functional modules.
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Figure 3. The motif distribution, conserved domains, and gene structures of TaATL genes.
Panels (A,B) show genes from Cluster I, (C) from Cluster II, and (D) from Cluster III. In each subfig-
ure, the first column represents the motif distribution, the second column displays the conserved
domain information, and the third column illustrates the gene structure information.

2.3. Conserved Domains and Motif Distribution of TaATL Family Genes

The InterPro data and phylogenetic relationship analysis demonstrated that all mem-
bers of the TuATLs possessed one of the following domains: RING-H2, RING U-box, or the
RAD18 superfamily (Figure 3). The RING finger and U-box domains represent signature
structural features of E3 enzymes, and RAD18 domains have also been identified in the
ATL gene family of Z. mays. Notably, the distribution of the motifs exhibited distinct
clustering patterns across different phylogenetic clusters. Furthermore, substantial varia-
tions in the domain composition were observed among members of distinct evolutionary
clusters. Specifically, motif4 was predominantly concentrated in phylogenetic cluster I
(Figure 3A) and was scarcely present in other branches (Figure 3B). Conversely, motif9
was exclusively concentrated in phylogenetic cluster III (Figure 3C). In addition, clusters 1
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and 2 predominantly lacked the RAD18 superfamily domain (Figure 3A,B), whereas the
majority of cluster 3 members harbored this domain (Figure 3C). To further characterize the
TaATL gene family, a motif analysis was performed using the MEME online tool (Figure 3D).
Out of the 334 family genes analyzed, 331 contained motifl, 332 contained motif2, and
321 contained motif5. These findings highlight the intricate domain architecture and motif
distribution within the TuATL family, suggesting potential functional diversification among
its members.

2.4. Gene Duplication Events and Orthology Analysis of TATL Family Genes

To elucidate the evolutionary history and selective pressures acting on the TuATL
gene family, we performed a selective pressure analysis and inferred gene duplication and
loss events using the Notung software (version 2.9). The calculation of Ka and Ks for the
TaATL family revealed that, with the exception of TaATL69 and TuATL85, which exhibited
Ka/Ks ratios greater than 1, all gene pairs displayed Ka/Ks ratios significantly smaller
than 1, indicating that the majority of the TaATL genes are subject to strong purifying
selection (Figure 52). By conducting an interspecies collinearity analysis of TiATL genes
with two ancestral species (T. urartu and A. tauschii) and three phylogenetically related
species (A. thaliana, V. vinifera, and Z. mays), it was found that wheat shares 91 orthologous
gene pairs with T. urartu, 229 with A. tauschii, 24 with A. thaliana, 77 with V. vinifera,
and 287 with Z. mays (Figure 4). The interspecies collinearity analysis revealed extensive
collinear relationships within each chromosome set of the TaATL gene family. Additionally,
collinear relationships were observed between chromosomes 1 and 3 and chromosomes 1
and 4, as well as between chromosomes 2 and 6 (Figure 5).

38 30 4A 4B 4D 5A 58 50 BA 6B 6D 7A 7B 7D
Triticum aestivum

Triticum urarty @

Aegilops tauschii ¢

Zea mays

Figure 4. Interspecies collinearity analysis of the TiATL family genes and ATL genes in other plant
species. The gray lines represent collinear blocks between the wheat genome and the other species,
while the colored lines indicate collinearity among ATL genes.
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Figure 5. Intraspecies collinearity analysis of the TiATL family genes. From the outermost to the
innermost layers, the figure shows the gene density on chromosomes and the GC content of the
genome. The gray lines indicate collinear blocks from whole-genome hybridization in wheat, while
the colored lines represents the segmental duplication of T#ATL family genes.

Furthermore, the evolutionary event analysis using Notung (version 2.9) demonstrated
that the TnATL gene family underwent 50 gene loss events and 55 gene duplication events
(Table S2). Across the six species analyzed, a total of 543 gene duplication events and
705 gene loss events were identified.

2.5. GO Analysis, Protein—Protein Interactions, and Transmembrane Domain Analysis of TaATL
Family Genes

The comprehensive functional characterization of the TnATL gene family was con-
ducted through systematic GO enrichment analysis. The results of the GO analysis demon-
strated the significant enrichment of the TaATL family genes in core biological processes,
including protein metabolic, modification, and ubiquitination pathways (Figure 6A), consis-
tent with the canonical functions of E3 ubiquitin ligases. Notably, we observed substantial
enrichment in stress-responsive pathways, particularly those associated with salt stress
responses (Figure 6A). The protein—protein interaction (PPI) analysis indicated that the
TaATL family proteins interact closely with several HECT domain-containing proteins
(e.g., AOA3B6QB19, AOA3B5ZYP8) and ubiquitin-like domain-containing proteins (e.g.,
W5ADS2_WHEAT, W5A9E1_WHEAT). Some family proteins also showed interactions
with numerous RING-type domain-containing proteins. In addition, certain family pro-
teins (e.g., TnATL21, TaATL104, TaATL3, TaATL197) formed a tight interaction network with
glycosyltransferase 47 and conserved oligomeric Golgi complex subunit 8 (belonging to
the COGS8 family) (Figure 6B). The transmembrane domain analysis was conducted on four
family proteins, namely TuATL328, TaATL272, TnATL8S, and TaATL46. The results indicated
that all four proteins were single-pass transmembrane proteins, with the predicted number
of amino acids in their transmembrane helices exceeding 21. Furthermore, except for
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TaATLA46, the number of amino acids in the transmembrane helices within the first 60 amino

acids of these proteins was greater than 15, suggesting the potential presence of signal

peptides (Figure 6C).
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Figure 6. Functional enrichment, interaction analysis, and transmembrane domain analysis of TaATL
gene family. (A) GO enrichment analysis of the TaATLs. The bar plot illustrates the functional
enrichment of the ATL gene family in three Gene Ontology (GO) categories: biological process
(BP, green bars), cellular component (CC, orange bars), and molecular function (MF, blue bars).
(B) Protein—protein interaction (PPI) network analysis of the TaATLs. (C) Transmembrane domain
analysis of TuATL family genes. The y-axis represents the probability values of amino acids in the

regions corresponding to the colors.

2.6. Cis-Regulatory Element Analysis of TaATL Genes

To investigate the biological functions and associated signaling pathways of the TnATL
family genes, the 2000 bp upstream sequences of the TuATL genes were obtained and the
regulatory roles of the upstream sequence elements were analyzed. The results revealed
that the promoters of the TnATL gene family contained a total of 70 types of elements

involved in the regulation of 26 biological pathways (Figure 7A). These 70 elements are
categorized into five types: common stage, transcription factors (TF), tissue, phytohormone,
and environment. Among these elements, numerous cis-regulatory elements, such as ABA-
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responsive elements (ABRE), MYB-binding sites (MBS), and TCA elements, are closely
related to environmental stress, regulating important stress response pathways. Notably,
the promoters of the TaATL family members are enriched in response elements for abscisic
acid (ABRE elements) and jasmonic acid (CGTCA and TGACG motifs), as well as light-
responsive elements like G-box and antioxidant response elements (ARE elements).
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Figure 7. Heatmap of cis-regulatory elements and expression analysis of TaATL family genes.
(A) Heatmap of cis-regulatory elements of TuATLs. The number of cis-acting elements for each
gene is normalized by row. Genes in the first two figures are from Cluster 1, the third from Cluster 2,
and the fourth from Cluster 3. (B) The RNA-seq expression levels of TaATL328, TaATL272, TaATLSS,
and TuATL46 on Wheatomics. (C) The expression levels of TuATL family genes under salt stress.
A T-test was used to determine statistically significant differences in the expression levels under
different stress conditions (* p < 0.05, ** p < 0.01, *** p < 0.001).
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2.7. Analysis of Expression Levels of T'ATL Family Genes Under Salt Stress

To investigate the expression patterns of the TnATL family genes under salt stress, the
RNA-seq data of the TaATLs were collected from the Wheatomics database (Figure S3). The
results showed that genes in evolutionary clusters 1 and 3 exhibited significant upregulation
within 48 h of salt stress treatment (e.g., TaATL328, TaATL88) (Figure 7B), while genes in
evolutionary cluster 2 displayed overall low expression levels. In contrast, the majority of
the genes in evolutionary cluster 3 maintained high expression levels even under non-stress
conditions (e.g., TnATL46, TaATL287). This suggests that genes within this evolutionary
cluster may be involved in regulating fundamental biological processes associated with
ubiquitination, such as growth and development.

To further elucidate the expression patterns of the TaATL gene family under salt
stress and validate the expression profiles of key genes under such conditions, wheat
was subjected to NaCl-induced salt stress. The expression levels of TaATL328, TaATL272,
TaATL88, and TuATL46 were measured at 6 and 12 h of salinity stress (Figure 7C). The
expression patterns of TaATL328, TnATL272, TaATLSS, and TuATL46 showed consistent
trends between the RNA-seq and RT-qPCR analyses in both the control and 6 h stress
treatment groups. However, in the RT-qPCR analysis, the expression levels of TnATL328,
TaATL272, and TuATL46 under 12 h stress treatment were significantly lower than those
detected by RNA-seq.

The results revealed that the expression levels of TaATL328 and TaATL272 were sig-
nificantly upregulated after 6 h of salt stress; however, their expression was markedly
downregulated when the stress duration was extended to 12 h. Similarly, TaATL46 ex-
hibited significant downregulation in expression following 12 h of salt stress. In contrast,
TaATLSS showed substantial upregulation after 12 h of stress, with its relative expression
level reaching 15-fold compared to the non-stressed control group.

3. Discussion

The ATL gene family is a subgroup of E3 ubiquitin ligases, regulating the specificity
and efficiency of protein ubiquitination [7,10]. The functions and roles of the ATL family
have been studied in other species; for example, in A. thaliana, O. sativa, and Z. mays,
ATL family genes have been shown to respond to abiotic stresses [8,9]. However, the
functional role of the ATL gene family in wheat under salt stress conditions has not been
extensively studied.

Genomic characterization revealed that all identified TuATL family members contained
either RING-H2, RING U-box, or RAD18 domains. This finding aligns with the established
classification system for E3 ubiquitin ligases, which are categorized based on their char-
acteristic domains (HECT, RING finger, or U-box), wherein the ATL family is specifically
defined by the presence of RING finger domains [8,9,11].

The 334 TuATL genes exhibit a uniform distribution across wheat’s chromosomes,
except for chromosome 3A, which lacks TuATL family genes (Figure 1). The majority of
the genes are distributed at the ends of chromosomes, facilitating their transcription under
stress conditions. The absence of TiATL genes on chromosome 3A may reflect functional
specialization, where homologs on 3B and 3D have undergone subfunctionalization or
neofunctionalization to compensate for the loss. This could be driven by selective pressure,
particularly if these genes play roles in stress adaptation, rendering the 3A copies redundant
in hexaploid wheat. Subcellular localization predictions suggest predominant membrane
association, with most proteins localized to the plasma membrane and membrane-bound or-
ganelles, consistent with their classification as transmembrane integral proteins (Figure S1).
This observation aligns with previous findings in V. vinifera and Z. mays, indicating that the
broad distribution and transmembrane domains of the ATL gene family are likely essential
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for its membrane-associated functions [7,9]. The phylogenetic reconstruction of the TaATL
family genes revealed three phylogenetic clusters (Figure 2). The intraspecies collinearity
analysis revealed that, although previous studies have documented extensive segmental
exchanges between chromosome 4 and chromosome 7 in wheat, the TuATL family genes
remained unaffected and showed no evidence of collinearity [12] (Figure 5). The phylo-
genetic analysis of six species (T. aestivum, T. urartu, V. vinifera, A. tauschii, Z. mays, and
A. thaliana) revealed that each phylogenetic cluster of the ATL gene family was composed
of genes from all six species (Figure S1). This suggests that the evolution of the ATL gene
family is relatively conserved in plants and that this family likely shares close relationships
and similar functions in wheat and the other five species. The orthology analysis indicates
that approximately half of the TuATLs show direct orthologous relationships with T. urartu
and A. tauschii ATL genes, while specific TiATL subgroups (e.g., TnATL262, TaATL291,
TaATL290, TaATL316, TaATL263) exhibit species-specific clustering, potentially reflecting
functional specialization or adaptive evolution. Notably, the majority of these orthologous
relationships were not one-to-one, indicating potential gene duplication or divergence
events during evolution (Figure 4). However, the RNA-seq expression levels between gene
pairs (e.g., TaATL272 and TuATL299) were inconsistent, and the abundance of cis-regulatory
elements between these gene pairs also varied (Figure 7A and Figure S3). This suggests that
widespread whole-genome duplication events do not necessarily lead to gene redundancy
but may instead contribute to the functional diversification of existing genes, resulting in
new genes with distinct regulatory mechanisms. Of particular interest is the high degree of
synteny observed between wheat and maize (Z. mays), which suggests a relatively close
evolutionary relationship between these two species within the ATL gene family. Notably,
despite the distant phylogenetic relationship between A. thaliana (dicot) and T. aestivum
(monocot), collinear relationships were identified in the ATL gene family between these
species, suggesting that the ATL genes may have been subject to strong functional con-
straints during evolution, leading to their high conservation. Further investigation into the
evolutionary dynamics and functional implications of these orthologous relationships is
warranted to elucidate the mechanisms underlying the conservation and divergence of the
ATL gene family across these species.

The structural analysis of the TaATL genes reveals that 90.2% of the family members
lack introns (Figure 3). This is consistent with previous findings regarding the ATL family in
Z. mays, A. thaliana, and O. sativa, indicating that the TaATL gene family shares similarities
with these species, providing evidence for ATL as a structural gene with functional modules,
suggesting that these genes may operate with enhanced efficiency during transcription,
enabling wheat to initiate stress resistance pathways more rapidly [8,9]. Furthermore, the
Ka/Ks ratios of nearly all TiATL family genes were significantly less than 1, indicating that
these genes have experienced strong negative selection pressure (Figure S2). The aforemen-
tioned results collectively demonstrate that the gene structure and arrangement within
the TaATL family exhibit a high degree of similarity and conservation. These findings are
consistent with previous studies on the ATL family in A. thaliana, Z. mays, and V. vinifera, in-
dicating that the functional conservation of the TnATL family genes is highly preserved [7-9].
This suggests that these genes may operate with enhanced efficiency during transcription
and translation, enabling them to respond rapidly to environmental stresses.

The GO enrichment analysis demonstrates the significant overrepresentation of terms
related to environmental stress responses and stimulus perception, with notable enrich-
ment on the integral components of membranes. The PPI analysis also indicated that the
TaATL family proteins exhibit extensive interaction networks with ubiquitin ligase-related
proteins, such as HECT domain-containing proteins and RING-type domain-containing
proteins (Figure 6B). Furthermore, the interaction with COGS8 family proteins suggests that
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the TWATL family proteins may also enhance the response to abiotic stress by modulating
the Golgi apparatus’ structural reorganization through ubiquitination modifications [13].
The transmembrane domain analysis further indicated that the transmembrane regions of
TaATL family proteins likely enable their localization to the endoplasmic reticulum (ER)
(Figure 6C) [14]. As members of the E3 ubiquitin ligase family, these proteins may partici-
pate in the ER-associated degradation (ERAD) pathway by facilitating protein degradation
through ubiquitination [14,15]. ERAD plays a critical role in maintaining cellular homeosta-
sis under external stress by degrading misfolded proteins, thereby enhancing plants’ salt
tolerance (Figure 6A) [16]. These functional annotations were further corroborated through
a cis-element analysis. Cis-acting elements are crucial molecular switches that participate
in the transcriptional regulation of dynamic gene activity networks, controlling various
biological processes and enabling organisms to respond to and adapt to environmental
stresses [17]. The cis-regulatory element analysis of TiATL promoters identified multiple
stress-responsive motifs, including ABRE, MBS, TCA, and jasmonic acid-responsive el-
ements (CGTCA and TGACG motifs) (Figure 7A). The prominence of ABA-responsive
elements correlates with ABA’s established role as a key phytohormone in abiotic stress
responses, particularly in stomatal regulation during drought and salt stress [18,19]. Os-
motic stress induces ABA biosynthesis, and the ABA-responsive elements (ABREs) located
upstream of the TnATL genes recognize ABA, thereby activating TuATL family gene expres-
sion and enhancing salt stress tolerance. The MBS element is the binding site for MYB
transcription factors, which enhance plants’ tolerance to abiotic stimuli, such as drought
stress [20-23]. Exogenous MeJA and TCA elements can also enhance plants’ tolerance to
abiotic stress [24-26]. These findings collectively implicate TaATL genes in stress response
regulation, potentially through the ABA and MeJA signaling pathways. Within the gene
family, the core gene TuATL52 in the protein—protein interaction network contains a larger
number of ABRE elements (Figure 7A). Therefore, TiATL52 is strongly implicated as a
regulatory gene within the TnATL family, playing a central role in mediating environmental
stress responses. Furthermore, the significant enrichment of TuATL genes in the response to
stimuli suggests additional involvement in biotic stress responses (Figure 7A).

The integrative analysis of the RNA-seq expression profiles reveals that four genes
(TuATL328, TaATL272, TaATL88, and TuATL46) within cluster I demonstrate particularly
robust stress-responsive expression profiles, strongly suggesting their regulatory roles in
wheat’s salt stress adaptation mechanisms (Figure 7B). Notably, TaATL328 exhibits pro-
nounced upregulation as early as 6 h following salt stress induction, with sustained elevated
expression levels persisting through the 24 h time point. This temporal expression pattern
strongly suggests that TaATL328 functions as a crucial early-response regulator in salt stress
adaptation, likely mediating the primary stress signaling cascade through facilitating the
degradation of stress-responsive repressors such as PP2C phosphatases or modulating
PYR/PYL receptor-PP2C interactions to initiate downstream stress responses [27,28]. The
RT-qPCR analysis further corroborated the significant upregulation of TaATL328, TaATL272,
and TuATL46 during the early phase of salt stress (Figure 7B). However, its expression level
drastically declined after 12 h of salt stress, dropping below that of the non-stressed control
group, inconsistent with the RNA-seq data. In contrast, TnATL88 exhibited sustained upreg-
ulation at 12 h of salt stress, consistent with the RNA-seq findings. This distinct expression
pattern suggests that TiATL8S may participate in long-term ion homeostasis maintenance
through regulating ubiquitination modifications of SOS1 or NHX-type transporters; alter-
natively, it may be associated with the phosphorylation of cell wall reinforcement-related
enzymes such as CESA. This gene likely contributes to the activation of long-term stress
adaptation mechanisms, thereby enhancing regulatory pathways during the later stages
of salt stress [29,30]. Collectively, these results identify 334 highly conserved TuATL genes
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in wheat that are significantly upregulated under salt stress. Their low intron frequency
and strong functional constraints further highlight their evolutionary importance in stress
response mechanisms. Notably, these genes are likely involved in stress adaptation through
key signaling pathways, including ABA, MeJA, and MYB.

The findings regarding the TuATL gene family provide crucial insights for improve-
ments in wheat salt tolerance. Key genes such as TnATL328, TnATL8S, and TuATL46 show
strong salt-responsive expression and represent promising targets for breeding. However,
this study has certain limitations regarding experimental validation. The functional pre-
dictions, including the synteny analysis, subcellular localization, cis-regulatory elements,
and protein—protein interaction networks, were primarily derived from in silico analyses.
While these computational approaches provide valuable preliminary insights, they require
further experimental validation to fully establish their biological relevance in plants. Future
studies employing TuATL knockout/overexpression transgenic lines and yeast two-hybrid
assays would provide direct evidence to substantiate the proposed roles of ThATL genes in
the salt stress response.

4. Materials and Methods
4.1. Identification of TnATL Family Genes

To identify the TaATL genes, the genome and annotation data (Triticum_aestivum IWGSC.60),
along with protein sequences, were retrieved from the EnsemblPlants database (http:/ /plants.
ensembl.org/ Triticum_aestivum/Info/Index (accessed on 23 November 2024)) [31]. The
genome information, annotation data, and protein sequences of T. urartu, A. tauschii,
A. thaliana, V. vinifera, and Z. mays were also obtained from the EnsemblPlants database
(https:/ /plants.ensembl.org/index.html (accessed on 21 December 2024)). The Hid-
den Markov Model (HMM) profiles were downloaded from the Pfam database (https:
/ /pfam.xfam.org (accessed on 23 November 2024)) [32]. The HMM profile of the ATL
domain (PTHR45768) was acquired using the TBtools software (version 2.210) (https:
/ / github.com/CJ-Chen/TBtools-II (accessed on 16 November 2024)) [33]. The wheat
genome was used as an inquiry for a BLASTp search (E-value < 1 e ), followed by the
screening of the protein domains using InterPro (https://www.ebi.ac.uk/interpro/ (ac-
cessed on 23 November 2024)) [34]. Proteins containing RING-H2 finger and E3 ubiquitin
protein ligase domains were all retained. The analysis of gene localization on chromosomes
was performed using MCScanX-Super Fast within TBtools (version 2.210) [35].

4.2. Phylogenetic Analysis and Collinearity Analysis of TaATL Family Genes

The protein sequences were aligned using MAFFT (version 7), followed by the re-
moval of low-quality regions with TrimAl [36,37]. A maximum likelihood (ML) phylo-
genetic tree was constructed using IQ-TREE2 with 1000 bootstrap replicates for ultra-
fast bootstrapping [38,39]. The phylogenetic tree was visualized with iTOL (version 7.0)
(https:/ /itol.embl.de (accessed on 7 January 2025)) [40].

The collinearity analysis of the TaATLs with T. urartu, A. tauschii, A. thaliana, V. vinifera,
and Z. mays was conducted using MCScanX-Super Fast within TBtools (version 2.210),
with sequence alignments performed by Diamond for BLAST. The phylogenetic tree of
the ATLs from the aforementioned six species was analyzed using the TimeTree (version 5)
website (https:/ /timetree.org (accessed on 13 February 2025)) [41]. It was then visualized
using the iTOL online platform (version 7.0) (https://itol.embl.de (accessed on 15 February
2025)), followed by an evolutionary event analysis performed using the Notung software
(version 2.9) [42]. Additionally, a Ka/Ks (non-synonymous rate to synonymous substitution
rate) selection pressure analysis and visualization were conducted using Rstudio (version
2024.12.1+563) scripts [43].
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4.3. Analysis of cis-Acting Elements, Gene Structure, and Chromosome Location

The motifs of TaATL family members containing RING-H2 finger domains or E3
ubiquitin protein ligase domains were identified using MEME (version 5.5.7) (https://
meme-suite.org/meme/tools/meme (accessed on 3 January 2025)) [44], with the parameter
width range set to 6-50. The gene structures were obtained from the genome annotation
file, while the conserved domains were acquired from the NCBI database. Additionally,
the amino acid composition and hits of each motif were analyzed using the MEME online
tool. The 2000 bp upstream sequences of the TaATL genes were extracted with TBtools
(version 2.210). These sequences were subsequently submitted to the PlantCARE database
(http:/ /bioinformatics.psb.ugent.be /webtools/plantcare/html/ (accessed on 18 January
2025)) for the prediction of cis-acting elements [45]. The identified elements were classified
and a heatmap analysis was performed using TBtools (version 2.210). The chromosome
locations of the TuATL gene family were visualized using TBtools (version 2.210).

4.4. Protein—Protein Interaction, GO, and Physicochemical Property Analyses

The protein—protein interaction (PPI) analysis was performed using the STRING
database (https://cn.string-db.org (accessed on 17 January 2025)) with a medium con-
fidence score of 0.400 [46]. The Gene Ontology (GO) enrichment information for the
TaATL gene family was obtained using the DAVID database [47]. A complete GO analy-
sis was conducted using singular enrichment analysis (SEA) with the Yekutieli method
(FDR under dependency) for multiple testing correction (significance level = 0.05). The
physicochemical properties of all proteins were predicted using ExPASy online tools
(https:/ /web.expasy.org/protparam/ (accessed on 25 January 2025)) [48]. Additionally,
to predict the subcellular localization of the ThATL gene family, the CELLO online tool
(version 2.5) (https://cello.life.nctu.edu.tw (accessed on 26 January 2025)) was used [49].
Subsequently, transmembrane signals were examined using the PROTTER online tool
(version 1.0) (https:/ /wlab.ethz.ch/protter/start/ (accessed on 27 January 2025)) [50].

4.5. Plant Materials and Salt Stress Treatment

Plump and healthy wheat seeds were planted and germinated in a growth chamber.
The chamber was maintained at a CO; concentration of 400 ppm, a temperature regime of
20-22 °C, and relative humidity of 60%, with a 12 h light/12 h dark photoperiod [51]. Salt
stress was induced by supplementing the hydroponic solution with 150 mM NaCl. Leaf
tissue samples were collected at 6 and 12 h following stress induction.

4.6. Gene Expression Analysis, RNA Extraction, and Real-Time Quantitative PCR
(RT-gPCR) Analysis

Protein function annotations of the TuATL gene family were performed using the
eggNOG online tool (version 2) (http://eggnog-mapper.embl.de accessed on 12 January
2025)) [52]. The RNA-seq of the TnATL family genes was conducted using the Wheatomics
platform (http://wheatomics.sdau.edu.cn/expression/index.html (accessed on 27 Novem-
ber 2024)) [53]. The transcriptome database “Transcriptome response of two wheat cultivars
to salt stress” was utilized for the bioinformatics analysis. Subsequently, all genes with
total expression levels (sum across all groups) exceeding 1 TPM in the RNA-seq data were
selected using TBtools (version 2.210) for heatmap generation [33].

Total RNA was isolated from the leaves of Triticum aestivum L. using the Fast-
Pure Plant Total RNA Isolation Kit (Nanjing Vazyme Biotech Co., Ltd., Nanjing, China).
cDNA synthesis was performed using the HiScript IV All-in-One Ultra RT SuperMix for
gPCR (Nanjing Vazyme Biotech Co., Ltd., Nanjing, China), and gene-specific primers
were designed for the four target genes using the NCBI Primer-BLAST online platform
(https:/ /www.ncbi.nlm.nih.gov/tools/primer-blast/ (accessed on 21 February 2025))
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(Table S3) [54]. The RT-qPCR analysis was conducted employing the TB Green® Pre-
mix Ex Taq™ II kit (Takara Bio, Kusatsu, Japan) on an ABI QuantStudio® Real-Time PCR
System (Applied Biosystems, Waltham, MA, USA). For the quantification of RT-qPCR,
we used the TaActin gene (Table S3) as the reference gene, while each analysis included
three biological replicates [55-58]. Fold changes after salt treatment were calculated as
2~ AACtsarr /2 =AACteontrol, with all procedures following the manufacturer’s protocols [59].
The qRT-PCR analysis was conducted with initial denaturation at 95 °C for 30 s, followed
by 45 cycles of denaturation at 95 °C for 5 s and annealing at 60 °C for 1 min, and finalized
with a series of terminal steps at 95 °C for 15 s, 60 °C for 1 min, and 95 °C for 15 s. The
expression profiles of TuATL328 and TaATL272 were analyzed at 0 h, 6 h, and 12 h after
NaCl stress treatment, while TeATL88 and TaATL176 were evaluated at 0 h and 12 h [59].
Each treatment group consisted of three independent biological replicates. The control
group consisted of wheat plants without NaCl treatment (0 h), while the experimental
groups (6 h and 12 h NaCl treatments) were both compared against this control group.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants14091306/s1, Figure S1: Gene evolutionary tree of ATL family
genes among wheat and other species; Figure S2: Ka/Ks ratios of TaATL family genes; Figure S3:
Heatmap of RNA-seq of THATL family genes; Table S1: Physicochemical properties and subcellular
localization of TaATL family proteins; Table S2: Gene duplication and gene loss events of the ATL
family in wheat and other species; Table S3: Primer sequences of the ATL family. Table S4: Detailed
phylogenetic analysis of the ATL gene family.
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The following abbreviations are used in this manuscript:

ATL Arabidopsis Téxicos en Levadura
RING  Really Interesting New Gene
RAD  RING-associated domain
ABA  Abscisic acid

MYB  Myeloblastosis

ABRE  ABA-responsive element
MeJA  Methyl jasmonate

MBS  MYB-binding site

UPS Ubiquitin—proteasome system
UTR  Untranslated region

GO Gene Ontology

Ka Nonsynonymous substitution rate
Ks Synonymous substitution rate
PPI Protein—protein interaction
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Abstract: This study explores the relationship between allelic variation of the vernalization
genes (VRN) and the freezing tolerance at the seedling and jointing stages of winter
wheat growth. It provides a basis for molecular marker development for freezing tolerance
breeding of winter wheat. A total of 435 wheat accessions were used to identify and evaluate
the freezing tolerance at the seedling stage using field tests, while 192 wheat accessions
were used to evaluate the freezing tolerance at the jointing stage in climate chamber tests.
The VRN genes of the wheat accessions were detected using allele-specific markers of the
VRN-A1, VRN-B1, VRN-D1 and VRN-B3 loci, and the relationship between VRN genotype
and freezing tolerance at the two developmental stages was tested. There were significant
differences in freezing tolerance between the wheat accessions. Assessing the freezing
tolerance of 52 wheat accessions at both the seedling and jointing stages revealed no
significant correlation between tolerance at these two stages. The genotypic analysis found
that Vrn-D1 was the most frequent dominant allele in winter wheat, while no accession
contained the dominant alleles Vrn-A1 and Vrn-B3. Notably, freezing tolerance showed
stage-specific genetic regulation; seedling-stage freezing tolerance strongly correlated with
vernalization gene allelic combinations (p < 0.05), whereas jointing-stage freezing tolerance
exhibited no such association. The presence of all recessive alleles vrn-Al, vrn-B1, vrn-D1
and vrn-B3 was required for strong seedling-stage freezing tolerance. The VRN-D1 marker
was effective for screening freezing tolerance materials under the premise that vrn-Al and
vrn-B1 alleles are recessive at winter wheat seedling stage.

Keywords: winter wheat; vernalization gene; freezing tolerance; seedling stage; jointing stage

1. Introduction

Wheat is one of the most important food crops, providing approximately 20% of
the calories and protein for human nutrition. China is one of the two largest wheat
producers and consumers in the world, accounting for 17% of global production and 16%
of consumption. A high and stable wheat production is important in ensuring national
food security [1]. Wheat is mainly grown in temperate climates. Under the intensification
of climatic instability, low-temperature freezing damage occurs frequently, and has become
a major meteorological factor that affects wheat’s safe production.

Freezing stress can inhibit various physiological and biochemical activities in wheat,
including water use, cell membrane stability, photosynthesis, secondary metabolite synthe-
sis, and plant hormone content [2]. In wheat production, freezing stresses are generally
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classified into two categories that are distinct in terms of phenology: winter freezing dam-
age, which occurs at the seedling stage and impairs seedling establishment and vegetative
growth, and spring freezing damage, which takes place from the jointing stage to the
heading stage and disrupts reproductive processes. Both types of freezing damage can
lead to reduced yield and lower grain quality [3-5]. The jointing stage (the anther con-
nective tissue formation phase, ACFP) is widely recognized as the most suitable period
for identifying the spring freezing tolerance of wheat. During this stage, the wheat stems
are tender. When exposed to temperatures below 0 °C, it is extremely likely to cause the
death of the main stem and large tillers. The Yellow and Huai Valley Wheat Region is
the largest wheat-producing area in China. Frequent occurrence of jointing-stage freezing
damage in this region causes a substantial reduction in final grain yield by 30-50% in severe
cases, affecting nearly 42% of wheat sown areas. Therefore, it is important to study the
jointing-stage freezing tolerance.

The freezing tolerance in wheat is a complex quantitative trait, and has been exten-
sively studied. There are two evolutionary adaptive mechanisms: cold acclimation and
low temperature vernalization enable wheat to resist cold at the seedling stage. Cold
acclimation involves a series of accumulative physiological and biochemical processes
that enhance tissue cold tolerance, mediated by various cold-responsive genes including
COR (cold-regulated), LTI78 (low-temperature induced 78), and LEA (Late embryogenesis
abundant) genes [6]. Low temperature vernalization is the physiological requirement for
the transition of winter wheat from vegetative to reproductive growth [7,8], and is also
an adaptation for wheat to avoid freezing damage to reproductive organs. Vernalization
response is determined by vernalization genes. Allelic variation at four VRN loci (VRNI,
VRN2, VRN3, and VRN4) is well characterized. Winter habit is a recessive trait and the
dominant Vrn alleles function in circumventing or reducing vernalization requirement.
VRN1, which plays the most important role in vernalization, encodes a MADS-box family
protein homologous to Arabidopsis APETALA1 that acts as a floral activator and is ex-
pressed in leaves and shoot apical meristem [9]. VRN2 inhibits flowering by regulating the
expression of VRN1 and VRN3 [10]. VRN3 is an orthologue of Arabidopsis flowering factor
FLOWER LOCUS T (FT), and its presence leads to early flowering [11]. VRN4 regulates the
vernalization process of wheat by interacting with VRN1T and VRN3 [12]. VRN1 and VRN3
promote flowering and circumvent or reduce the requirement for long-term low tempera-
tures to induce vernalization. There are three VRN1 loci in wheat: VRN-A1, VRN-B1, and
VRN-D1 located in chromosome arms 5AL, 5BL, and 5DL, respectively [13]. VRN-A1 is the
most sensitive to temperature and has epistatic effects on VRN-B1 and VRN-D1 [14]. The
VRN-B3 loci are located on group seven chromosomes [11].

Numerous studies conducted to dissect the genetic architecture of freezing tolerance
have highlighted the importance of VRN loci in freezing tolerance. The presence of a
dominant Vrn1 allele significantly reduces freezing tolerance. Accessions with dominant
alleles at two or three VRNT loci generally have weak freezing tolerance, whereas genotypes
with recessive alleles at all three loci have strong freezing tolerance [15-17]. The VRN1 gene
may enhance the freezing tolerance of wheat by interacting with cold-regulated genes [18].
Genes Fr-Al, Fr-B1 and Fr-D1 for frost tolerance are located at or near the VRN1 loci in
homeologous group five chromosomes [19,20]. FR1 and VRN1 synergistically regulate
the expression of Cor regulated by CBF transcription factors that can enhance the freezing
tolerance of wheat [21]. Transcript analysis showed that VRNT1 alleles directly regulate CBF
genes and repress their expression, thereby reducing freezing tolerance during reproductive
growth [22-24]. The recessive allele vrn-A1 increases freezing tolerance 2.1-and 2.4-fold in
both winter and spring wheat compared to the dominant allele Vrn-A1 [25]. Futhermore,
the copy number of vrn-A1l also influences the freezing tolerance of hexaploid wheat [26].
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Spring freezing tolerance also shows complex associations with VRN1, where Vin-Al and
Vrn-D1 increase spring freezing susceptibility, while Vrn-B1 enhances freezing tolerance [27].
Although primarily involved in flowering regulation, Vrn-B3 also participates in freezing
tolerance-related signaling pathways. These studies have revealed complex relationships
between VRN loci and freezing tolerance in wheat. However, there is still a knowledge gap
in understanding the relationship between the combination of vernalization gene alleles
rather than single loci and the multi-stage freezing tolerance of wheat.

VRNT1 and VRN-B3 genes have been cloned, and molecular markers developed from
them [28,29] are widely used in breeding [30-32]. In this study, we used 575 wheat acces-
sions to identify the allelic status of genes Vrn-Al, Vrn-B1, Vrn-D1, and Vrn-B3, investigate
the freezing tolerance at the seedling stage using field tests, and at the jointing stage in
climate chamber tests, and analyze the effects of various alleles on freezing tolerance across
different growth stages. The results were expected to identify freezing-tolerant germplasm
and molecular markers for breeding.

2. Results
2.1. Analysis of Freezing Tolerance Traits at the Seedling Stage and at the Jointing Stage

The accession panel (Table S1) showed considerable variation in freezing tolerance
across environments (Table 1). The freezing tolerance grades ranged from one to five, with
standard deviations between 0.89 and 0.99, and coefficients of variation (CV) ranging from
34.78% to 46.04% (Table 1). These findings indicated that the three experimental environ-
ments effectively differentiated freezing tolerance among genotypes. Histograms showed
that the phenotypic distributions for the three environments were normally distributed
(Figure 1). The majority of accessions exhibited freezing tolerance grades of one to three
across all three environments, indicating a higher proportion of accessions with strong to
moderate freezing tolerance. Highly significant correlations were observed among freez-
ing tolerance phenotypes across three environments, with correlation coefficients ranging
from 0.699 to 0.773 (Table 2), which demonstrated that the phenotypes were stable across
environments.

Table 1. Phenotypic variation of freezing tolerance of 435 wheat accessions.

Minimum o
Years Temperature (°C) Grade Range Mean SD CV (%)
2017 -8 1-5 2.15 0.99 46.04
2018 —12 1-5 241 0.98 40.76
2021 —12 1-5 12.56 0.89 34.78

SD: Standard deviation, CV: Coefficient of variation, Freezing tolerance was rated on a one to five scale: one = the
strongest tolerance, five = the weakest tolerance.

A total of 435 wheat accessions were collected from four ecological wheat production
zones in China: the Northern Winter Wheat Region (NWWR), the Yellow and Huai Valley
Winter Wheat Region (YHVWWR), the Middle and Lower Reaches of the Yangtze River
Winter Wheat Region (MLRYRWWR), and the Southwest Winter Wheat Region (SWWR).
Significant regional variations in freezing tolerance were observed among these accessions.
The NWWR accessions (n = 13) exhibited the highest freezing tolerance with an average
damage level of 1.7, followed by YHVWWR accessions (n = 268) at 2.0. In contrast, ML-
RYRWWR (n = 128) and SWWR (n = 26) accessions showed comparatively lower freezing
tolerance, with average damage levels of 3.0 and 3.3, respectively. Statistical analysis
revealed that the freezing damage grades of NWWR and YHVWWR accessions were
significantly lower than those of MLRYRWWR and SWWR accessions (p < 0.05; Table S2),
clearly demonstrating superior freezing tolerance in wheat varieties from the northern
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regions (NWWR and YHVWWR) compared to their southern counterparts (MLRYRWWR
and SWWR).
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Figure 1. Distributions of freezing tolerance of 435 wheat accessions in three environments.

Table 2. Correlations of phenotypic data and genotypes of 435 wheat accessions in different environments.

Freezing Tolerance Gene Type
2017 2018 2021 Vrn-D1 Vrn-B1
2017 1
2018 0.773 ** 1
2021 0.699 ** 0.702 ** 1
Vrn-D1 0.288 ** 0.280 ** 0.503 ** 1 —
Vin-B1 0.050 0.078 0.141 ** — 1

**p < 0.01; — Not determined.

The dead stem rates of 192 accessions showed significant variation, ranging from 0.01
to 1.00 (Table S3) with a mean of 0.16 and a coefficient of variation of 52.24%. The —6 °C/6 h
treatment at the jointing stage effectively distinguished differences in freezing tolerance
among accessions at this growth stage. Following the dead stem grading standards from
Liu et al. [33], freezing tolerance was divided into five tolerance levels (Figure 2A) with the
majority in level five (Figure 2B). There were 17 accessions with grade one, and the average
dead stem rate was 0.08. There were 26 accessions with grade two, and the average dead
stem rate was 0.22. There were 23 accessions with grade three, and the average dead stem
rate was 0.37. There were 35 accessions with grade four, and the average dead stem rate
was 0.54. There were 91 accessions with grade five, and the average dead stem rate was
0.90 (Table S3). In summary, the freezing tolerance of 192 wheat accessions is obviously
different, and the proportion of extremely weak accessions is the largest.

The relationship between seedling-stage and jointing-stage freezing tolerance of
52 accessions grown in the Yellow and Huai Valley Wheat Region is shown in Table 3.
Some accessions such as Handan 6172, Huaimai 22, Jimai 22, Yannong 21 and Huaimai
29 had strong freezing tolerance at both growth stages. Accessions such as Annong 1124,
Chuanmai 42 and Nemai 8 had strong freezing tolerance at jointing, but weak seedling
freezing tolerance in winter; accessions Liangxing 99, Jinan 17 and Guomai 8 had strong
seedling freezing tolerance, but weak tolerance in spring. Correlation analysis indicated
that freezing tolerance at the two growth stages was not significant.

2.2. Association of Seedling Freezing and Vernalization Genotype

At VRN-A1 locus, screening of the genotyping of the panel with PCR primer set
Vrnl-AF/Int1R indicated that all 435 accessions had the 734-bp fragment for the vrn-A1 or
Vrn-Alc alleles. Amplification with primer set Intr1-AF2/AR3 produced no PCR product
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whereas primer Intr1-CF/ABR produced a fragment of 1068-bp (Figure 3A). Results from
the three independent PCRs indicated that all 435 wheat accessions carried the recessive
vrn-Al allele (Table S1).

Table 3. The freezing grade of 52 winter wheat accessions.

Seedling-Freezing Grade
(In the Field) Jointing-Freezing Grade

Accession (In the Climate Chamber)
2017 2018 2021

Fengdecunmai 5 3 2 2 1
Henong 825 2 2 2 1
Handan 6172 1 1 1 1
Huaimai 22 1 1 2 1
Xiaoyan 6 2 1 2 1
Annongl1124 3 3 4 2
Bainon g3217 2 2 2 2
Chuanmai 42 3 4 4 2
Jimai 22 1 1 2 2
Huaimai 30 2 3 3 2
Huaimai 29 1 1 2 2
Huiyan 22 1 2 3 2
Neimai 8 5 4 4 2
Yannong 21 1 1 2 2
An1243 1 2 2 2
Bainong 207 3 3 2 2
Huaimai 18 1 1 2 3
Huaimai 20 1 1 2 3
Luyuan 502 2 3 3 3
Yannong 19 1 1 2 3
Huaimai 25 1 1 3 3
Shijiazhuang 8 1 1 1 3
Yangnuomai 1 5 5 5 3
Zhengmai 366 2 2 2 3
Su 553 1 2 2 4
Aikang 58 1 2 2 4
Fanmai 5 2 2 3 4
Yanzhan 4110 2 2 3 4
Jimai 73 1 1 2 4
Zhengmai 9023 1 2 2 4
Wanmai 38 1 1 2 4
Zhoumai 18 2 3 2 4
Yannong 999 2 2 2 4
Jinan 17 1 1 2 4
Zhongmai 895 3 2 2 4
Luanxuan 988 3 2 2 5
Xinong 889 2 2 2 5
Qianmai 18 3 3 2 5
Guomai 8 1 1 2 5
Huiyan 77 1 2 3 5
Xinmai 18 2 3 2 5
Jimai 20 2 2 2 5
Kaimai 18 3 3 2 5
Yangmai 20 3 4 3 5
Liangxing 99 1 1 2 5
Mianmai 39 3 2 3 5
Guoshengmai 1 3 4 4 5
Yangmai 158 4 3 4 5
Wanmai 52 1 2 2 5
Ligao 6 1 2 2 5
Guinong 775 2 2 1 5
Neimai 836 5 4 4 5
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Figure 2. The freezing tolerance of wheat accessions at the jointing stage. (A) Growth performance

of different tolerance grades of wheat accessions. (B) Frequency of freezing tolerance of 192 wheat
accessions. Freezing tolerance was rated on a one to five grade: G1 = the strongest tolerance, G5 = the
weakest tolerance.
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Figure 3. Allelic variation detected in the VRN-A1, VRN-B1, VRN-D1 and VRN-B3 loci among nine
wheat accessions. Amplification with (A): primers Vrnl-AF/Int1R (uppermost), Intr1-AF2/AR3
(middle) and Intr1-CF/ABR (lowermost); (B): primers of Intr-BF/BR3 and Intr-BF/BR4; (C): primers
Intr1-DF/DR3 and Intr1-DF/DR4; (D): primers of VRN4-B-INS-F/R and VRN4-B-NOINS-F/R. M,
DL2000; 1, Yannong 19; 2, Yangmai 158; 3, Huaimai 20; 4, Su 553; 5, Huaimai30; 6, Bainong207;
7, Annong 1124; 8, Luo 1106; 9, Qian 110209.

Genotyping of the VRN-B1 locus by PCR primer sets Intr-BF/BR3 and Intr-BF /BR4
(Figure 3B) indicated that 18 accessions had a 709-bp fragment, indicative of the Vrn-B1
allele, While vrn-B1 was detected in all other accessions (Table S1).

Genotyping of the VRN-D1 locus with PCR primer sets VRN4-B-INS-F/R and VRN4-B-
NOINS-F/R (Figure 3C) indicated that 178 accessions had the 1671-bp fragment, indicative
of Vrn-D1, while vrn-D1 was detected in all other accessions (Table S1).
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At VRN-B3 locus, amplification with primer set VRN4-B-INS-F/R detected no PCR
product that identifies Vrn-B3; however, all accessions produced a 1140-bp fragment when
amplified with primer set VRN4-B-NOINS-F/R (Figure 3D), indicative of vrn-B3.

Molecular marker detection results indicated that the highest frequency is the dom-
inant Vrn-D1 allele, accounting for 40.92% of the tested accessions, and a higher fre-
quency is the dominant Vrn-B1 allele, accounting for 4.14% of the tested accessions
among 435 wheat accessions. We did not find the dominant Vrn-A1l allele and domi-
nant Vrn-B3 allele (Figure 4). Characterization of the allelic combination of vernalization
genes at Vrn-Al, Vrn-B1, Vrn-D1 and Vrn-B3 loci revealed that there was a total of four
types of allelic variation compositions. Among them, there were 242 accessions that
possessed the recessive vrn-Al/vrn-B1/vrn-D1/vrn-B3 allelic variant combinations (ac-
counting for 55.63%). There were 190 accessions carrying one dominant allelic variation;
175 out of 190 accessions had vrn-Al/vrn-B1/Vrn-D1/vrn-B3 allelic variant combinations
(accounting for 40.23%), while 15 accessions possessed vrn-Al/Vrn-B1/vrn-D1/vrn-B3
allelic variant combinations (accounting for 3.45%; Table 4). Only 3 accessions pos-
sessed two dominant allelic variations, which were vrn-A1/Vrn-B1/Vrn-D1/vrn-B3 allelic
variant combinations (accounting for 0.69%). These suggested that the recessive allelic
combination of vrn-A1l/vrn-B1/vrn-D1/vrn-B3 was predominant, but the combination of
vrn-Al/vrn-B1/Vrn-D1/vrn-B3 was prevalent in winter wheat.

A significant association was observed between the Vrn-D1 allele and reduced freezing
tolerance in three environments. The Vrn-D1 allele was positively correlated with freezing
tolerance grade with correlation coefficients of 0.288, 0.280, and 0.503, respectively (p < 0.01;
Table 3). A Mann-Whitney U test also showed that the average freezing tolerance grade of
Vin-D1 and vrn-D1 genotypes was significantly different (p < 0.01; Figure 5). The Vrn-B1
allele had no significant correlation with the freezing tolerance grade surveyed in 2017 and
2018, but showed a significant positive correlation with freezing tolerance grade in 2021
although the 0.141 correlation coefficient was very low (Table 3).

The average freezing tolerance level of lines carrying alleles Vin-B1 and Vrn-D1 was
3.00, which was higher than accessions carrying only Vrn-B1 (2.87) or Vrn-D1 (2.78). The
average freezing damage grade of lines with all four recessive alleles was 2.05 and signifi-
cantly different from lines with one or two dominant alleles (p < 0.05; Table 4). Co-presence
of recessive genes at all four loci was prerequisite for strong freezing tolerance in seedling.
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Figure 4. Frequency of alleles of vernalization genes in 435 wheat accessions.
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Table 4. Effects of vernalization genotype on freezing grade.

Freezing Grade Number of o
Gene Type (Mean + SD) Accessions Frequency (%)
vrn-Al + vrn-B1 + vrn-D1 + vrn-B3 2054+ 0.69a’ 242 55.63
vrn-Al + vrn-B1 + Vrn-D1 + vrn-B3 2.78 £090b 175 40.23
vrn-Al + Vin-B1 + vrn-D1 + vrn-B3 2.87 £0.77b 15 3.45
vrn-Al + Vrn-B1 + Vrn-D1 + vrn-B3 3.00£0.33b 3 0.69

! Different lowercase letters indicate significant differences at p < 0.05.
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Figure 5. Comparison of freezing tolerance between the Vin-D1 and vrn-D1 genotypes. ** p < 0.01.

2.3. Association of Jointing Freezing and Vernalization Genotype

PCR screening of the 192 wheat accessions from the Yellow and Huai Valley Wheat
Region using primer set Vrn1-AF/Int1R indicated that all produced the 734-bp fragment,
whereas there was no PCR product with primer set Intr1-AF2/AR3and 1068-bp fragment
with primer set Intr1-CF/ ABR. The combined PCR results indicated that all these accessions
had vrn-Al. Screening with PCR primer sets Intr-BF/BR3 and Intr-BF/BR4 indicated
that three wheat accessions (Bainong 3217, Huaimai 30, and Shan7859) had Vin-B1 allele
characterized by a 709-bp fragment with primer Intr-BF/BR3; the remaining 189 accessions
had vrn-B1. Seventy one accessions (59%) harbored Vrn-D1 allele, and 121 carried vrn-D1.
PCR results showed that all 192 accessions carried vrn-B3. The average dead-stem score
of accessions carrying Vrn-D1 was 0.62; the average score for vrn-D1 accessions was 0.61,
indicating that the VRN-D1 locus had no obvious relationship with freezing tolerance at
the jointing stage.

3. Discussion

Freezing stress on seedlings at the beginning of winter and at jointing in spring can
injure wheat plants and negatively impact growth, development, and yield. Although
the occurrence of frost damage is influenced by various factors, genetic variation among
accessions plays a crucial role. In this study, we systematically evaluated the freezing
tolerance of wheat at the seedling stage and the jointing stage. Currently, the evaluation
of seeding-freezing tolerance of wheat in China follows the industry standard of the
People’s Republic (NY/T 1301-2007) [34] which divides freezing symptoms into five
grades. Using this assessment method, we phenotyped 435 wheat accessions in three
different environments. The highly significant correlations (ranging from 0.699 to 0.773)
among the freezing tolerance phenotypes across these environments (Table 2) indicate that
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the genetic basis for seedling-freezing tolerance is stable and heritable. This stability allows
for reliable selection of freezing-tolerant germplasm during breeding.

Yellow and Huai Valley Wheat Region is in the transitional zone between north and
south where frequent non-anticipated temperature fluctuations in spring can affect the
wheat crop. Hence accessions with strong freezing tolerance especially at the jointing
stage would be beneficial to production. The jointing-stage freezing tolerance of wheat is
influenced by multiple factors, such as the occurrence-period, intensity and duration of
low temperature. Because the occurrence period and intensity of low temperature in field
are not consistent among years, it is difficult to get reliable and repeatable results. Artificial
simulation identification is characterized by a remarkably short cycle and high repeatability,
which enables researchers to efficiently obtain consistent and reliable results [35]. In
this study, we applied this pot-planting and artificial simulation approach to evaluate
the jointing-freezing tolerance of 192 wheat accessions from the region. Using the dead
stem rate as an evaluation index, we found significant differences among different wheat
accessions. The —6 °C/6 h treatment at the jointing stage effectively distinguished the
genetic differences in freezing tolerance, which is consistent with previous studies [33].
However, compared with the seedling stage, a higher proportion (65.63%) of accessions
showed weak freezing tolerance at the jointing stage, indicating that breeding for jointing-
stage freezing tolerance is more challenging.

Assessing the freezing tolerance of 52 wheat accessions at both the seeding and jointing
stages revealed no significant correlation between tolerance at these two stages, a finding
consistent with previous reports by Zhong et al. [36]. This suggests that there may be
different genetic mechanisms for the regulation of freezing tolerance at these two stages
in wheat. In this study, only 12.19% of accessions showed a lack of seedling freezing
tolerance, whereas 65.63% lacked tolerance at jointing. These findings demonstrate that
freezing tolerance at the seedling stage is more amenable to selection during breeding
compared to that at the jointing stage. Breeding for jointing-freezing tolerance is more
challenging and future breeding programs should prioritize enhancing spring freezing
tolerance, particularly during critical developmental phases such as the jointing stage.

The distribution frequencies of vernalization gene dominant alleles vary among differ-
ent regions. In our study, among 435 winter wheat samples, the dominant allele frequencies
were Vin-D1 (40.92%) > Vin-B1 (4.14%), with no detection of Vrn-Al or Vrn-B3. In the
192 accessions from the Yellow and Huai Valley Wheat Region, Vrn-D1 was even more
predominant at 58.68%, followed by Vrn-B1 at 1.56%. Comparative analysis with previ-
ous studies showed notable differences: Zhang et al. [37] reported higher detection rates
for Vrn-B1 (18.2%) and Vrn-A1 (13.8%) in broader geographical samples, though Vin-D1
(45.3%) remained predominant. Jiang et al. [38] documented a Vrn-D1 frequency (56.12%)
closely aligned with our Yellow and Huai Valley data. These discrepancies primarily
stem from sample heterogeneity—prior studies included accessions from northern spring
wheat regions, whereas our investigation strictly focused on winter wheat germplasm. By
integrating geographical distribution patterns [39], we discerned that the high-frequency
occurrence of Vin-A1/B1 in spring wheat regions directly explains their absence in our win-
ter wheat samples. This robustly confirms that winter wheat accessions are predominantly
characterized by the Vrn-D1 dominant allele, with Vin-B1 as a secondary component-a
distribution pattern consistent with China’s wheat ecoregionalization mechanisms.

We also analyzed the relationship between vernalization gene alleles and freezing
tolerance. At the seedling stage, we found that the dominant gene Vrn-D1 was positively
correlated with the freezing damage grade (Table 3), negatively regulating the freezing
tolerance of wheat. The result is strongly associated with Zhang et al. [40], who found the
recessive vrn-D1 allele was more effective than dominant Vrn-D1 allele in improving winter
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tolerance of wheat. The average freezing tolerance level of accessions carrying Vrn-B1 and
Vrn-D1 was higher than that of accessions carrying only one of these dominant alleles.
Moreover, the average freezing damage grade of accessions with all four recessive alleles
(vrn-Al/vrn-B1/vrn-D1/vrn-B3) was significantly lower (2.05) compared to accessions
with one or two dominant alleles (Table 4). This indicates that the recessive VRNT allelic
combination is closely related to strong seedling-freezing tolerance, which is correlated
with You et al. [41]. Therefore, under the premise that VRN-A1 site is recessive, VRN-D1
gene markers can be effectively used for screening strong seedling-freezing tolerance wheat
materials.

However, at the jointing stage, there was no obvious relationship between the ver-
nalization gene and spring freezing tolerance. Although previous studies have shown
that some VRNTI alleles can affect spring freezing tolerance [27], in our study, due to the
limited sample size and type, no dominant alleles Vrn-Al and Vrn-B3 were detected in
192 accessions from the Yellow and Huai Valley Wheat Region, and only two samples
contained the dominant Vrn-B1 gene. Despite the high proportion (58.68%) of dominant
Vrn-D1, there was no difference in the dead stem rate between the recessive vrn-D1 and
dominant Vin-D1 accessions. This suggests that other genetic or environmental factors may
play more important roles in regulating jointing-freezing tolerance.

In this study, freezing tolerance of 435 wheat germplasm at the seedling stage and
192 wheat germplasm at the jointing stage were systematically evaluated, and allelic varia-
tion analysis of VRN gene was combined to screen out germplasm resources with signifi-
cant frost resistance potential. Among the 435 accessions evaluated at the seedling stage,
47 exhibited consistently high freezing tolerance (grade one) in at least two independent
environments. Notably, seven accessions—Handan 6172, ENESCO, Shijiazhuang 8, Shiji-
azhuang 15, Tai 10604, Niavt14, and Gushenmai 9—maintained grade one tolerance across
all three testing environments. These accessions carried the recessive allelic combination of
vrn-Al/vrn-B1/vrn-D1/vrn-B3. Such accessions can serve as valuable genetic resources
for breeding wheat varieties with enhanced seedling freezing tolerance. For the 192 wheat
accessions from the Yellow and Huai Valley Wheat Region evaluated at the jointing stage,
although most of the accessions (65.63%) showed very weak tolerance (Figure 2B), some ac-
cessions such as Anke 20, Fengde Cunmai 5, Gu Shen 6, Huacheng 2019, Anke 237, Fengde
Cunmai 1, An 1302, Anke 238, Henong 825, Hengjinmai 8, Anke 2101, Bifeng 1, Handan
6172, Huacheng 3366, Anke 239, Huaimai 22, and Xiaoyan 6 showed relatively strong
freezing tolerances at the jointing stage. Although the relationship between vernalization
genes and jointing-freezing tolerance was not clear in this study, these accessions can still
be considered as potential germplasm for improving spring freezing tolerance in wheat
breeding programs. Further research on their genetic mechanisms of freezing tolerance
may provide new insights into enhancing wheat’s resistance to spring cold stress.

4. Materials and Methods
4.1. Plant Materials

A total of 435 wheat accessions from different ecological wheat production zones
were used for the evaluation of freezing tolerance in seedlings (Table S1). Among them,
268 accessions are from the Yellow and Huai Valley Winter Wheat Region (YHVWWR),
128 are from the Middle and Lower Reaches of the Yangtze River Winter Wheat Region
(MLRYRWWR), 26 are from the Southwestern Winter Wheat Region (SWWWR), 13 are
from the Northern Winter Wheat Region (NWWR). Since wheat in the Yellow and Huai
Valley Wheat Region is frequently affected by freezing injury in spring, we also assessed
192 accessions (52 from the above accessions) from the Yellow and Huai Valley Wheat
Region for freezing tolerance at jointing (Table S3).
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4.2. Assessing of Freezing Tolerance Traits in Seedlings

A total of 435 wheat accessions were grown in field trial at the Huaibei Experiment
Station (116°45’ N, 33°54’ E) of Anhui Academy of Agricultural Sciences (Hefei in Anhui
province). They were planted in the conventional autumn season on 26 October 2016, 2017
and 2020, which is during the recommended seeding period for winter wheat in this region.
The experimental design was a randomized complete block with two replicates. Plot size
was 2-m-long rows with row spacing of 25 cm. All trials were seeded by manual dibbling
at a seedling rate of 80 seeds row 1. The total amount of urea applied during the whole
growth period of wheat is 390 kg/hm. The application ratio of the base fertilizer to the top
dressing is 7:3. Nitrogen fertilizer should be top-dressed during the jointing stage of wheat,
and this should be carried out in combination with irrigation.

Meteorological information was provided by the Weather Bureau of Suixi County,
Huaibei City. Frost damaging events occurred during 22~25 January 2017 (environment E1),
19~21 January 2018 (environment E2), and 6~9 January 2021 (environment E3). The lowest
temperatures were —8 °C, —12 °C, and —12 °C, respectively. Before freezing stress, the
diurnal temperature variation was relatively stable, which is generally suitable for the initial
growth and development of wheat. Adequate sunlight ensured normal photosynthesis
and promoted the growth of seedlings. The soil moisture content was maintained at a
relatively optimal level, which provided sufficient water for the plants. Freezing tolerance
phenotypes were recorded two weeks after freezing. According to the agricultural industry
standard of China (NY/T1301-2007) [31], freezing tolerance was recorded on a five-grade,
as follows:

Grade 1 (G1): no freezing damage;

Grade 2 (G2): leaf yellowing;

Grade 3 (G3): 50% leaf death;

Grade 4 (G4): All leaves dead or withered;

Grade 5 (G5): entire plants or most tillers dead.

4.3. Assessing Freezing Tolerance Traits in Spring

This experiment was conducted in 2020-2021 at the experimental station of Anhui
Academy of Agricultural Sciences (31.83° N, 117.24° E), Hefei, China. The 192 wheat
accessions were used in the experimentation. Wheat accessions were sown in pots of 28 cm
diameter x 35 cm height, on 4 November 2021. There were 13 pots for each accession. Each
pot was filled with 8 kg soil and 5.00 g compound fertilizer (N:P:K = 15:15:15) incorporated
in it. The soil was taken from the field of 0~20 cm upper plowing layer. Twenty seeds were
planted in each pot and seedlings were thinned to ten at the three-leaf stage. All the pots
were placed in the field conditions. The field environment for wheat growth is suitable,
with stable day-night temperatures, ample sunlight, and appropriate soil moisture, creating
favorable conditions for the growth of wheat.

When the plants reached the jointing stage (ACFP), eight pots of uniformly grown
wheat plants from each accession were moved to a climate chamber for exposure to —6 °C
for 6 h (humidity: 60%; light intensity: 0 umol m~2s71). The pots were moved back to
the field after the treatment. The numbers of dead main stem and first and second tillers
were assessed after 10 days of low temperature treatment. The dead-stem rate per pot
was calculated as: Dead-stem rate = number of dead stems/total number of stems. The
mean dead-stem rate was calculated for each accession using 8 replicated pots, and the
tolerance grade of wheat accessions were classified based on these mean values. According
to the criteria of jointing-freezing tolerance [30], the jointing-freezing tolerance of wheat
was divided into 5 grades (Table 5).
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Table 5. Evaluation criteria of jointing-freezing tolerance.

Tolerance Grade Dead Stem Rate Tolerance Type
1 0.00~0.13 Extremely strong
2 0.14~0.28 Strong
3 0.29~0.42 Moderate
4 0.43~0.65 Weak
5 0.66~1.00 Extremely weak

4.4. Molecular Marker Detection

Genomic DNA (gDNA) was extracted from young leaves of ten-day-old seedlings
using the phenol chloroform method [42]. DNA concentration and quality were checked
with NanoDrop2000 (Thermo Scientific, Waltham, MA, USA). DNA samples with a
260 nm /280 nm ratio equal to or higher than 1.8 were considered suitable for further
PCR analysis. Nine functional markers (Table S4) specific for Vrn-Al, Vin-B1, Vrn-D1 and
Vrn-B3 alleles [10,26,27] were used to genotype all accessions. Primers were synthesized
by Sangon Biological Engineering Technology and Service Co., Ltd. (Shanghai, China).
DNA amplification was carried out in 20-pL reaction volumes, each consisting of 1 uL
of 50-100 ng/uL DNA, 1 uL of 10 umol/L of each primer, 10 puL of 2 x Taq PCR Master
Mix (Tsingke Biotechnology Co., Ltd., Beijing, China), and 7 uL of sterilized ddH,O. The
annealing temperature and extension time used for the PCR are provided in Supplementary
Materials Table S4. PCR products were separated in 1-3% agarose gels depending on the
PCR product size (Table S4) and visualized under UV light after staining with ethidium
bromide.

4.5. Statistical Analysis

Phenotypic differences in freezing tolerance among accessions were tested using
analysis of variance (ANOVA) in the SPSS software 20.0, and multiple comparisons were
made using the least significant difference (LSD) test at p < 0.05.

5. Conclusions

Vernalization genes play an important role in seedling-stage freezing tolerance of wheat.
The VRN-DI molecular marker can be used as an effective tool for screening freezing-
tolerant accessions at the seedling stage. However, jointing-stage freezing tolerance did
not show a significant association with VRN genotypes, which may involve other low-
temperature responsive genes or interactions with environmental factors. Han 6172, Huai
Mai 29, and other germplasms with strong freezing tolerance at both the seedling and
jointing stages were selected, which provided the core parents for multi-stage resistance
breeding. Future studies should further analyze the molecular basis of freezing tolerance
at the jointing stage, develop efficient molecular markers, and integrate phenomics with
gene-editing technologies to accelerate the cultivation of new wheat varieties exhibiting
broad adaptability to climate change.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants14091350/s1. Table S1. The Seedling-freezing grade and
vernalizing genotypes of 435 wheat accessions. Table S2. The differences in freezing tolerance across
different ecological regions. Table S3. The jointing-freezing tolerance and vernalizing genotypes of
192 wheat varieties. Table S4. Primer sequences used to identify VRN-1 and VRN-B3 alleles.
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Abstract: Plant-specific transcription factors known as SQUAMOSA promoter binding
protein-like (SPL) genes are essential for development, growth, and abiotic stress responses.
While the SPL gene family has been extensively studied in various plant species, a system-
atic characterization in Zanthoxylum bungeanum (Zb) is lacking. This study used transcrip-
tomic and bioinformatics data to conduct a thorough genomic identification and expression
investigation of the ZbSPL gene family. Eight subfamilies including 73 ZbSPL members
were identified, most of which are predicted to be localized in the nucleus. Ka/Ks ratio
analysis indicates that most ZbSPL genes have undergone purifying selection. According
to evolutionary research, segmental duplication is a major factor in the amplification of
the ZbSPL gene family. Gene structures, conserved motifs, and domains were found to
be highly conserved among paralogs. Cis-element research revealed that ZbSPLs may be
implicated in hormone and abiotic stress responses. Codon usage pattern analysis showed
that the ZbSPL gene family was more inclined to A/T base endings; the higher the A/T
content, the stronger the preference of the codons; and the use pattern was mainly affected
by natural selection. Additionally, 36 ZbSPLs were found to be potential targets of miR156.
RNA-seq demonstrated that SPL genes in Zb are differentially expressed in response to
distinct abiotic stressors. Two ZbSPL genes (ZbSPL10 and ZbSPL17) were implicated in
the response to salt stress, while four ZbSPL genes (ZbSPL06, ZbSPL43, ZbSPL60, and
ZbSPL61) showed response to drought stress, based on a qRT-PCR investigation of the
ZbSPL genes under various abiotic stress conditions. This study will help us gain a deeper
understanding of the functions of ZbSPLs and lay a genetic foundation for future breeding
of high-quality, highly abiotic resistant varieties of Z. bungeanum.

Keywords: SQUAMOSA promoter binding protein-like (SPL); Zanthoxylum bungeanum;
transcription factors; abiotic stress; gene expression

1. Introduction

Transcription factors (TFs) play a crucial role in regulating gene expression by either
activating or repressing target genes [1,2]. These DNA-binding proteins are essential for
controlling a wide range of plant biological processes, including growth, development, and
stress responses [3,4]. The SQUAMOSA Promoter Binding Protein (SPL) family is a group

Plants 2025, 14, 520 https:/ /doi.org/10.3390/ plants14040520
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of plant-specific transcription factors. First discovered in Antirrhinum majus, SBP1 and SBP2
were found to have a significant impact on the early stages of flower development [5]. They
used the method of screening the cDNA expression library to demonstrate that the expres-
sion levels of SBP1 and SBP2 were closely associated with the initiation and progression of
floral organogenesis. Subsequent research [6] has further explored the molecular mecha-
nisms underlying the function of SPLs in flower development and other plant physiological
processes. The highly conserved 76-amino acid SBP domain of the SPL proteins contains a
C-terminal nuclear localization signal (NLS) and two zinc fingers (found at the Zn-1 and
Zn-2 zinc binding sites) that are crucial for DNA binding and nuclear localization [7-10].
In Arabidopsis thaliana (At), 16 SPL family members have been identified and classified into
eight subgroups [11]. As more plant genomes have been sequenced, additional SPL family
members have been identified and studied across various species, including rice (Oryza
sativa) [12], tobacco (Nicotiana tabacum) [13], citrus (Citrus clementina) [14], poplar (Populus
euphratica) [15], barley (Hordeum vulgare) [16], and wheat (Triticum aestivum) [17]. These
investigations have revealed that SPL genes are involved in a wide range of plant growth
processes, including vegetative growth [18,19], flowering and fruit development [20,21],
and hormone regulation [22,23]. More recent investigations have also highlighted the
crucial role that SPL genes play in regulating abiotic stress tolerance in a range of plant
species. SPL1 and SPL12 in At, for example, are known to provide heat tolerance through-
out the reproductive stage, and their overexpression boosts seed yield and heat resistance
of the inflorescence [24]. In rice, OsSPL10 controls drought tolerance through the regulat-

ing the expression of OsNAC2, which impacts stomatal movement and reactive oxygen
species (ROS) production [25]. It also influences soil metabolites to promote salt stress
resistance [26].

Additionally, miR156 negatively regulates many SPL family members through mRNA
cleavage or post-transcriptional repression [27], which can either improve or impair a
plant’s response to abiotic stress. TcrmiR156, for example, may play an important role in salt
stress response by negatively controlling TcSPLs [28]. MAWRKY100 is upregulated by the
miR156/SPL module, which also improves salt resistance in apples [29]. Growing evidence
suggests that the miR156/SPL module is a crucial mediator in balancing plant responses to
abiotic stress and developmental processes.

Zanthoxylum bungeanum (Zb) is widely distributed and possesses significant economic
and medicinal value. Nevertheless, no prior research has been conducted on the SPL
gene family in Zb. In this investigation, ZbSPL genes in the Zb genome were identified
and characterized. Comprehensive examinations of their gene structures, chromosomal
locations, phylogenetic relationships, synteny, codon preference, miR156 binding sites, and
cis-regulatory elements were also conducted. Additionally, we investigated the expression
patterns of ZbSPL genes under various abiotic stress conditions, providing insights into
their biological functions. The results from this thorough examination of the ZbSPL gene
family establish a foundation for further studies into the functional differentiation and
possible uses of these genes.

2. Results
2.1. Identification of ZbSPL Gene Family and Analysis of Its Physicochemical Properties

Our results demonstrated that the Zb genome harbored a total of 73 SPL genes. These
genes were categorized as ZbSPL01 through ZbSPL73 based on their chromosomal locations
(Table S1). In terms of their amino acid sequence, the ZbSPL proteins range in length
from 126 aa (ZbSPL47/48) to 2084 aa (ZbSPL59), and their molecular weights range from
14.46 kDa (ZbSPL48) to 230.75 kDa (ZbSPL59). The ZbSPL proteins are hydrophilic, as
evidenced by their negative average hydrophilicity values. Only ZbSPL01, ZbSPL02, and
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ZbSPL25 are anticipated to be found in the plasma membrane, according to subcellular
localization predictions, which showed that the bulk of the ZbSPL proteins are located in
the nucleus (Table S2).

2.2. Chromosome Localization and Gene Replication

According to the genomic data, there are 72 ZbSPLs in Z. bungeanum (Figure 1), with
one not dispersed among the chromosomes. Chromosome 41 contains the greatest number
of ZbSPL genes (6), as shown in Figure 1. On the other hand, only one ZbSPL gene was
found on each chromosome for chromosomes 12, 21, 22, 36, and 43. To gain insights into
the mechanisms of gene amplification in the ZbSPL gene family, we analyzed repetitive
events in the Zb genome. Only 107 pairs of segmental duplications and 2 pairs of tandem
duplications were found among these 73 ZDSPL genes, as shown in Figure 2 and Table S3,
indicating that segmental duplications are the primary mechanism for expansion of the
ZbSPL gene family. Only the 12th and 36th chromosomes did exhibit any duplications,
whereas the ZbSPL genes on 27 other chromosomes were implicated in these duplication
events. Therefore, the ZbSPL gene family has experienced purifying selection throughout its
evolutionary history, as evidenced by the fact that all gene pairs implicated in duplications
have a Ka/Ks (non-synonymous/synonymous) ratio < 1 (range: 0.08-0.89).

Low
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Figure 1. The distribution of the ZDSPL genes on the chromosomes of Zb. The scale indicates
chromosome length. The variation in the shade of the center color indicates gene density.
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Figure 2. Synteny analysis of ZbSPLs within Zb genome. Red lines represent collinearity of ZbSPL
gene; gray lines represent collinearity of entire Zb genome.

To better understand the origin and evolutionary relationships of ZbSPL genes, we
analyzed the synteny relationships between SPL genes in Zb and those in At, Zanthoxylum
armatum (Za), O. sativa (Os), C. sinensis (Csi), Cucumis sativus (Csa), and Z. mays (Zm). As
shown in Figure 3, we identified 46, 271, 20, 64, 46, and 7 syntenic SPL gene pairs in At, Zb,
Os, Csi, Csa, and Zm, respectively. There is not a one-to-one correspondence between all
SPL genes in Zb and Za, but rather a many-to-many relationship, indicating that genome
rearrangement and reshuffling of SPL orthologs occurred after the divergence of Zb and
Za. The SPL genes of Csi and Zb are more evolutionarily conserved and share a closer
phylogenetic link between species. This high similarity suggests they may have developed
from a common ancestor shared by several plants.
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Cucumis sativus

Zea mays

Figure 3. An analysis of syntenic relationships between ZbSPL genes in Zb, Csi, Os, At, Za, Csa, and
Zm. Syntenic SPL gene pairs are highlighted by lines with colors corresponding to the color of the
genome Zb is being compared to. The gray lines represent collinearity across the entire genome
between different species and Zb.

2.3. Analysis of Conserved Motifs, Conserved Binding Domains, and Gene Structure

The presence of shared motifs among different proteins was determined based on
the 20 conserved motifs identified within the ZbSPL family. As shown in Figure S1b,
the number of conserved motifs per protein ranges from three to sixteen. Subfamily II
contains the highest number of conserved motifs (16), whereas subfamilies VI and VII
have the fewest (3). Within each subfamily (Figure Sla), most ZbSPL members share a
common motif composition. For instance, all members of subfamily II, which have the
most conserved motifs, share 15 common motifs. Subfamily I members have nine common
motifs, while subfamilies V and VIII each have four common motifs, and the remaining
three subfamilies have three common motifs each. Motif numbers and arrangements
vary between subfamilies. Conserved motifs 1, 3, and 4 are present in all ZbSPL proteins,
arranged in the specific order of motif 3, followed by motif 1, and then by motif 4.

Analysis of the conserved domains revealed that all identified ZbSPL proteins possess
an SBP domain (Figures Slc and S2), with most subfamily II members containing an
additional Ankyrin repeat domain-containing protein domain (ANKYR). Further sequence
alignment showed that the SBP domain of the ZbSPL proteins is approximately 76 amino
acids in length and includes two conserved zinc-binding sites (Znl and Zn2) and an NLS.
In subfamily IV, the His residue at the Zn1 site is replaced by a Cys residue, resulting in a
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characteristic Cys-Cys-Cys-Cys sequence for family members such as ZbSPL12, ZbSPL18,
and ZbSPL21, in contrast to the Cys-Cys-Cys-His sequence found in the other subfamilies.
Regarding the Zn?2 site, the remaining proteins exhibit the Cys-Cys-His-Cys motif, with
the exception of ZbSPL03, ZbSPL04, and ZbSPL05, where the His residue is substituted by
GIn. Additionally, ZbSPL49 and ZbSPL50 lack an NLS. Further development of the protein
phylogenetic tree and mapping of the intron/exon structure of the ZbSPL gene family
will allow for a more thorough assessment of the structural traits of related genes. The
number of introns in the 73 ZbSPL genes ranges from one to eleven (Figure S1d). Subgroup
II contains the highest average number of introns, while subgroup VI contains the lowest.
The majority of ZbSPL genes in the same subgroup have comparable gene architectures,
especially regarding exon length and intron count.

2.4. Phylogenetic Analysis

To investigate the evolutionary relationships of the ZbSPLs, an additional 78 SPL pro-
teins were selected for phylogenetic analysis, comprising 17 AtSPLs, 18 OsSPLs, 15 CsSPLs,
and 28 PtSPLs from At, Os, Citrus reticulata (Cr), and Populus tomentosa (Pt), respectively.
Following the classification method used for AtSPLs, the SPL proteins were categorized
into eight groups, with each group containing at least one AtSPL. Subfamily Il is the largest,
comprising 20 ZbSPLs, followed by subfamilies IV and VI, which contain 9 and 10 members,
respectively. Subfamily I is the smallest, with only three members. Proteins that group
together in a single branch of the evolutionary tree are likely to share comparable structural

traits and potentially have similar biological roles (Figure 4).

Figure 4. Phylogenetic tree of SPL family genes from Zb, At, Os, Cr, and Pt.
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Using the 2000 bp upstream of the start codon, we examined the promoter cis-
regulatory element sequences in the ZbSPL genes, to elucidate their potential transcrip-
tional regulatory roles. The functions of ZbSPL genes can be categorized into three main

2.5. Cis-Acting Elements
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groups: responses to abiotic and biotic stresses, phytohormone responsiveness, and plant

growth and development. The number of elements in all of the genes” promoters spans
plant growth and development are the most prevalent, with 18 distinct types identified
prominent, suggesting that these hormones may regulate ZbSPL genes during growth and

development in Zb. Additionally, nine types of stress-related elements were identified, with
antioxidant response elements (ARE) being widely distributed among these ZbSPL genes.

Thus, each ZbSPL gene exhibits a unique composition of regulatory elements. For example,

(Figure 5a). Almost all of the ZbSPL gene promoters contain light-responsive elements.
Phytohormone-related response elements, including those responsive to abscisic acid
(ABA), methyl jasmonate (MeJA), salicylic acid (SA), auxin, and gibberellin (GA), are also
ZbSPL52, ZbSPL53, and ZbSPL55 are enriched with abscisic acid response elements (ABREs),
while ZbSPL01 and ZbSPL02 have a higher number of Box 4 light-responsive elements.

from 23 (ZbSPL69) to 52 (ZbSPL20) (Figure 5b). Of these categories, elements related to

I Plant growth and development

Plant growth and development

Abiotic and biotic st

Figure 5. The quantity and arrangement of cis-elements in the promoter regions of the ZbSPL genes.
(a) Heat maps showing cis-acting components; the number indicates how many cis-regulatory elements

are present in the promoter region of that ZbSPL gene. (b) The number of cis-reactive element types within

each response category for each gene is displayed in the bar chart (according to color).
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2.6. Patterns of Codon Use in the ZbSPL Genes

Utilizing CodonW and EMBOSS, the codon use patterns of the ZbSPLs were examined
to understand the significant influence of gene evolution and mutations on gene expression
levels and functional differentiation. In the ZbSPLs, the percentages for each of the four
bases in the third position of synonymous codons are 44.10% for T3s, 31.88% for A3s,
22.89% for C3s, and 27.58% for G3s (Figure 6a). The proportion of T3s and A3s is much
greater than that of C3s and G3s, indicating that codons in the ZbSPL gene family are
more likely to end in an A/T base than a G/C base. Pearson correlation analysis revealed
that ENC has a strong positive correlation with GC, GC3s, CAI, CBI, Fop, and C3s, but
a significant negative correlation with T3s and A3s (Figure 6b). This implied that the
higher the content of A and T in bases of a ZbSPL, the stronger its codon preference.
Neutral analysis showed that the regression coefficient after data fitting was 0.15, with a
low coefficient of determination (R?) (0.084), indicating that there is a large difference in
the composition preference of the first, second, and third bases of each codon, and that the
codon preference has been greatly affected by natural selection (Figure 7a). In Figure 7b,
gene loci were primarily found in the lower half of the region, with the regions A3/(A3
+ T3) < 0.5 and G3/(G3 + C3) > 0.5 having the largest distributions. According to the
findings, the third base use follows the order T > A, G > C, reflecting the preference in
selection for this position in the ZbSPL genes. Codon preference is mostly influenced by
natural selection. As shown in Figure 7c, gene loci are mainly distributed in the lower side
of the standard curve, with some distributed near or on the upper side of the standard
curve, indicating that the codon use preference of ZbSPL gene is mainly affected by natural
selection.
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Figure 6. The ZbSPL gene family’s codon composition (a) and parameter correlation analysis (b). In
the figure on the left, box shapes of different colors correspond to different parameters below. In
the figure on the right, the more stars there are, the higher the correlation. Red represents a highly
significant positive correlation, while blue represents a highly significant negative correlation.

An essential statistic for determining codon preference is RSCU. The most preferred
codons are those with RSCU values > 1 and a ARSCU > 0.08. The range of optimum codons
was found to be between six and 20 for the eight subfamilies. Seven of these codons (TGG,
TAG, TTT, GAC, AAT, TTG, and CAG) were found in only a single subfamily. Based on
their presence in six subfamilies, the four codons CAA, GAT, TTC, and TGC exhibited the
most widespread distribution (Figure S3).
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Figure 7. Neutrality plot (a), PR2-plot (b), and ENC-plot (c). The various colors in the upper-right

corner indicate the distinct subfamilies to which the ZbSPL genes belong.

2.7. miR156/SPL Module Prediction

The miR156/SPL module is essential for tolerance to abiotic stress, which highlights
the importance of identifying ZbSPL genes potentially regulated by miR156. A total of

36 ZbSPL genes containing target sites for miR156 were identified, repres

enting nearly

half of the ZbSPL gene family (Figure 8, Table S5). Of these 36 genes, 29 (81%) possess
target sites within the coding region, while seven (19%) have target sites within the 3" UTR.
Notably, ZbSPL63 is the only gene with target sites in both the coding region and the 3’
UTR, whereas ZbSPL61 is unique in having two target sites within the 3" UTR.

ZbSPL08

1235-1254 ZbSPL09 1238-1257 ZbSPL13  s8sa-903 ZbSPL14 11451164
‘GUGCUCUCUCUCUUCUGUCA GUGCUCUCUCUCUUCUGUCA ‘GUGCUCUCUCUCUUCUGUCA GUGCUCUCUCUCUUCUGUCA
3 CACGAGAGAMGAAGACAGU &' miR1S6 3 CACGAGAGAMAGAAGACAGU 5 miR1S6 3 CACGAGAGAMGAAGACAGU &' miR1S6 3 CACGAGAGAMGAAGACAGU 5" miR1S6
ZbSPL15 11331152 ZbSPL16 1121-1140 ZbSPL17 11241143
‘GUGCUCUCUCUCUUCUGUCA UUGCUCUCUCUCUUCUGUCA: UUGCUCUCUCUCUUCUGUCA
3 CACGAGAGAAAGAAGACAGU 5 miR156 3 CACGAGAGAAAGAAGACAGU 5 miR156 3 CACGAGAGAAAGAAGACAGU 5 miR156
ZbSPL19 31303149 ZbSPL27 1229-1248 ZbSPL28 11451164
UUUUUUUUUUUUUUUUGUUY GUGCUCUCUCUCUUCUGUCA GuﬁleE\{Cqu\l‘UE\‘JGUEA
3 CACGAGAGAAAGRAGACAGU  §' miR1S5 3 CACGAGAGAAAGAAGACAGU &' miR1S6 3 CACGAGAGAMGAAGCAGU 5 mR1S6
ZbSPL30 1136-1155 ZbSPL33 1139-1158 ZbSPL34 1139-1158 ZbSPL35 707-726
‘GUGCUCUCUCUCUUCUGUCA ‘GUGCUCUCUCUCUUCUGUCA GUGCUCUCUCUCUUCUGUCA AAUGCUCUCUCUCUUCUGUCA
3 CACGAGAGAAAGAAGACAGU 5 miR156 3 CACGAGAGAAAGAAGACAGU § miR156 3 CACGAGAGAAAGAAGACAGU 5 miR156. 3 CACGAGAGAAAGAAGACAGU 5 miR156
ZbSPL36591-610 ZbSPL38609-628 ZbSPL40s79-598 ZbSPL44 902-921 ZbSPL45 902.921
AAGCUCUCUCUCUUCUGUCA AAGCUCUCUCUCUUCUGUCA AUGCUCUCUCUCUUCUGUCA SCUCUCICUCUICUSUEA FUGCUCUCUCUCUUCUGUCA
3 CACGAGAGAMGAAGACAGU 5 miR1S6 3 CACGAGAGAAAGAAGACAGU 5 miR1S6 3 CACGAGAGAMAGMAGACAGU & miR1S6 5 CACAGAGAMGAAGACAGU 5 mR1S6 3 CACCIGACAANGAGACAGY & miR1SE
ZbSPL46 1184-1203 ZbSPL48472-a91 ZbSPL52 809828 ZbSPL53  s03-822
GUGCUCUCUCUCUUCUGUCA GUGCUCUCUCUCUUCUGUCA GUGCUCUCUCUCUUCUGUCA (GUGCUCUCUCUCUUCUGUCA
3 CACGAGAGAAAGAAGACAGU 5 miR156 3 CACGAGAGAAAGAAGACAGU 5 miR1S5 3 CACGAGAGAAAGAAGACAGU 5 miR1S6 3 CACGAGAGAMGAGACASY 5 miRISS
ZbSPL55 797816 ZbSPL61a62-481762-781 ZbSPL62 758-777 ZbSPL63 758-7771165-1184 ZbSPL64 758-777
UscuCuCUCUCUCUBUCA AAGCUCCCUCUCUUCUGUCA BUBCUCUCUCUCUUCUBUCA UscuCUCUCUCUCUGUCA SUGGUCUCUCUCUUCUGUGA
3 CACGAGAGAMAGAAGACAGU 5 miR1S6 3 CACGAGAGAAMGAAGACAGU  5' miR1SS 3 CACGAGAGAMAGAAGACAGU &' miR1S6 3 CACGAGAGMAGAAGACAGU 5 miR156 3 CACGAGAGAAMGAAGACAGU 5 miR1Sh
ZbSPL65 751-770 ZbSPL66 11571176 ZbSPL67695-714 ZbSPL68695-714
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I orF [ JVES
Figure 8. MiR156 predicted target sites on the ZbSPL genes. The open reading frame is represented by
the gray area, the SBP domain by the blue area, and the complementary sites predicted by miR156 and

represented by the green area, with the specific sequences at the bottom and the position information

at the top. The gray line segment on the far right is the 3'UTR.
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2.8. The Expression Profile of the ZbSPL Genes in Response to Abiotic Stress

To further investigate the functions of the ZbSPL gene family under adverse stresses,
we analyzed the transcriptional expression patterns of the ZbSPL genes using transcriptomic
data from Zb plants subjected to salt, drought, and cold stress (Figure 9). ZbSPL06 and
ZbSPL07 exhibited relatively high expression levels under all three abiotic stress conditions,
but showed no significant change trends. Under salt stress, ZbSPL60 and ZbSPL61 displayed
higher expression levels in the control group, which initially increased with treatment and
then decreased over time (Figure 9a). When experiencing drought stress, both genes are
clearly upregulated (Figure 9b), while no significant changes are observed under cold stress
(Figure 9¢). ZbSPL10, ZbSPL11, ZbSPL12, ZbSPL17, ZbSPL32, ZbSPL42, and ZbSPL59 all
exhibit a decrease in expression levels during the early stages of salt treatment, followed by
a gradual increase over time. During drought stress, their expression remains relatively
stable, with only ZbSPL32 showing significant upregulation under cold stress. ZbSPL41,
ZbSPL42, and ZbSPL43 are significantly upregulated only under drought stress, with no
noticeable changes under salt or cold stress. Finally, ZbSPL31 shows a distinct upregulation
only under cold stress. Overall, the different ZbSPL genes exhibit diverse expression
responses to salt, drought, and cold stresses, with some genes showing specific regulation
under particular stress conditions, while others display a more general response to abiotic
stress or stable expression patterns.
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Figure 9. Based on fragments per kilobase of transcript per million mapped reads (FPKM) values,
heatmaps of ZbSPL expression patterns for salt stress (a), drought stress (b), and cold stress (c) are
presented. TBtools was used to visualize the log2 (FPKM) values. The degree of gene expression is
shown on the upper-right scale.
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Building on these findings, we further performed combined transcriptomeand cis-

regulatory element analysis to identify a subset of ZbSPL genes and investigate their

expression patterns under abiotic stresses, including salt, drought, and cold. Under salt
stress, ZbSPL10 and ZbSPL17 exhibited similar expression profiles, with ZbSPL10 showing
strong upregulation at 24 h of salt treatment (nearly a 10-fold increase). ZbSPL11, ZbSPL12,
ZbSPL32, ZbSPL42, and ZbSPL59 exhibited similar expression patterns, showing significant
upregulation at 9 h, followed by downregulation. ZbSPL60 and ZbSPL61 were significantly

increased at 24 h following salt treatment; however, they were suppressed earlier at 9 h
and 3 h, respectively (Figure 10a). ZbSPL06, ZbSPL43, ZbSPL60, and ZbSPL61 all exhibited
notable upregulation following 9 h of drought stress. ZbSPL07 and ZbSPL41 displayed a
pattern of initial upregulation followed by downregulation; however, these changes were

not as pronounced. ZbSPL42 was significantly upregulated at 3 h, followed by a notable
downregulation (Figure 10b). Under cold stress, ZbSPL07, ZbSPL19, and ZbSPL32 were
strongly and rapidly suppressed early on, but subsequently exhibited gradual induction

(Figure 10c).
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Figure 10. Relative expression levels of 9 ZbSPL genes under salt (a), drought (b), and cold (c) stress.

Significant variations between various time periods are indicated by distinct letters. LSD tests were

used to examine significant differences between groups (p < 0.05). The mean =+ SD is represented by

the data points.
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3. Discussion

A set of plant-specific transcription factors known as SPL genes, characterized by
highly conserved SBP domains, are critical for plant growth, development, and responses
to both abiotic and biotic stresses. The acquisition of the whole-genome sequence of
Zb provides strong support for the comprehensive genome-wide identification of ZbSPL
genes [30]. In our study, we identified a total of 73 ZbSPL family members, surpassing
the 8 identified in sugar beet [31], 36 in Fraxinus mandshurica [32], 56 in Vaccinium corymbo-
sum [33], 22 in Pisum sativum [34], and 23 in Ms [35], but fewer than the 177 found in cotton
(Gossypium spp.) [36]. The variation in the number of SPL family members across different
plant species suggests differential contraction and expansion of the SPL gene family during
long-term evolutionary processes [37].

In the Zb genome, 107 pairs of segmental repeats and 2 pairs of tandem repeats of the
ZbSPL genes were identified, indicating that segmental repeats are the primary contributors
to the expansion of the ZbSPL gene family. These findings are consistent with the results
observed in the SPL gene families of the Cicer arietinum and Carya illinoinensis genomes,
where segmental repeats are the main driving force in the evolutionary process [38,39]. The
Ka/Ks ratios for all homologous genes are below 1, suggesting that purifying selection
significantly influences the evolution of SPL transcription factors in Zb, reflecting a high
degree of conservation [40]. Additionally, we compared the repeat patterns in Zb with
those of six other species. Specifically, we identified 46, 271, 20, 64, 46, and 7 repeat events
in comparisons between Zb and At, Za, Os, Cs, Csa, and Zm, respectively. The highest
collinearity was observed between Zb and Cs, suggesting their closer evolutionary relation-
ship, which is consistent with the proposal of a recent common ancestor between these two
species by Feng et al. [30]. Additionally, the collinearity between Zb and dicotyledonous
plants exceeds that of with monocotyledonous plants, indicating extensive evolution and
duplication of SPL transcription factors following the divergence of monocots and dicots.
Phylogenetic analysis of SPL proteins across species reveals that Zb is most closely related
to Cs, which is consistent with the fact that Zb, Cs, Pt, and At are all dicotyledonous plants.

Gene structure analysis indicated that members of the ZbSPL gene family in
subgroup II have the highest number of introns, ranging from nine to eleven, followed by
subgroup I with nine introns. In contrast, other subgroups typically have only one or two
introns. Early intron theories suggest that eukaryotic ancestors were highly intron-rich,
and that intron loss has generally exceeded intron gain throughout evolution [41—44]. This
pattern implies that genes in subgroups V and IV may be more ancient. A previous study
indicated that intron loss can contribute to the formation of new genes [45], suggesting
that the independent gain and loss of introns may have influenced the expansion of the
ZbSPL gene family. Different subgroups exhibit distinct motifs and domain characteristics,
yet all share highly conserved sequences, particularly motifs 1, 3, and 4. Genes within the
same subgroup tend to be more similar; for example, subgroup II consistently has the most
motifs. Additionally, some members of subgroup II contain ANKYR domains, which may
be involved in protein—protein interactions [46].

Changes in the expression levels of individual genes under particular abiotic stress
conditions were validated using qRT-PCR following the RNA-seq study. There were
differences in the Zb varieties selected, but the healthy annual plants were all selected and
treated with the same method. However, comparison of the results with the transcriptome
data revealed differences. There are several plausible reasons for these discrepancies, such
as the use of different platforms for qRT-PCR and RNA-seq [47], variations in the reference
genes chosen for normalization [48], cultivar-specific variability in Zb (a different cultivar
was used for the RNASeq and qRT-PCR analysis) [49], and the intrinsic complexity of
transcriptomic data [50].
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Plant growth and development are mostly controlled by cis-regulatory elements linked
to auxin (IAA), gibberellin (GA), salicylic acid (SA), abscisic acid (ABA), methyl jasmonate
(MeJA), and abiotic stress [51,52]. According to our findings, the promoter region of
the ZbSPL genes were predicted to have a significant number of cis-regulatory elements
associated with TAA, GA, SA, ABA, MeJA, and abiotic stress. In contrast to ZbSPL16,
ZbSPL43, ZbSPL60, and ZbSPL61, which were significantly elevated under drought stress,
ZbSPL10 and ZbSPL17 were highly upregulated under salt stress, according to qRT-PCR
data. These results imply that ZbSPLs might be crucial in controlling stress responses
and hormone-dependent pathways. Conserved in plants, the miR156/SPL module is
essential for controlling plant development and abiotic stress responses [53,54]. This
relationship has been observed by investigating the role of miR156 in regulating AtSPLs
during cold stress: miR156 was upregulated in the cold, which resulted in downregulation
of AtSPL3 and AtSPL13, while AtSPL9, another target of miR156, increased in expression
and was shown to increase freezing tolerance by upregulating CBF2 expression [55]. In
Ms leaves, it has been demonstrated that overexpression or knock-down of MsSPL13
(which can be achieved by miR156) are more drought-resistant [56]. Additionally, Ms’s salt
tolerance is substantially enhanced by the miR156/SPL4 module, with MsSPL4OE lines
showing greater salt tolerance [57]. ZbSPL07, ZbSPL19, and ZbSPL32 displayed comparable
expression patterns under cold stress, being markedly downregulated at 3 h and then
markedly increased at 24 h, based on the qRT-PCR results. ZbSPL60 and ZbSPL61 also
showed a similar pattern of expression when treated with salt. ZbSPL19 and ZbSPL61,
targets of miR156, exhibit a suppression-response mode under stress, which may be the
result of regulation by miR156.

4. Conclusions

The results of this investigation demonstrated there are 73 ZbSPL genes in total, which
could mostly be categorized into eight subfamilies. Purifying selection has been essential to
the formation of the SPL transcription factor family in Zb, with segmental duplication being
the primary mechanism for gene family expansion. Synteny analysis revealed the close
evolutionary relationship between Zb and Cs. Numerous regulatory elements linked to
plant hormone signaling, light responses, and stress signaling pathways were found in the
promoter regions of ZbSPL genes. According to the examination of usage patterns, codons
of ZbSPL gene family members are more likely to end in having A/T bases. The preference
for such codons is enhanced with increasing A /T content, suggesting that the use pattern
is mostly influenced by natural selection. Moreover, 36 ZbSPL genes are anticipated to be
possible targets of miR156, suggesting they are likely regulated by this miRNA. Expression
profile data show variations in the expression levels of the ZbSPL genes under abiotic stress.
The qRT-PCR results for the ZDSPL genes under different abiotic stress settings suggests that
some may be involved in responses to drought and salt stresses. These findings establish a
foundation for thoroughly investigating the biological role of bSPL genes in Zb and offer a
fresh viewpoint on their evolution and biological relevance.

5. Materials and Methods
5.1. Identification and Physicochemical Analysis of ZbSPL Gene Family Members

The genomic data and annotation information for Zb were obtained from BioProject
ID PRJNA524242 [30]. The amino acid sequences of 16 known SPL proteins from At were
obtained from the TAIR database (http://www.arabidopsis.org, accessed on 12 July 2024).
These AtSPL sequences were used as queries in BLAST searches against the Zb genome to
identify all candidate ZbSPL genes. To exclude non-SPL domain sequences and eliminate
redundancy, annotations were cross-referenced using the CDD database (http://www.ncbi.
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nlm.nih.gov/Structure/cdd /wrpsb.cgi, accessed on 12 July 2024) and the Pfam database
(http:/ /pfam.xfam.org/, accessed on 12 July 2024). The physicochemical properties of
the ZbSPL gene family members were predicted using the ExPasy online tool (https:
/ /web.expasy.org/, accessed on 12 July 2024). Subcellular localization predictions were
performed using the WoLF PSORT tool (https:/ /wolfpsort.hgc.jp/, accessed on 12 July
2024).

5.2. Chromosome Positioning and Gene Replication

The physical position information of ZbSPL genes in Zb was extracted using the
TBtools v2.149 software [58], mapped onto the chromosomes, and then visualized. Gene
duplication events were analyzed using the MCScanX toolkit with default parameters
to conduct a synteny analysis of the ZbSPL genes, and the results were also processed
using TBtools. The Ka/Ks ratio was computed to evaluate the selection pressure on the
duplicated genes.

5.3. Gene Structure, Conserved Motifs, and Conserved Binding Domains

Multiple sequence alignment of the ZbSPL proteins was conducted using MEGA?7 [59].
The full-length protein sequences of the ZbSPL family’ members were examined to deter-
mine the top 20 conserved motifs using the MEME web tool (https://meme-suite.org/
meme/tools/MEME, accessed on 12 July 2024).

Conserved domains in the ZbSPL proteins were investigated using the NCBI Batch CD-
Search tool. The visualization of conserved domains, motifs, and intron/exon structures of
the ZbSPL proteins was performed using TBtools.

5.4. Phylogenetic Analysis of ZbSPLs

At, Os, Cr, and Pt SPL protein sequences are provided in Table S4. The protein sequences
were aligned using MEGA 7.0 s Muscle function. The optimal amino acid substitution model
was selected using the maximum likelihood (ML) approach, and tree reliability was assessed
through 1000 bootstrap replicates. The iTOL online tool (https:/ /itol.embl.de/, accessed on
18 July 2024) was used to process and illustrate the final phylogenetic relationships.

5.5. Examination of Codon Usage Bias

Codon composition (GC3s, T3s, C3s, A3s, G3s, GC, and GC12), relative synonymous
codon use (RSCU), optimal codon (Fop), effective codon number (ENC), codon adaptation
index (CAI), and codon bias index (CBI) were all calculated using the CodonW software.
The RSCUs and ARSCUs of the eight subgroups were calculated using the EMBOSS website
(https:/ /www.bioinformatics.nl/cgi-bin/emboss/cusp, accessed on 24 July 2024). The
most preferred codons are those with a high frequency (RSCU > 1) and high expression
(ARSCU > 0.08). SPSS (Version 26) was utilized for the scatter plot and correlation analysis.
ChiPlot (https://www.chiplot.online/, accessed on 24 July 2024) was used to generate box
plots and upset plots.

5.6. Cis-Acting Elements and miR156 Prediction

Potential cis-acting elements within the 2000 bp upstream promoter regions of the
ZbSPL genes were predicted using the PlantCare website (https:/ /bioinformatics.psb.
ugent.be/webtools/plantcare/html/, accessed on 18 July 2024). Data extraction and
organization were performed using the TBtools v2.149 software, utilizing genomic data
and annotation information. Based on the previous classification, the results from using
R’s ggplot function are shown [60]. The psRNATarget tool (https://www.zhaolab.org/
psRNATarget/, accessed on 18 July 2024) was employed to search for complementary
sequences of miR156 in the coding and 3" UTR regions of the ZbSPL genes.
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5.7. Transcriptome Analysis

RNA-seq data for Zb under drought (PRJNA784034), cold stress (PRJINA597398), and
salt stress (PRJNA1107841) conditions were retrieved from the NCBI SRA database. Initially,
SRA files were converted to FASTQ format using the fastdump tool of the SRA Toolkit [61].
The quality of the raw sequencing data was assessed using FastQC [62]. Adapter sequences
and low-quality reads were subsequently removed using Trimmomatic [63] to produced
clean data. The clean data were then aligned to the Zb genome using Hisat2 [64]. The
unified FPKM value was expressed after the gene expression value was calculated using
String-Tie [65]. Heatmaps and clustering of log2 (FPKM) values for the ZbSPL genes were
generated using ChiPlot.

5.8. Plant Materials and qRT-PCR

One-year-old Zb plants, “Fengxiandahongpao”, were raised in a greenhouse at 25 °C,
60-70% humidity, and a 16/8 h light/dark cycle. After treating plants to salt stress with
a 250 mmol/L NaCl solution, leaf samples were collected at 0 h, 3 h, 9 h, and 24 h. To
obtain leaf samples for drought stress, irrigation was stopped, and tissue was collected at
0 days (0 d), 6 days (6 d), 9 days (9 d), and 15 days (15 d). Cold stress was implemented
using a growth chamber set at 4 °C, and leaf samples were taken at O h, 3 h, 12 h, and
24 h. In almost all cases, these methods are based on those used in other RNA-seq studies I
quantified. Three biological replicates were cultivated for each time point, with each
replicate consisting of three independent seedlings. Samples were immediately frozen in
liquid nitrogen and stored at —80 °C until further use in experiments.

RNA was extracted using the FastPure Plant Total RNA Isolation Kit (Vazyme Biotech
Co., Ltd., Nanjing, China), and RNA concentration and purity were assessed. cDNA was
synthesized using the HiScript II Q RT SuperMix (Vazyme Biotech Co., Ltd., Nanjing,
China) for qRT-PCR. Primers were designed using Primer 5.0 software (Table S6) and
validated for specificity using the TBtools v2.149 software. The Zb actin gene, ZbActin,
was used as a reference gene [66]. qRT-PCR analysis of the ZbSPL genes was performed
using the 2 xChamQ Universal SYBR qPCR Master Mix (Vazyme Biotech Co., Ltd., Nanjing,
China), with at least three biological replicates and three technical replicates. The 10 uL
reaction mixture consisted of 0.5 pL. of cDNA template, 0.2 puL of each primer (upstream
and downstream), 5 pL. of SYBR MIX, and 4.1 uL of RNase-free water. The PCR conditions
were as follows: 95 °C for 30 s; followed by 40 cycles of 95 °C for 10 s, 60 °C for 30 s; 65 °C
for 5 s; and a final incubation 95 °C for 5 s to obtain a melt curve. Relative quantification
was conducted using the 2724 method [67]. Statistical analysis was performed with
SPSS software (Version 26), with one-way ANOVA followed by the least significant dif-
ference (LSD) test. Gene expression levels were visualized using histograms generated in
Excel 2021.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/ plants14040520/s1, Figure S1. Phylogenetic tree, motif patterns, gene
structures, and conserved domain of ZbSPL proteins. (a) The phylogenetic tree was constructed
using the full-length sequences of the ZbSPL proteins with 1000 replicates on each node. (b) The
amino acid motifs (numbered 1-20) in the ZbSPL proteins are displayed in 20 colored boxes, and the
black lines indicate amino acid length. (c) Conserved domains for the ZbSPL members: SBP domains,
indicated by green boxes; and ANKYR domains, represented by yellow boxes. (d) Gene structure
of ZbSPL members: untranslated region (UTR), represented by green boxes and coding sequence
(CDS), represented by yellow boxes. Figure S2. Alignment of the SBP domain in ZbSPL proteins.
Sequence logo for the SBP-box in the ZbSPLs. The overall height of each stack indicates the degree
of conservation of the corresponding residue site, while the height of the characters in each stack
represents the relative frequency. Shown at the bottom are two conserved zinc-binding sites (Znl
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and Zn2) and a nuclear localization signal (NLS). Figure S3. Clustering of the relative synonymous
codon usage in the gene of the eight subfamilies. Table S1. Gene names and locus information for the
SPL proteins in Zb. Table S2. Analysis of the physical and chemical properties and prediction of the
ZbSPLs of their cell localization in Zb. Table S3. Ka/Ks ratio of ZbSPL genes in clades I-VIII. Table S4.
Sequence features of AtSPLs in A. thaliana, O. sativa, C. reticulata, and Populus tomentosa. Table S5.
ZbSPLs targeted by miR156. Table S6. Primers for real-time quantitative PCR.
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Abstract: Soil salinity and the scarcity of freshwater resources are two of the most common
environmental constraints that negatively affect plant growth and productivity worldwide.
The tomato (Solanum lycopersicum Mill.) plant is moderately sensitive to salinity. The
identification of salinity-responsive genes in tomato that control long-term salt tolerance
could provide important guidelines for its breeding programs and genetic engineering.
In this study, a holistic approach of RNA sequencing combined with measurements of
physiological and agronomic traits were applied in two advanced tomato breeding lines
(susceptible 146 and tolerant L56) under long-term salinity stress (9.6 dS m~1). Genotype
L56 showed the up-regulation of known and novel differentially expressed genes (DEGs)
that aid in the salinity tolerance, which was supported by a high salt tolerance index (81%).
Genotype L46 showed both similar and different gene families of DEGs. For example,
22 paralogs of CBL-interacting kinase genes were more up-regulated in L56 than in L45. In
addition, L56 deployed more SALT OVERLY SENSITIVE paralogs than L45. However, both
genotypes showed the up-regulation of ROS-detoxifying enzymes and ROS-scavenging
proteins under salinity stress. Therefore, L56 was more effective in conveying the stress
message downstream along all available regulatory pathways. The salt-tolerant genotype
L56 is genetically robust, as it shows an enhanced expression of a complete network of salt-
responsive genes in response to saline conditions. In contrast, the salt-susceptible genotype
L46 shows some potential genetic background. Both genotypes have great potential in
future breeding programs.

Keywords: Solanum lycopersicum L.; salinity stress; RNA sequencing; gene expression

1. Introduction

The most recent assessment report covering salinity was issued by the FAO [1]. Around
1.4 billion hectares (10.7%) of total global land area are affected by salinity, with an addi-
tional 1 billion hectares at risk due to the climate change and human mismanagement [1].
Salinity limits crop development and production [2]. One of the major affected crops is
tomato (Solanum lycopersicum L.), which is a member of the Solanaceae family and is an
annual horticultural crop with a wide distribution and high nutritional and economical
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value [3-5]. As cultivated tomato is moderately sensitive to salinity, all developmental
stages are negatively affected [6-8].

Rapid fluctuation (up- and down-regulation) in stress-responsive genes is well estab-
lished for several plant species including tomatoes [9]. The products of these genes cause
signal transductions that lead to biochemical, physiological, and morphological changes
involved in the final adaptation [9-11]. The transcriptome profiling of important regulatory
genes is emerging as an important tool to improve plant response to abiotic stresses [12].
These genes include transcription factors, stress sensors or protein kinases that regulate
the expression of several target genes for osmolyte biosynthesis enzymes, antioxidant
enzymes, and stress proteins such as late embryogenesis abundant (LEA) proteins [13,14].
For the identification of differentially expressed genes, many advanced molecular biology
techniques have been used to measure gene expression levels and discover new genes that
are responsible for plant responses to different environmental stresses, such as quantitative
real-time PCR (qPCR) [7,9] and transcriptome profiling using RNA sequencing [15].

Under abiotic stress, the signal perception of osmotic stress starts earlier than ionic
stress, and the plant activates the signal transduction pathways by the generation of
secondary messengers such as hormones, inositol, reactive oxygen species (ROS) and
early responsive to dehydration (ERD) genes [2,16]. These molecules can stimulate sig-
naling pathways such as the Ca?"-dependent salt overly sensitive (SOS) pathway and
osmotic/oxidative stress signaling [6,8,15]. Under stress conditions, plant respiratory
metabolism increases. Cytochrome ¢ oxidase appears to play an active role in the electron
transfer pathway during respiration within the mitochondria to produce a large amount of
free energy (ATP) [17].

Recent studies have reported that calcium-dependent protein kinase (CDPK) is a
part of the physiological plant defense mechanisms against biotic or abiotic attacks [18].
One of the most important transcription factors for abiotic stress responses in plant are
ethylene-responsive factors (ERFs) [19]. The ERF gene family is part of the AP2/ERF
superfamily. The AP2/ERF domain plays a major role in the gene expression regulation
of other stress-responsive genes because it is highly conserved and binds to the GCC box
present in the promoter region of stress-responsive genes [20]. Myloblastosis (MYB) [9]
and (WRKY) [14] transcription factors are major factors in regulating plant metabolism and
responses to abiotic stresses. The NAC domain (NAM, ATAF1 and 2, and CUC2) proteins
are plant-specific transcription factors that have crucial roles in plant development and
abiotic stress responses [9,21]. The plant cellular genome is adversely affected by oxidative,
salt, and drought stresses and plants require the activation of the DNA repairing system.

The aim of the current study was to compare contrasting advanced breeding lines of
tomato under long-term salinity stress (55 days), which has not been studied in previous
articles. It is proposed that novel differentially expressed genes would be resolved between
the two genotypes, which would generate applicable resources for future plant breeding.

2. Results
2.1. Agronomic Traits

A total of 19 important agronomically traits in tomato were assessed for two genotypes,
L46 (salt-susceptible) and L56 (salt-tolerant). They cover vegetative growth traits (5), yield
component traits (3), chemical traits (4), physiological traits (2) and fruit quality traits (4).
The obtained data are hierarchically clustered and are illustrated as a heat map (Figure 1).
Five major clusters of agronomic traits were visible. The first one clustered plant health,
stem diameter, leaf area, leaf fresh and dry weights, indicating their tight correlation. The
values of these traits gradually declined with an increasing salinity stress level in the
susceptible genotype L46. On the contrary, the tolerant genotype L56 barely showed any
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decline with increasing salinity stress levels. The second group clustered leaf K* and
fruit ascorbic acid levels, where L56 showed a slight decline in the leaf K* level at the
highest salinity stress level (9.6 dS m~!), while L46 showed a decline in leaf dry weight
with increasing salinity stress levels. Moreover, ascorbic acid levels showed a decline with
increasing salinity levels in both genotypes. The third cluster included fruit fresh weight,
average fruit weight, total yield and WUE, all of which were negatively affected with
increasing salinity stress levels; however, this effect was more dramatic in the L46 genotype
than in the L56 genotype. The reduction in total yield was a consequence of reduced fruit
weight. Cluster IV had four traits, fruit number per plant, fruit pH, fruit TSS and leaf Ca*,
which were the least affected by salinity stress treatments. Cluster V included leaf proline,
Na* and Cl~ levels. Both Na* and Cl~ levels were the most influenced by increasing
salinity stress levels, showing a directly proportional relationship with increasing salinity
stress levels and for both genotypes. On the other hand, leaf proline content was slightly
decreased in the L56 genotype, while it was elevated in the L46 genotype. The K* /Na* ratio
did not cluster with any other trait and was the most negatively affected with increasing
salinity stress levels, showing an inversely proportional relationship in both genotypes.

L46 L56
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Figure 1. Hierarchical clustering and heat map of measured traits in susceptible (L46) and tolerant
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(L56) genotypes under four salinity stress levels (2.4, 4.8, 7.2 and 9.6 dS m~!). Each row represents
a trait and each column represents a genotype under different stress levels. Five major clusters are
evident (each with distinctive traits that differentiate them from other clusters).

As a major index for plant response to salt stress, the salt tolerance trait index (STTI)
was calculated for a group of nine major agronomic traits (Figure 2). At the 2.4 dSm™!
salinity stress level (the lowest level), both genotypes L46 and L56 were barely affected,
showing relatively high STTI values (93-100%). At the second stress level (4.8 dS m™1),
the L46 genotype showed a drastic drop in the STTI for the investigated traits (74-86%),
while the L56 genotype was still showing high STTI levels (82-95%). At the third salinity
stress level (7.2 dS m~'), severe plant damage was visible in the L46 genotype, with low
STTI levels (56-80%). On the other hand, the L56 genotype showed two trends in STTI
values, where plant growth parameters (plant height, stem diameter, leaf area, leaf fresh
and dry weights) were marginally affected, with relatively high STTI levels (90-95%), while
yield traits (fruit flesh thickness, average fruit weight and total yield) besides WUE were
more negatively affected, with moderate STTI levels (79-82%). At the highest stress level
(9.6 dS m~1), agronomic traits in L56 genotype showed two trends that were similar to
the trends it showed at a lower stress level (7.2 dS m~!), with plant growth parameters
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showing higher STTI levels (85-93%) than yield traits and WUE (70-76%). Likewise, two
major trends were clear for the L46 genotype at the highest salinity stress level (9.6 dSm™1!),
where plant growth parameters were strongly affected, with around 70-73% STTI levels,
while yield traits and WUE were more strongly affected, with down to 50-54% STTI levels.
The combined salt tolerance index (STI) revealed a huge significant difference between the
L46 and L56 genotypes, with 61% and 82% STI values, respectively.

L46 L56 =

50 75

2.4

4.8 4.8 7.2 9.6 Salinity (ds m™)

Plant height

Stem diameter

Leaf area

Leaf fresh weight
Leaf dry weight
Average fruit weight
Total yield

WUE

Fruit flesh thickness |

STI (%)

Figure 2. Heat map of salt tolerance trait index (STTI) for major agronomic traits in susceptible
(L46) and tolerant (L56) genotypes under four salinity stress levels (2.4, 4.8, 7.2 and 9.6 dS m™1).
The combined salt tolerance index (STI) for all traits is presented at the bottom of the figure. See
Section 4.2 for STTI and STI calculations.

2.2. RNA Sequencing and Transcriptome Data Analysis

The aim of this part of the study was to investigate transcriptome changes in two
tomato genotypes, L46 (salt-susceptible) and L56 (salt-tolerant), in response to salt stress.
The cDNA libraries were synthesized for both tomato genotypes under the control (_c)/non-
saline (0.5 dS m~1) condition and under the stress (_s)/ salinity (9.6 dS m~!) condition. The
delivered average data (three replicates) were around 4, 1.6, 2.3 and 5.4 million reads for
L46_c, L46_s, L56_c and L56_s, respectively. Illumina reads passed quality filtering, with
around 5% of the total reads trimmed at the 92 bp read length; the percentage of ambiguous
nucleotides was less than 1%, which confirmed the accuracy of the sequencing. The PCA
of all four samples revealed adequate proximity for all biological replicates in each sample
(Supplementary Figure S1).

The analysis of differentially expressed genes (DEGs) is an invaluable method to
identify genes that may be responsible for salinity tolerance in the tomato L56 geno-
type. Therefore, DEGs were identified from the transcriptome data, with a p value < 0.05
(Figure 3).

In the case of the L46_s vs. L46_c pair comparison, a total of 5732 DEGs were identified;
5228 with up-regulated expression and 504 with down-regulated expression (Figure 3A).
However, with a threshold of Log2FC > 2, only 1995 DEGs were resolved; 1781 with
up-regulated expression and 214 with down-regulated expression (Figure 3B). On the
other hand, in the L56_s vs. L56_c pair comparison, a total of 6186 DEGs were identified;
5544 with up-regulated expression and 642 with down-regulated expression (Figure 3C),
while with a threshold of Log2FC > 2, only 2475 transcripts showed significant changes
(2255 up-regulated and 220 with down-regulated genes) (Figure 3D).
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Figure 3. Global analysis of differentially expressed genes (DEGs). (A) Volcano plot of all DEGs for
L46_s (stress) and L46_c (control) in transcriptome. (B) Volcano plot of DEGs (fold change > 2) for
L46_s (stress) and L46_c (control). (C) Volcano plot of all DEGs for L56_s (stress) and L56_c (control)
in transcriptome. (D) Volcano plot of DEGs (fold change > 2) for L56_s (stress) and L56_c (control).
The abscissa shows the fold change difference in the expression of genes in different comparison
groups, and the vertical coordinates indicate the adjusted p-values for the differences in expression.
Genes without significant differences (p value < 0.05) are indicated by blue dots below the threshold

value (1.3). The up-regulated genes are represented by red dots, and the down-regulated genes are
represented by green dots.

A comprehensive group of Venn diagrams were compiled for all possible combinations
of the L56 and L45 genotypes and at a cutoff of fold changes > 2, 4, 6, 8 and 10 for up-
regulated DEGs (Supplementary Figure S2). When L46_c was used as the baseline, L46_s
showed an up-regulation of 1129, 465, 270, 91 and 52 unique DEGs with fold changes > 2,
4,6, 8 and 10, respectively. With the same baseline (L46_c), unique DEGs were also evident
for L56_c at all fold levels. On the other hand, when L46_s was used as the baseline,
L56_s showed an up-regulation of 3006, 972, 474, 278 and 181 unique DEGs with fold
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changes > 2, 4, 6, 8 and 10, respectively. Because L56 is more tolerant to salinity compared
with L46, the salt-responsive genes of L56 that are also differentially expressed in the L56_s
vs. L46_s comparison (Figure S1) are more likely to play roles in the salinity tolerance of
L56. Finally, when L56_c was used as the baseline, L56_s showed an up-regulation of 2790,
1690, 1080, 735 and 459 unique DEGs with fold changes > 2, 4, 6, 8, and 10, respectively.
When using any control genotype (L46_c or L56_c) as a baseline, a large number of DEGs
were found to be up-regulated in the overlap between the investigated combination; 1797
and 1196 overlapped genes when L46_c and L56_c were used as the baseline, respectively
(Supplementary Figure S2).

Several thousand DEGs during salinity stress showed significant up-regulation or
down-regulation (p-value < 0.01, fold change > 2 or <0.5). On the basis of similar kinetic
patterns of expression, all DEGs were classified into a total of fifteen unique gene expression
patterns (clusters) (Figure 4). Differentially expressed genes (DEGs) of the susceptible (L46)
and tolerant (L56) genotypes under both control (_c) and stress (_s) conditions were used
to reveal these 15 clusters. Each cluster was built from a large number of DEGs, ranging
from 250 up to 1201 genes.

The gene expression patterns of cluster 1 (1192 DEGs), cluster 7 (488 DEGs), cluster
8 (566 DEGs) exhibit similar changes, where DEGs are up-regulated in L56 compared to
L46 (under both control and salinity stress). The major difference between them is the
fold change, which is minimal in cluster 1, moderate in cluster 7 and prominent in cluster
8 (Figure 4). On the contrary, cluster 5 (954 DEGs) shows the opposite pattern, where
DEGs are up-regulated in L46 compared to L56 (under both control and salinity stress).
Moreover, the gene expression patterns of cluster 2 (915 DEGs) and cluster 14 (533 DEGs)
exhibit similar changes, where DEGs are up-regulated under salinity stress but with higher
levels in the L56 genotype. Clustering DEGs in a similar pattern revealed major salinity-
responsive genes, with a unique expression pattern in the tolerant genotype compared to
the susceptible genotype. This was evident in cluster 3 (464 DEGs), cluster 11 (1201 DEGs),
cluster 12 (317 DEGs) and cluster 15 (420 DEGs). Although the gene expression patterns
exhibited diverse changes in these clusters, DEGs were largely up-regulated in the L56
genotype under salinity stress (Figure 4). On the contrary, both cluster 9 (394 DEGs) and
cluster 13 (250 DEGs) showed the most down-regulated genes in the L56 genotype under
salinity stress. On the other hand, cluster 6 (714 DEGs) showed highly expressed genes
(up-regulated) with similar levels between both tolerant and susceptible genotypes.

A total of 22 CBL-interacting kinase genes were detected in the RNA-seq data. Their
expression (FRKM calibration) were subjected to hierarchal clustering for L46_c, L56_c,
L46_s and L46_s, and their expression levels are presented as a heat map (Figure 5). A
major group of CBL-interacting kinase genes was up-regulated under salinity stress in both
lines, with higher levels for some genes in the tolerant line (L56).
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Figure 4. Gene expression patterns obtained by hierarchical clustering. Differentially expressed genes
(DEGs) in tomato were categorized into 15 clusters (cluster number is depicted within a circle inside
each panel). Gray lines show the relative expression levels of DEGs in the cluster in susceptible (L46)
and tolerant (L56) genotypes under both control (_c) and stress (_s) conditions. Blue lines show the
average values for each relative expression cluster. Red lines represent the baseline. Levels of gene
expression were represented along the y axis as log2(RPKM), and genotypes were represented along

the x axis.
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Figure 5. Hierarchical clustering of differentially expressed paralogs of CBL-interacting kinases of
susceptible (L46) and tolerant (L56) genotypes under both control (_c) and stress (_s) conditions for
all available stress-related genes in transcriptome.

3. Discussion
3.1. Agronomic Traits in Response to Salinity Stress

It is very important to point out the most responsive group of traits (cluster V) in
response to elevated long-term salinity stress in tomatoes (Figure 1). Cluster V included
leaf proline, Na* and Cl~ levels, which reflect major critical differences differentiating
susceptible tomatoes from tolerant tomatoes. Nonetheless, the STTI was a very helpful
index for plant response to salt stress (Figure 2), where you need to verify the tolerance
with more clear phenotypic traits.

Most commercially available tomato cultivars are considered moderately sensitive
to salinity stress. This was evident from norms of reaction for genotype L46 (susceptible
compared to the tolerant genotype L56), placing it in the “moderately sensitive” divi-
sion (Figure 6A,B). Tomato is classified as a glycophyte concerning response to salinity
stress [7,9,22], which is mainly translated into osmolytes synthesis, e.g., proline [22] and
sorbitol [23].

On the other hand, the L56 genotype (tolerant compared to the susceptible genotype
L56) was placed in the “moderately tolerant” division (Figure 6A,C). This was true for both
relative average fruit weight (Figure 6A) and total yield (Figure 6C), which reflects real
reduction in crop production along elevated salinity levels. Salinity stress has a presumably
less dramatic effect on relative leaf dry weight, which is an indirect contributor to crop
production trait (Figure 6B).

Irrespective of classifications into glycophytes [5,23] or halophytes, relative crop pro-
duction is the key feature to categorize any crop plant into a specific division in response to
salinity stress [23,24]. Nonetheless, there are several agronomic traits that can be measured
as a salinity stress index, which can be either directly (total yield) or indirectly (leaf dry
weight) related to crop production.
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Figure 6. Norms of reaction for two tomato genotypes (L46 and L56) to different EC levels. Divisions
represent plant salinity tolerance classes based on relative average fruit weight (A), leaf dry weight
(B) and total yield (C) in comparison to control plants (modified from relative yield graph developed
by [24]).

3.2. Differential Gene Expression

Recent research in understanding salinity tolerance in different tomato genotypes at
the molecular level have focused on identifying key genes and regulatory pathways that
boost plant resilience. Above threshold levels, salinity induces oxidative stress in tomatoes,
leading to ion imbalance and causing tremendous damage at the biochemical level [25,26].

Several reports have highlighted the role of antioxidants in mitigatoxidative damage,
e.g., superoxide dismutase (SOD), catalase (CAT), and ascorbate peroxidase (APX) [27-29].
However, such studies were carried out on short-term exposure to salinity stress compared
to the presented long-term study. Interestingly, ascorbic acid levels that should increase
under stress conditions declined with increasing salinity levels in both tolerant and sus-
ceptible tomato lines in this investigations (Figure 1). These findings agree with similar
studies carried out on tomatoes under salinity stress [30-32]. Nonetheless, ROS-mitigating
genes were found to be up-regulated under long-term salinity stress compared to the
control (Figure 7), which present a couple of each of the major ROS-detoxifying enzymes
and ROS-scavenging proteins (superoxide dismutases, catalases, ascorbate peroxidases,

glutathione peroxidases, peroxiredoxins, thioredoxins and glutaredoxins).

L46_c L56_c L46_s L56_s
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Solyc129094620.1.1

_[Solyco1g()07740.2.1
Solyc02g082250.2.1

Solyc11g008450.1.1
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Figure 7. Hierarchical clustering of differentially expressed tomato ROS-detoxifying enzymes and
ROS-scavenging proteins of susceptible (L46) and tolerant (L56) genotypes under both control (_c)
and stress (_s) conditions for all available stress-related genes in transcriptome.
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Moreover, neither the expression of transcription factors (e.g., NAC and WRKY) [9,33]
nor ion homeostasis genes (e.g., SOS, HKT1 and NHX1) [29] are enough to confer salin-
ity tolerance for long-term stress exposure; even signaling pathways, e.g., cysteine-rich
receptor-like protein kinases [34] or CBL-interacting kinases (this study), cannot, but rather,
an array of collective genes and interactions from all levels are required as is shown in
the comparative transcriptome analysis in this study. In fact, the top DEGs in the tolerant
genotype L56 under salinity stress (Supplementary Table S2) reveal both compiled and
compelled array of gene families known to mitigate salinity stress in tomatoes including
transcription factors (WRKY, MYB, and NAC) and stress signaling pathways (calmodulin,
RLK, and S/T kinases) [3-9].

This was clear in the presented long-term salinity study when salinity-related signaling
pathways were investigated (Figure 5), where, for example, the CBL-interacting kinase genes
were found to be up-regulated in L46 (susceptible genotype) as much as in L56 (tolerant
genotype) or even more, e.g., Solyc06g068450.1.1 and Solyc05g052270.1.1. However, they
were presumably not as effective as the downstream steps were missing a major link in the
regulatory pathway.

Likewise, SALT OVERLY SENSITIVE (SOS) genes showed astonishing profiles com-
paring the two genotypes under both conditions (control vs. salinity) (Figure 8). None of
the tomato SOS genes (for a full description, see Supplementary Table S1) were able to
offer any decent variation between the two contrasting genotypes. This in turn supports
the plausible variation between downstream processes resulting in a reduced damaging
effect of salinity-imposed ions (comparing susceptible vs. tolerant genotypes). The tomato
locus Solyc01g005020 encodes a Na*/H* antiporter (SINHX or SOS1), which is important
in maintaining electrostatic balance via controlling ions (particularly Na*) inside the cell
(Figure 8). It can sequester excess sodium into vacuoles under salinity stress (Figure 1).
Therefore, it keeps the cellular component undamaged and fully functional [35].

L46_c L56_c L46_s L56_s

Solyc039112880.1.1
Solyc02g091340.2.1
Solyc09g075550.2.1
Solyc01g005020.2.1
Solyc08g077770.2.1

Solyc12g009570.1.1

[ L |

<—0.6 —-0.4 -0.2 0 0.2 0.4 >0.6

Figure 8. Hierarchical clustering of differentially expressed tomato paralogs for SOS1-6 genes in
susceptible (L46) and tolerant (L56) genotypes under both control (_c) and stress (_s) conditions for
all available stress-related genes in transcriptome.

Transcriptome analysis, by RNA-Seq and gene expression estimation using qPCR tech-
niques, has been successfully used to study transcriptome profiling in a wide range of plant
species [8,9,11,12,36]. Expression patterns of salinity-responsive genes were investigated
with qPCR for a group of tomato genes (Supplementary Figure S3). The fold increase in the
expression level was compared to that revealed by the tomato RNA-Seq, which showed
comparable trends in expression.

In general, gene expression patterns are not easy to detect in a particular transcriptome
analysis. You can detect a few precise trends in Arabidopsis across seasons [37], but they
are not well defined under salinity, e.g., in crayfish [38] or maize seedling roots [36].
However, we could distinguish an array of 15 different gene expression patterns from our
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transcriptome data (Figure 4). This reveals the power of this analysis to detect major genes
in a particular trend in the tolerant genotype.

4. Materials and Methods
4.1. Plant Material, Growth Conditions, and Salt Stress Treatment

Two tomato advanced breeding lines (salt-susceptible (L46) and salt-tolerant (L56))
were used in this study. These lines were produced through the tomato breeding program at
the Vegetable Improvement Unit, the College of Food and Agricultural Sciences, King Saud
University [4]. This study was conducted under greenhouse conditions at the Agricultural
Research and Experiment Station in Dirab. The seeds of both genotypes were sown in
JV7 Pellets (Jiffy Products International Bv, Zwijndrecht, Norway) under growth chamber
conditions, with diurnal temperatures of 27 £ 1 °C (day) and 19 =+ 1 °C (night). One-month-
old seedlings were transplanted into soil in a fiberglass greenhouse. The soil used was
non-saline (EC 2.0-2.8 dS m™!), calcareous (CaCOs3 25-30%), and sandy in texture, with pH
7.3-7.8. The air temperature in the greenhouse was set to approximately 26 £ 1 °C during
the day and 20 &= 1 °C at night, and the relative humidity was maintained at 75 £ 2%
for the entire growing season. Fertilization and other cultural practices were applied as
recommended for commercial tomato production [39].

Salinity treatment comprised five water salinity levels of NaCl (0.5, 2.4, 4.8, 7.2 and
9.6 dSm™!) applied through a drip irrigation system, where the control (0.5 dS m~!) was
irrigated with irrigation water without any addition of NaCl. These salinity levels were
selected based on a previous study [3]. Salinity treatments were started 5 days after trans-
planting using water containers (1 m® each) connected to a surface drip irrigation network.
Each container was filled with water at one of the salinity levels. The desired salinity level
in irrigation water was developed by mixing appropriate amounts of NaCl according to
the electric conductivity of the water source and the level of salt stress treatment [3].

The experiment was performed as a split plot in a completely randomized block
design with three replications. Irrigation treatments were randomly allocated to the main
plots, whereas genotypes were arranged in the sub-plots. The planting distance was 40 cm
and 100 cm between plants and lines, respectively.

4.2. Agronomic Traits

Two months after transplanting (55 days of continuous stress treatment) (Supplemen-
tary Figure 54), random samples of three plants from each sub-plot (with three blocks,
we had a total of 9 plants) were chosen to measure plant height, stem diameter and leaf
area. Leaf samples were collected, washed in distilled water and dried at 70 °C in a
forced-air oven until the weight became constant (48-72 h), and the dry matter contents
were calculated.

Fruits were picked by hand at 2-4-day intervals. Total yield, average fruit weight (the
total weight of all harvested fruits per plot divided by their number), fruit number per
plant and fruit flesh thickness were recorded.

The dried leaf samples were ground and used to determine the leaf content of Na*,
Ca?*, K*, and Cl~. An analysis for sodium (Na*) and potassium (K*) was carried out
by flame atomic absorption using sulfuric acid /hydrogen peroxide-digested plant mate-
rial [40]. Calcium (Ca?*) analysis was carried out by atomic absorption spectroscopy (AAS)
at 422.7 nm. A simple developed method for the effective extraction of C1~ from plant
tissue was used based on hot water extraction [41].

Water use efficiency (WUE) was calculated according to the following formula: WUE
(kg m~3) = Total fruit yield (kg ha~')/applied water (m3 ha—?!). Free proline was deter-
mined using the method of [42].
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At harvest, fruit samples from both genotypes were collected, juiced, and filtered for
measuring the fruit content of total soluble solid (TSS), ascorbic acid or vitamin C, and
acidity [43]. The salt tolerance trait index (STTI) was calculated by dividing the value of
traits under the stress condition by the value of traits under the controlled condition [44].
In addition, the salt tolerance index (STI) was calculated as the mean of STTIs.

4.3. RNA Isolation and cDNA Preparation

Two months after transplanting, plant leaf tissues from two genotypes (L46 and L56)
at two levels were used; the control (c) with 0.5 dSm~! and the highest salt stress treatment
(s) with 9.6 dS m~!. Three biological replicates were taken for each sample. Total RNA from
tomato leaves was isolated using the RNeasy Plant Midi Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s protocol. All materials were treated with RNase Away
(RNase Away, Molecular Bio Products, San Diego, CA, USA) to avoid the degradation of
RNA by RNase. The RNA (5 pug) was used for the subsequent preparation of cDNA for
each sample using the SMARTer cDNA Synthesis kit (Clontech, San Jose, CA, USA). The
reaction was performed in 0.2 mL nuclease-free PCR tubes (Axgen, Stanford, CA, USA)
according to the manufacturer’s instructions. The tubes were placed in a thermal cycler
(Veriti 96-well; Applied Biosystems, Singapore) according to the manufacturer’s protocol.

4.4. RNA Sequencing and Data Analysis of Transcriptome

The RNA sequencing was performed at Virginia Tech (Blacksburg, VA, USA). All
samples were bar-coded using dedicated primer adapters (Illumina, San Diego, CA, USA).
The amplified and coded libraries were run as single reads with 101 cycles in GAIIx
(Ilumina, San Diego, CA, USA). The RNA sequencing was analyzed using CLC Genomics
Workbench v. 9.1. The RNA-seq analysis was performed in several steps: First, all reads of
RNA sequencing and the reference cDNA with their annotation were imported into the
program. The 92 bp reads were mapped with the reference tomato cDS with the mapping
set as described; up to three mismatches were allowed. The minimum length of the fraction
was 0.9, the minimum similarity fraction was 0.8, and the maximum number of hits for
a read was 10. The expression levels based on the number of mapped reads for the L46
transcriptome under saline and control conditions (L46 S/C) were compared with each
other as were those of the L56 transcriptome under saline and control conditions (L56 S/C).
In addition, the expression levels of L56 and L46 transcriptomes under the saline condition
were also compared (L56 S/L46 S). The majority of reads could be mapped uniquely to
one location within the tomato reference (cDNA) sequence. To normalize for sequencing
depth and gene length, reads per kilobase of exon model per million mapped reads (RPKM)
were calculated. DEGs with a p-value < 0.05 were selected. CLC Genomics Workbench
(Version 9.5) uses Student’s t-test as a statistical model to calculate the p-values for each
DEG for two or more conditions. In addition, the software automatically adjusts the
p-values using the Benjamani—-Hochberg method to control the false discovery rate (FDR).

4.5. Primers Design

Genes that were highly expressed according to the transcriptome analysis were se-
lected for confirmation using qPCR (Supplementary Table S3). The primer pairs for these
genes were designed using Vector NTI 10 (Invitrogen, Carlsbad, CA, USA) and the Sol Ge-
nomics Network “https:/ /solgenomics.net/organism/Solanum_lycopersicum/genome/”
(accessed on 10 June 2024). The features were set into the program for primers designed
as follows: primer length, 22-28 bp; Tm (°C), 58-60; GC %, 60; amplicon product length,
150-200 bp; and 3’ ends, CG.
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4.6. Estimation of Gene Expression Level Using gPCR

To verify the expression level of the potential tomato salt-tolerant genes, qPCR was
used. All RNA samples of both stressed and control plants were diluted to 10 ng ML ™!
in nuclease-free water and subjected to first-strand cDNA synthesis using the GoScript
Reverse transcription system (Promega, Madison, WI, USA). The cDNA was synthesized
in repeat reactions to obtain a sufficient volume for qPCR. The reaction was performed
in 0.2 mL nuclease-free PCR tubes (Axgen, Stanford, CA, USA) according to the manu-
facturer’s instructions. The qPCR assays were performed in 96-well PCR plates (Applied
Biosystem, Singapore) using the quantitative PCR master mix (Quantifast SYBR Green PCR
Kit; Qiagen, Germany). All JPCR assays were performed in triplicate. The reaction condi-
tions were as recommended by the manufacturer. Quantification was performed using the
2-84CT method [7], and the data were normalized for the quantity of actin transcripts.

5. Conclusions

The presented findings are critical for breeding novel long-term salinity-tolerant
tomato varieties by deploying both traditional and molecular techniques. Continued
explorations into detailed gene expression and downstream regulatory pathways are
crucial for capturing the entirety of any tolerance regulatory network, either in tomato
or any other crop. Such an approach could hold promise for mitigating the pronounced
impact of salinity on global tomato crop production as climate change is striking each and
every growing season around the world.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/plants14010100/s1, Table S1: SOS genes in tomato and orthologs
in Arabidopsis. Table S2: Gene description and fold change for top 30 DEGs in L56 under salinity
compared to control. Table S3: Sequence of primers for selected salt stress-responsive genes in
tomato. Figure S1: PCA for the biological replicates of RNA-seq data in tomato susceptible (L46) and
tolerant (L56) genotypes under control (_c) or under salinity stress (_s) conditions. Figure S2: Venn
diagrams showing number of overlapping up-regulated genes expressed in tomato susceptible (L46)
and tolerant (L56) genotypes under control (_c) or under salinity stress (_s) conditions. Figure S3:
RNA-seq validation by quantitative real-time PCR (qRT-PCR). Figure S4: Water irrigation system and
containers which were assigned to salinity levels.
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Abstract: Drought is one of the most serious environmental stresses affecting crop pro-
duction. NAC transcription factors play a crucial role in responding to various abiotic
stresses in plants. Here, we identified a maize NAC transcription factor, ZmSNACO06,
between drought-tolerant and drought-sensitive inbred lines through RNA-seq analysis
and characterized its function in Arabidopsis. ZmSNACO06 had five transcripts, of which
ZmSNAC06-T02 had a typical NAC domain, while ZmSNACO06-P02 was localized in the
nucleus of maize protoplasts and had transactivation activity in yeasts. The expression
of ZmSNACO06 in maize was induced by drought. The overexpression of ZmSNAC06-T02
in Arabidopsis resulted in hypersensitivity to abscisic acid (ABA) at the germination stage,
and overexpression lines exhibited higher survival rates and higher antioxidant enzyme
activities compared with the wild-type under drought stress. These results suggest that
ZmSNACO6 acts as a positive regulator in drought tolerance and may be used to improve
drought tolerance in crops.

Keywords: maize (Zea mays L.); ZmSNACO06; transcription factor; drought tolerance

1. Introduction

Global climate change has caused a lot of uncertainty in crop growth; permanent or
sudden drought often occurs in the main production areas of grain crops, which seriously
decreases the agricultural output worldwide [1]. In response to drought stress, plants have
developed a variety of adaptive strategies, including drought escape, drought avoidance
and drought tolerance [2]. Drought tolerance is a complex trait that involves different
tissues and metabolic pathways. In the regulatory network of the plant response to stress,
transcription factors (TFs) activate or inhibit the expression of stress-related genes by
binding to cis-acting promoter elements [3].

NAC (NAM, ATAF1/2 and CUC?2) is a plant-specific transcription factor (TF) family.
Members of the NAC family have a highly conserved N-terminal NAC binding domain,
which contains approximately 160 amino acids [4,5]. The NAC binding domain can be
divided into five subdomains (A-E) [6]. Subdomain C belongs to DNA-binding regions [7],
subdomain D belongs to the nuclear localization signal region and subdomain A belongs
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to the oligomerization site region [8]. Subdomains B and E are relatively variable and
may contribute to the function diversity of the NAC protein [9]. The highly variable C-
terminal of the NAC protein is a transcriptional activation/repression region [10]. NAC
TFs are involved in the regulation of plant growth and stress responses, and they are widely
distributed in various plant genomes. Up to now, a large number of NAC genes have been
identified in Arabidopsis, rice, tobacco, soybean, wheat and maize genomes [11-16].

Some members of the NAC family respond to drought stress based on different
molecular mechanisms and have been identified and studied in Arabidopsis, rice, soybeans,
wheat and maize. As a model plant, Arabidopsis has been extensively studied. NAC016
was negatively involved in the drought stress response, and it inhibited ABA response
element binding protein 1 (AREB1) to regulate the drought response in plants [17]. The
overexpression of SNAC3, OsNAC5 and ONAC066 in rice improved drought tolerance
and up-regulated the expression of stress-related genes [18-20]. OsNAC2 was identified
as combining the promoters of OsLEA3 (encoding a group 3 late embryogenesis abun-
dant protein) and OsNCED3 (encoding rate-limiting enzymes in ABA biosynthesis) and
positively regulated drought tolerance through an ABA-dependent signaling pathway
in rice [21]. OsNAC016 was phosphorylated by GSK3/SHAGGY-LIKE KINASE2 (GSK2)
and OSMOTIC STRESS/ABA-ACTIVATED PROTEIN KINASES (SAPKS) to negatively
regulate ABA-mediated drought tolerance pathways [22]. SNACI activated the antioxidant
system in rice and improved drought tolerance [23]. Compared with the wild-type soy-
bean, the GmNACI12 overexpression lines showed enhanced tolerance to drought, while
GmNACI2 knockout lines were sensitive to drought [24]. In wheat, TaSNACS8-6A with an
ABRE motif (TACGTG) in the promoter could interact with TaABFs to enhance drought
tolerance [25]; TaNAC071-A significantly enhanced drought tolerance by increasing the
water use efficiency [26]. There are a large number of NAC genes in the maize genome, but
there are few reports on the mechanism of drought tolerance. ZmNAC55, ZmNAC33 and
ZmSNAC13 were identified to improve drought tolerance in transgenic Arabidopsis [27-29];
ZmNAC49 inhibited the expression of ZmMUTE (a bHLH transcription factor) to reduce the
stomatal density and improved drought tolerance in maize [30]. The insertion of miniature
inverted repeat transposable elements (MITEs) in the promoter region of ZmNAC111 was
associated with drought tolerance in maize. The overexpression of ZmNAC111 enhanced
drought tolerance in transgenic Arabidopsis and maize seedlings [31]. ZmNAC20 enhanced
the drought tolerance of maize by promoting stomatal closure and activating the expression
of stress-related genes [32].

The total production of maize in 2020 reached 1.163 billion tons, and it has become the
crop with the highest production in the world [33]. Maize production requires sufficient
water, especially in the flowering stage, but the availability of fresh water is predicted
to decline by 50% in 2050 [34,35]. Thus, there is an urgent demand for improving maize
drought tolerance. In this study, a transcription factor, ZmSNAC06, was identified through
RNA-seq analysis between drought-tolerant (Tie7922 and X178) and drought-sensitive
(Ji81162 and CA339) inbred lines. ZmSNAC06-T02 played an important regulatory role
in the drought stress response, which provided information for the further study of its
molecular mechanism.

2. Results
2.1. Transcriptome Analysis and Identification of ZmSNACO06 in Maize

In this study, the drought-tolerant inbred lines Tie7922 (heterotic group: BSSS group)
and X178 (PB group) and drought-sensitive inbred lines CA339 (LRC group) and Ji81162
(BSSS group) were subjected to RNA-seq analysis [36]. We compared the transcriptome
data of four inbred lines under well-watered and drought-stressed conditions. It was
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found that under drought stress, 538 genes were identified as up-regulated and 1044 genes
were down-regulated in Tie7922, and there were 2245 genes up-regulated and 1545 genes
down-regulated in X178, while there were 1062 genes up-regulated and 280 genes down-
regulated in CA339 and 1693 up-regulated genes and 1568 down-regulated genes in Ji81162
(Figure 1a).
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Figure 1. Transcriptome analysis of four inbred maize lines. (a) The number of up-regulated or
down-regulated genes in four inbred lines under drought stress. (b) KEGG map of the up-regulated
genes among four inbred lines under drought stress. (¢) KEGG map of the down-regulated genes
among four inbred lines under drought stress. (d) The gene expression number of the drought
response pathway in four inbred lines. (e) Venn diagram of up-regulated genes of four inbred lines
under drought stress. “*” means that these 64 genes are upregulated in both Tie7922 and X178. (f) GO
annotation and family analysis based on the 64 up-regulated genes in Tie7922 and X178.

We analyzed the pathways for the co-enrichment of drought-tolerant or drought-
sensitive materials and found that the number of genes expressed differed based on
the drought response pathways in the four inbred lines (Figure 1d). KEGG enrichment
analysis showed that up-regulated genes in drought-tolerant materials were mainly en-
riched in signal transduction and stress metabolite anabolic pathways, while in drought-
sensitive materials, up-regulated genes were mainly enriched in translation and photo-
synthetic/respiratory energy metabolic pathways (Figure 1b). The down-regulated genes
of the four materials were also analyzed under drought stress. It was found that some
secondary metabolite pathways were prevalent in the four materials, such as the MAPK
signaling pathway, environmental information processing and signal transduction, but the
drought-tolerant materials Tie7922 and X178 were enriched in nitrogen metabolism path-
ways, which play an important role in the transition from vegetative growth to reproductive
growth (Figure 1c).

Sixty-four genes were identified as up-regulated in both the drought-tolerant materi-
als Tie7922 and X178. Among them, four genes belonged to the NAC family, three genes
belonged to the kinase family, two genes belonged to the phosphatase family and one gene
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belonged to the WRKY family (Figure 1e,f). In the four NAC genes, three of them, including
GRMZM2G347043 (ZmSNACO02, ZmSNAC1, ZmNAC49), GRMZM2G014653 (ZmSNACO04,
ZmNAC33, NAC109) and GRMZM2G068973 (ZmSNAC13, ZmNAC080308), have been re-
ported to improve drought tolerance in transgenic Arabidopsis or maize [28,29,37-39]. There-
fore, another NAC gene, which had not yet been characterized, was named as ZmSNAC06
(GRMZM2(G123667) to be studied in this paper.

2.2. Bioinformatics and Sequence Characterization of ZmSNAC06

Five transcripts were found in ZmSNAC06 from the Zm-B73-REFERENCE-NAM-5.0
version of the sequence annotation. Differences in the five transcripts resulted in two
subtypes of proteins, ZmSNAC06-P01 and ZmSNAC06-P02 (Figure 2a,b). The ZmSNAC06-
P02 subtype protein was translated from the ZmSNAC06-T02 transcript, which had an
open reading frame length of 1080 bp with 359 amino acids, and it had a typical NAC
domain, while the ZmSNAC06-P01 subtype protein was translated from four transcripts
of ZmSNAC06-T01/3/4/5 with an open reading frame length of 750 bp, with 250 amino
acids. The ZmSNAC06-P01 subtype protein had only the E subdomain of the NAC domain.
Subsequently, ZmSNAC06-T02 sequences were cloned from the maize inbred lines Tie7922
and Ji81162. A lot of variations were then identified in the ZmSNAC06-T02 gene region
between the two lines, including insertion, deletion and single nucleotide polymorphisms.
Three amino acid differences were identified in the coding region. Compared with Tie 7922,
the 173rd amino acid changed from an aspartic acid into an asparagine, and there were the
deletions of the 292nd and 293rd alanines, 317th valine and 318th aspartic acid in Ji81162
(Figure S1). The promoter sequence (~2000 bp upstream of the transcription start site) of
the ZmSNACO06-T02 transcript between Tie7922 and Ji81162 was completely consistent.
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Figure 2. Gene structure, NAC domain sequence alignment, phylogeny and promoter region analysis
in ZmSNACO06. (a) Structure of the ZmSNACO6 gene transcripts; the blue part represents 5'UTR and
3'UTR, the red part represents the exon of the gene and the black line represents the intron of the
gene. (b) NAC domain sequence alignment of ZmSNAC06 and NAC members from other plant
species. Identical amino acids are shaded in dark blue, and similar amino acids are shaded in pink or
light blue. The locations of the five highly conserved amino acid motifs (A-E) are indicated by black
lines. (c) Phylogenetic relationships between ZmSNAC06 and typical stress-responsive NAC proteins.
The multiple sequence alignment was performed using ClustalW, and the phylogenetic tree was
constructed with MEGA11.0 using the neighbor-joining method. (d) Distribution of the transposable
elements and binding sites of transcription factors related to stress in the promoter region (~2.0 kb).
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Phylogenetic analysis revealed that ZmSNAC06-T02 was more closely related to
OsNACS5, a known drought tolerance gene (Figure 2c). As a member of the NAC transcrip-
tion factor family, the promoter sequence in ZmSNAC06-T02 displayed three transposable
elements and a large number of binding sites of transcription factors related to stress
responses and plant growth (Figure 2d). We found that there were six NAC transcription
factor recognition motifs in the promoter region, and many recognition motifs of other tran-
scription factors, including bZIP, bHLH and HD-ZIP, were also identified in transposable
elements. These elements were perhaps related to the functional regulation of ZmSNAC06
in maize.

2.3. ZmSNACO06 Expression Was Induced by Drought Stress

Tie7922 and ]i81162, which have a close relationship but are significantly different in
terms of drought tolerance, were selected as drought-tolerant and drought-sensitive lines
to investigate the stress response of ZmSNAC06. qRT-PCR results showed that ZmSNAC06
was differently expressed in the response pattern of tolerant/sensitive materials. In Tie7922,
the expression levels of ZmSNAC06-T01/3/4/5 peaked at 1 h and 6 h in the roots and
leaves, respectively, and peaks appeared at 1 h and 3 h in the roots and leaves, respectively,
in Ji81162. The expression of ZmSNAC06-T02 in Tie7922 achieved a maximum level at 12 h
and 6 h in the roots and leaves, and it peaked at 6 h and 3 h in the roots and leaves in
Ji81162, respectively. The different transcripts of ZmSNAC06 were up-regulated after PEG
treatment at 1 h, 3 h and 12 h in the roots and at 1 h, 6 h and 12 h in the leaves, but the
expression in Ji81162 was far less obvious than that in Tie7922 (Figure 3).
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Figure 3. Drought response of ZmSNACO06 with multiple transcripts in different inbred lines.

2.4. ZmSNAC06 Was Localized in the Nucleus and Had Transactivation Activity

Transcription factors are usually located in the nucleus, where they perform DNA-
binding and transcriptional activation functions. To determine the subcellular localization
of different transcripts in ZmSNAC06, PAN580-GFP and ZmSNACO06-P01/P02-GFP were
transformed into maize protoplasts, and it was found that ZmSNAC06-P01 was localized
in the cell membrane, nucleus and cytoplasm, whereas, ZmSNAC06-P02 was localized only
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in the nucleus, indicating that the NAC domain of the ZmSNACO06 protein might affect the
subcellular localization (Figure 4a).
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Figure 4. Analysis of the subcellular localization and transactivation activity of ZmSNAC06 and
its expression level and germination rate in transgenic Arabidopsis. (a) Subcellular localization of
ZmSNACO6 in maize protoplasts. GFP: Green fluorescent protein; mCherry: nuclear markers; scale
bar = 10 pm. (b) Transactivation activity of ZmSNACO6 in yeasts. (c) gRT-PCR analysis of ZmSNAC06-
T02 transcript levels in three independent lines. (d) Germination phenotype of Arabidopsis under
normal conditions and ABA treatment. (e) Germination rate statistics of Arabidopsis under normal
conditions and ABA treatment. Significant differences were determined by t-test. * p <0.05, ** p < 0.01.

Moreover, to study whether the ZmSNACO06-P01/P02 protein had transactivation
activity, ZmSNAC06-P01/P02 was fused to the GAL4 DNA-binding domain in the pGBKT7
vector and co-transferred to yeasts with the pPGADT7-T vector. The transformants grew
normally and turned blue on an SD medium (SD/-Trp-Leu-His-Ade) with X-«-Gal. Both
ZmSNAC06-P01/P02 proteins had transactivation activity, indicating that different NAC
domains in different transcripts did not affect the transactivation activity of ZmSNACO06
(Figure 4b). The C-terminal of NAC proteins with transcriptional regulatory domains might
function to bind to other proteins and thus have transactivation activity.

2.5. Germination Sensitivity of Transgenic Arabidopsis to ABA

Since multiple transcripts of ZmSNAC06 encode two subtypes of P01 or P02 proteins
with an identical C-terminal and the difference in the N-terminal is the presence or absence
of NAC domains, the structure of the P02 subtype protein basically contains P01. We
selected the major model T02 transcript of ZmSNACO06 for transformation in Arabidopsis.
Three independent overexpression lines (OE1, OE3 and OES5) were selected based on
expression levels for further study (Figure 4c).

To investigate the sensitivity of transgenic plants to ABA, the germination rate was
calculated. Under normal conditions, no significant difference in the germination rate
was observed between the wild-type (WT) and overexpression lines (Figure 4d). Under a
1 uM ABA treatment, the germination rates of overexpression lines ranged from 48% to
67%, while the germination rate of the WT was 78% (Figure 4e). The overexpression of
ZmSNAC06-T02 led to the hypersensitivity of transgenic Arabidopsis to ABA.
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2.6. ZmSNACO06-T02 Confers Drought Tolerance in Transgenic Arabidopsis

To assess the drought tolerance of transgenic Arabidopsis, the survival rates of the
WT and the three overexpression lines after drought stress were calculated. Overex-
pressed plants showed stronger growth recovery (Figure 5a). We found that 56% to 77% of
transgenic Arabidopsis plants recovered from drought stress after rewatering, which was
significantly higher than that of the WT, with a survival rate of 34% (Figure 5b). These
results suggest that ZmSNACO06-T02 might regulate the plant adaptation to drought stress
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Figure 5. Drought tolerance and physiological indices of transgenic Arabidopsis (Pro, SOD, MDA).
(a) Phenotypes of ZmSNAC06 overexpression lines and WT. (b) Survival rates of Arabidopsis after
drought treatment. (c—e) Pro content, SOD activity and MDA content in WT and three overexpression
lines were measured before and after 10 days of drought treatment. Significant differences were
determined by f-test. * p < 0.05, ** p < 0.01.

Under drought stress, reactive oxygen species (ROS) are accumulated that could dam-
age plant cells. Antioxidant enzymes are involved in the ROS scavenging system and
protect plants from damage. Therefore, the three physiological indexes of the proline (Pro)
content, superoxide dismutase (SOD) activity and malondialdehyde (MDA) content were
measured in the WT and transgenic Arabidopsis before and after 10 days of drought treat-
ment (Figure 5c—e). After drought treatment, the content of Pro in the three overexpression
lines reached 304.29 mg/mg, 346.41 mg/mg and 333.67 mg/mg, respectively, all of which
were significantly higher than the 240.50 mg/mg measured in the WT. Similarly, under
drought stress, the SOD activity of transgenic Arabidopsis was higher than that of the WT.
Then, we found that compared with the WT, the MDA content in transgenic Arabidopsis
was significantly lower.

3. Discussion
3.1. Multitranscript Characteristics in ZmSNAC06

Multiple transcripts from a gene are usually the result of alternative splicing, which is
widely involved in a variety of metabolic pathways within the plant genome [40]. Sequence
analysis showed that ZmSNACO06 has a special structure characterized by five transcripts,

117



Plants 2025, 14,12

which may be the result of the coexistence of two splicing mechanisms, the intron and exon
definition models. When long exons are separated by short (<250 bp) introns, such as in the
ZmSNACO06-TO01 transcript, pairing between splice sites takes place across an intron, and
this process is called the intron definition model. On the other hand, in the ZmSNAC06-T02
transcript, with a long second intron of up to 604 bp, the splicing machinery is more likely
to form across an exon than across an intron [41].

It was speculated that the multiple transcripts of ZmSNAC06 were not caused by
alternative splicing, but by alternative translation initiation. The mature mRNA of eu-
karyotes enters the cytoplasm for translation after being transcribed in the nucleus, so
alternative translation initiation is the result of two splicing mechanisms acting on the same
pre-mRNA. The qRT-PCR results showed that multiple transcripts of ZmSNAC06 showed
a synergistic response to drought stress in drought-tolerant and -sensitive materials, but
their responses varied among different materials.

There are reports that multiple transcripts of genes perform different functions driven
by different factors. For example, FLM (Flowering Locus M) has two subtypes of transcripts.
Under high-temperature conditions, the expression of FLM-{3 decreased while the expres-
sion of FLM-« increased, thus affecting plant flowering [42]. It is worth noting that different
transcripts of ZmSNAC06 can be driven by drought and play drought-tolerant functions. It
is speculated that the original transcript of ZmSNACO06 prior to gene differentiation might
have had a strong drought-tolerant function, leading to the preservation of a conserved
drought-tolerant function in multiple differentiated transcripts.

3.2. ZmSNAC06-T02 Is an NAC Transcription Factor That Regulates Drought Tolerance

The structure of a transcription factor usually consists of four functional regions: a
DNA-binding region, a transcriptional regulatory region, a nuclear localization signaling
region and an oligomerization site region for the interaction of a transcription factor
with other transcription factors or proteins [43]. ZmSNAC06-T02 contains a typical NAC
conserved domain in the N-terminal region, and five subdomains have been identified in
this domain. ZmSNAC06-P02 has a complete NAC domain, resulting in its localization in
the nucleus. ZmSNAC06-P01 has only subdomain E and lacks a nuclear localization signal
region, but a transactivation assay showed that the consistency of the C-terminal region of
ZmSNAC06-P01/02 ensured that both had transactivation activity without being affected
by different NAC domains.

Some members of the NAC transcription factor family have been reported to be
involved in many plant regulation and development processes, including the regulation
of drought stress. In maize, the drought tolerance function of ZmNAC55, ZmNAC33,
ZmNAC111, ZmNAC48, ZmNAC84, ZmNAC4, ZmNAC19, ZmNACS87, ZmJUB1, ZmNAP and
ZmSNACTI has been verified in transgenic plants [27,28,31,44-47]. Phylogenetic analysis
showed that ZmSNAC06-T02 was more closely related to the known stress-responsive
gene OsNACS. The overexpression of OsNACS increased tolerance to drought in rice at the
vegetative stage, and more importantly, the root-specific rather than whole-body expression
of OsNACS increased the grain yield under drought conditions [48,49]. The analysis of the
ZmSNACO06-T02 promoter sequence also showed that there were several binding sites of
TFs related to a stress response in the promoter. The overexpression of ZmSNAC06-T02
made transgenic Arabidopsis more sensitive to ABA than the WT, suggesting that it may be
involved in ABA-dependent signaling pathways in response to drought stress. It was also
verified in our study that compared with the WT, transgenic Arabidopsis showed stronger
drought tolerance and higher survival rates.

On the other hand, ROS are essential for plant growth and development. During
normal physiological metabolism, the ROS system including production and removal in
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plants is in a state of equilibrium. However, drought stress can lead to the accumulation of
excess ROS, which results in damage to plant cells [50]. Antioxidant enzymes such as MDA,
SOD and Pro are known to play vital roles in ROS scavenging. After drought treatment,
we also found that compared with the WT, the content of Pro increased, the activity of
SOD increased and the content of MDA decreased in overexpression lines. This indicated
that the ZmSNACO06-T02 transgenic lines had the ability to scavenge reactive oxygen
species and suffered less damage under drought stress. In summary, the bioinformatics
analysis, combined with the experimental results, indicates that ZmSNAC06-T02 is an NAC
transcription factor responding to drought stress.

4. Materials and Methods
4.1. Plant Materials and Stress Treatment

The drought-tolerant inbred maize lines Tie7922 and X178, drought-sensitive inbred
lines Ji81162 and CA339 and the evaluation of drought tolerance were provided by the
Institute of Crop Sciences, Chinese Academy of Agricultural Sciences [51]. They were
subjected to drought-stressed conditions at the V10 stage, early-developing young tassels
were taken under well-watered and drought-stressed conditions at the V13 stage and
total RNA samples were sequenced at the Beijing Genomics Institute, Shenzhen, China.
Libraries were sequenced on the Illumina HiSeq 2000 Platform (Illumina, San Diego, CA,
USA) according to the manufacturer’s recommendations [52].

Seeds of the Tie7922 and Ji81162 inbred lines, which had been surface-sterilized and
germinated, were rolled in filter paper and placed vertically in distilled water in darkness
for 3 days and then cultivated with Hoagland solution under a 16 h light/8 h dark cycle
at 26 °C. At the three-leaf stage, the seedlings were transferred into Hoagland solution
containing 20% (w/v) PEG-6000 for the drought treatment, and samples were collected
after 0,1, 3, 6 and 12 h of treatment. All samples were immediately frozen in liquid nitrogen
and stored at —80 °C for RNA extraction.

4.2. Transcriptome Analysis

Transcriptome data of the Tie7922, X178, Ji81162 and CA339 inbred lines under well-
watered and drought-stressed conditions were further analyzed. Digital gene expression
counts were normalized through log, transformation and compared using the reads per
kilobase transcriptome per million mapped reads method (RPKM). A false discovery
rate (FDR) < 0.001, an absolute value of the Log, Ratio > 1 and p < 0.001 were used
as the thresholds to assess the significance of differences in gene expression. The KEGG
(Kyoto Encyclopedia of Genes and Genomes) enrichment analysis was conducted using
TBtools to compare the differences in the response pathways of the four materials un-
der drought-stressed conditions (https:/ /bioinfogp.cnb.csic.es/tools/venny/index.html,
accessed on 29 October 2024). The GO (Gene Ontology) enrichment and gene family analy-
ses of up-regulated response genes in drought-tolerant materials were performed using
TBtools (https:/ /dycharts.com/appv2/#/pages/home/chart-template, accessed on 29
October 2024).

4.3. Bioinformatics Analysis of ZmSNAC06

The sequences of ZmSNAC06 and the NAC members of maize and other species were
downloaded from the database website (https://maizegdb.org/, accessed on 29 October
2024; https:/ /ensembl.gramene.org/Zea_mays/Info/Index, accessed on 29 October 2024).
Multiple alignments of amino acid sequences were constructed with MEGA 11.0 software
using ClustalW; the phylogenetic tree was constructed with MEGA 11.0 software using the
neighbor-joining (NJ) method. Bootstrapping was carried out to obtain 1000 replicates with
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the pairwise deletion option. The PlantPAN4.0 website (http:/ /plantpan.itps.ncku.edu.
tw/plantpan4/index.html, accessed on 29 October 2024) was used to predict the binding
sites of transcription factors within 2000 bp of the sequence upstream from the translation
initiation codon (ATG) of ZmSNAC06.

4.4. RNA Extraction and Quantitative Real-Time PCR

Total RNA was extracted using the TransZol UP reagent. The total RNA was reverse-
transcribed into cDNA with a qualified quality and concentration using the FastQuant
RT Kit (Tiangen, Beijing, China). Quantitative real-time PCR (qRT-PCR) was performed
using Applied Biosystems 7500 (Waltham, MA, USA), and the specificity of each primer
pair was verified through melting curve analysis. TUB4/ Actin was selected as an internal
control, and gene expression was calculated using the 2~#4“t method with the variation
in expression being estimated from three biological replicates. The primer pairs used for
gRT-PCR analysis are listed in Supplementary Table S1.

4.5. Subcellular Localization and Transactivation Assay in Yeast Cells

The coding region of different transcripts of ZmSNAC06 without the stop codon (TGA)
was amplified using pairs of primers (Supplementary Table S1) and inserted into PAN580
vectors digested with BamHI to generate the ZmSNACO06-GFP fusion protein, respectively.
The protoplast extraction and transformation methods were used with reference to the
scheme of Arabidopsis [53]. The PAN580 vector was used as a negative control. The fluores-
cence of the GFP was observed through confocal microscopy after 12-16 h of incubation in
darkness at room temperature.

The coding region of different transcripts of ZmSNAC06 was amplified and inserted
into pGBKT7 vectors digested with EcoRI and BamH]I, respectively (the primers are listed
in Supplementary Table S1). The fusion plasmid and the empty vector pPGADT7-T were
co-transformed into Y2HGIlod yeast cells according to the manufacturer’s protocol. The
empty vectors pGBKT7 and pGADT7-T were co-transformed as a negative control. The
transformants were incubated on an SD/-Trp/-Leu or SD/-Trp/-Leu/-His/-Ade/X-x-Gal
medium at 30 °C for 48-96 h.

4.6. Transformation of Arabidopsis and Drought Tolerance in Transgenic Arabidopsis

The coding region of ZmSNAC06-T02 was amplified from the inbred maize line Tie7922
through PCR (the primers are listed in Supplementary Table S1). The Arabidopsis ecotype
Col-0 was transformed using the floral dipping method. For the selection of transformants,
Ty seeds were plated on a 1/2 Murashige and Skoog (MS) medium with 1% sucrose and
50 mg/mL hygromycin B. Homozygous T3 plants were used for further analysis.

Wild-type (WT) and ZmNAC06-overexpressed transgenic seedlings that germinated
on 1/2 MS medium for one week were transferred into pots containing a soil mixture
(vermiculite/nutrient soil = 3:1). They were grown under normal conditions for 2 weeks in
a growth chamber under a 16 h light/8 h dark cycle at 22 °C, then water was withheld from
the plants for 2 weeks. Watering was then resumed to allow the plants to recover. Three
days later, the number of surviving plants was recorded. At least 16 plants of each line
were compared with the WT in each test, and statistical data were based on data obtained
from three independent experiments.

4.7. Germination and Determination of Physiological Indexes Under Stress

One hundred seeds of WT and ZmSNACO06-overexpressed plants were sown on a
1/2 MS medium with or without 1 uM ABA, respectively. There were three replicated
experiments. Plates were chilled at 4 °C for 3 days to synchronize germination and moved
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to 22 °C with a 16 h light/8 h dark cycle. Germination was scored on the seventh day
after germination.

To detect changes in physiological indices, leaves were collected from plants before
and after 10 days of drought treatment. The contents of MDA and Pro and the activity
of SOD in the leaves of Arabidopsis were measured with the corresponding detection kits
(Solarbio, Beijing, China).

4.8. Statistical Analyses

Statistical analysis was performed using Microsoft Excel. All values are the mean
(£SD) of three biological replicates. Significant differences were determined by a t-test
(*p <0.05,** p <0.01).

5. Conclusions

In this study, we identified the ZmSNAC06 gene between drought-tolerant (Tie7922
and X178) and drought-sensitive (Ji81162 and CA339) inbred lines through RNA-seq
analysis. Bioinformatic analysis revealed that ZmSNACO06, which had five transcripts, be-
longed to the NAC transcription factor family. ZmSNACO06-T02 had a typical NAC domain.
ZmSNACO06-P02 was localized in the nucleus of maize protoplasts and had transactiva-
tion activity in yeasts. The overexpression of ZmSNAC06-T02 in Arabidopsis resulted in
hypersensitivity to ABA during germination, increased antioxidant enzyme activities to
keep the balance of ROS and enhanced drought tolerance in transgenic Arabidopsis. These
findings help us understand the function of ZmSNAC06 and provide a theoretical basis for
cultivating drought-tolerant varieties in the future.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/plants14010012/s1: Supplementary Table S1: Primer sequence;
Supplementary Figure S1: Differences in the ZmSNACO06 sequence between the two inbred lines.
(a) Differences in sequence in gene region. The red region is the exon region, and the gray area is the

intron region. (b) Differences in amino acid sequence.
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Abstract: The basic leucine zipper (bZIP) transcription factors play crucial roles in plant resistance
to environmental challenges, but the biological functions of soybean bZIP members are still un-
clear. In this study, a drought-related soybean bZIP gene, GmTRAB1, was analyzed. The transcript
of GmTRAB1 was upregulated under drought, ABA, and oxidative stresses. Overexpression of
GmTRABI improved the osmotic stress tolerance of transgenic Arabidopsis and soybean hairy roots
associated with increased proline content and activity of antioxidant enzymes and reduced accu-
mulations of malonaldehyde and reactive oxide species. However, RNA interference silencing of
GmTRABI in the soybean hairy roots improved drought sensitivity. Furthermore, GmTRABI in-
creased the sensitivity of transgenic plants to ABA and participated in modulating ABA-regulated
stomatal closure upon drought stress. In addition, GmTRABI stimulated the transcript accumulation
of drought-, ABA-, and antioxidant-related genes to respond to drought. Collectively, this research
will contribute to understanding the molecular mechanisms of bZIP transcription factors in soybean’s
resistance to drought.

Keywords: soybean; drought; ABA response; ROS homeostasis; bZIP transcription factor

1. Introduction

Plants usually encounter multiple adverse environments, including extreme tempera-
tures, drought, and salt, and these stresses can greatly affect their growth and development
and ultimately destroy their productivity [1]. To survive, plants have evolved a variety
of strategies to cope with these environmental challenges. These adaptive responses are
highly intricate processes mediated by sophisticated signaling networks [2]. Transcription
factors, including those from families including dehydration-responsive element-binding
(DREB), myeloblastosis (MYB), NAM, ATAF, and CUC (NAC), WRKY, ethylene-responsive
factor (ERF), and basic leucine zipper (bZIP), play critical roles in the signal transduction
networks, and they function essentially in transmitting the perceived stress signal to the
stress-responsive genes, ultimately leading to physiological and metabolic changes [3-5].

The bZIP transcription factors comprise a large and diverse transcription factor family
in plants [6]. Members of bZIP proteins have a conserved bZIP domain, which consists
of a leucine zipper motif and a conserved base region [7]. The N-X7-R/K motif is com-
posed of approximately 18 amino acids within the bZIP domain and performs critical
functions in DNA binding and nuclear localization [8]. The bZIPs usually interact with
the promoter fragments harboring an ACGT core cis-element, including C-box (GACGTC),
ABRE (CCACGTGG), A-box (TACGTA), and G-box (CACGTG), to influence the expression
of downstream targets [9]. The leucine zipper region comprises one or more repeating
regions or other hydrophobic amino acids, which is correlated to bZIP recognition and

Plants 2024, 13, 3104. https:/ /doi.org/10.3390/plants13213104 125 https://www.mdpi.com/journal /plants



Plants 2024, 13, 3104

dimerization [10]. The bZIP proteins were first characterized in Arabidopsis, and 75 bZIPs
were identified [7]. Subsequent genomics research also found 89 bZIPs in rice [10], 89 bZIPs
in barley [11], 55 bZIPs in tomato [12], 247 bZIPs in rapeseed [13], 92 bZIPs in sorghum [14],
and 125 bZIPs in maize [15].

The bZIP proteins perform crucial functions in plants’ responses to adverse conditions.
For example, in Arabidopsis, AtbZIP1 increased the expression of COR15A, RD17, and
RD29A to enhance Arabidopsis” ability to tolerate salt and osmotic stresses [16]. AtABF3 reg-
ulated ABRE-dependent gene expression to influence ABA-mediated drought response [17].
In rice, OsbZIP23, OsbZIP42, and OsbZIP72 were upregulated by ABA and drought stresses
and act as key regulators in rendering rice ABA-regulated osmotic stress tolerance [18-20].
ZmbZIP4 has been reported to increase ABA synthesis to improve maize adaptation to
drought and salt stresses [6]. Under cold conditions, ZmbZIP68 restricts the expression of
DREB family proteins to reduce cold tolerance of maize [2]. TabZIP60 is associated with
TaCDPKB3O0 to influence the synthesis of ABA and increase the salt tolerance of wheat [5].
TabZIP15 was shown to respond to salt stress, and TabZIP15 overexpression conferred
the resistance of transgenic wheat to salt [21]. Overexpression of CsbZIP18 impaired the
cold tolerance of transgenic plants through suppressing cold- and ABA-related genes’
expression [22]. Furthermore, in pepper, salt promoted CabZIP25 expression, and CabZIP25-
overexpressing (OE) plants displayed salt-tolerant phenotypes [23].

Soybean is a critical cereal and oil crop worldwide [24,25]. Drought acts as the main
adverse stimulus to destroy the production of soybean [26]. Studying the mechanism in
drought response is an effective way to enhance the adaptability of soybean to drought.
Previous studies have reported that there are 160 bZIP genes in the soybean genome [27].
Until now, only a very limited number of bZIP members have been functionally analyzed
in soybean. In the present research, we characterized a bZIP family transcription factor,
GmTRABI, and show that its expression is significantly upregulated upon drought, ABA,
and oxidative stresses. Further physiology and molecular studies displayed that GmTRAB1
influences the ABA response and antioxidant defense system to enhance soybean tolerance
to drought.

2. Results
2.1. Identification and Sequence Analysis of GmTRAB1

Results of bioinformatics analysis have shown that 160 bZIP transcription factors
were identified in soybean [27]. GmTRAB1 (Glyma.04G039300) encoded a protein with a
conserved bZIP domain and highly shared the sequence with GSABL5 from Glycine soja
(99.52%), GmbZIP50 (89.35%), MpABLS5 from Mucuna pruriens (87.97%), and VUABLS5 from
Vigna unguiculata (86.35%) (https:/ /blast.ncbi.nlm.nih.gov /Blast.cgi?CMD=Get&RID=JEV0
1RW2016, accessed on 31 October 2024; Figure 1A). Subsequent phylogenetic analysis
demonstrated that GmTRABI and its homologous proteins were classified into subgroup
A (Figure S1). In the subcellular localization analyses, GmTRAB1-GFP proteins were
detected in the nucleus and overlapped with the nuclear marker (OsEHD4-mCherry) [28]
(Figure 1B).

2.2. GmTRAB1 Is Induced by Multiple Abiotic Stresses

To assess the function of bZIPs in the modulation of soybean response to environmen-
tal challenges, we investigated the expression patterns of GmTRABI under drought, ABA,
and oxidative stresses using a qRT-PCR system. Drought stimulated the accumulation of
the GmTRABI transcript, reaching a peak at 6 h (Figure 2A). Moreover, GmTRABI tran-
scripts increased under ABA stress and reached their highest level at 24 h (Figure 2B). In
addition, oxidative stress also resulted in increased GmTRAB1 expression (Figure 2C).
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rectangles, respectively. (B) The subcelluar localization of GmTRAB1. OsEHD4-mCherry is referred
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Figure 2. GmTRABI was involved in multiple stresses. The expression patterns of GmTRABI under
(A) drought, (B) ABA, and (C) MV stresses were detected by qRT-PCR. GmTubulin was applied as an

internal control. The * suggests significant differences (* p < 0.05).
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2.3. Overexpression of GmTRAB1 Enhances Arabidopsis Resistance to Drought

To characterize the role of GmTRABI in plants’ resistance to drought, we constructed
GmTRABI-OE Arabidopsis using an Agrobacterium-mediated transformation system. The
transcript levels of GimTRABI in transgenic plants were detected by semi-qRT-PCR. Three
independent homozygous GmTRABI-OE lines (OE1, OE7, and OE12) with relatively high
accumulation of GmTRABI transcripts were used for the subsequent functional analy-
sis (Figure 3C,D). Arabidopsis plants with similar growth characteristics were applied for
osmotic stress tolerance experiments. There was no remarkable difference in plant mor-
phology and physiological metabolism between GmTRABI-OE lines and WT plants under
sufficient water conditions. Severe drought stress seriously affected plant growth and
physiological metabolism, and obvious differences were detected. Upon drought stress,
GmTRABI-OE plants displayed slighter leaf rolling and larger survival rates than the
WT plants (Figure 3A,B). Drought usually causes damage to the membranes of plants,
restricting their normal growth. The concentration of malonaldehyde (MDA) acted as
an indicator to reflect the degree of cell membrane damage. The MDA concentration is
proportional to the degree of membrane damage [1]. Proline was an osmoprotectant that
functioned crucially in maintaining the stability of the cell membrane and cellular turgor
pressure [29,30]. The drought-treated GmTRAB1-OE seedlings showed lower MDA levels
and larger proline contents as compared with the WT plants (Figure 3E,F).
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Figure 3. Overexpression of GinTRABI leads to enhanced osmotic stress tolerance in Arabidopsis. (A) Osmotic
stress tolerance assay in GmTRABI-OE and WT plants. (B) Survival rates. (C,D) GmTRABI transcripts
were detected by semi-RT-qPCR. Atactin was applied as an internal control. (E) MDA content and
(F) proline content in GmTRABI-OE and control plants in response to drought. The data represent
the value (£SE) of 3 independent replicates. The * suggests significant differences (* p < 0.05).
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2.4. GmTRAB1 Owverexpression Leads to Increased ABA Sensitivity in Transgenic Plants

Considering that ABA promotes the increase in GmTRABI transcripts, we conducted
a seed germination assay to investigate the role of GmTRABI in ABA response. The
GmTRABI-OE and WT seeds showed similar germination rates in the absence of ABA
(Figure 4A). However, exogenous ABA application inhibited seed germination, but the
GmTRABI-OE seeds presented significantly lower germination rates than those of the
control with exposure to ABA treatments (Figure 4B,C).
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Figure 4. GmTRABI overexpression improved ABA sensitivity in transgenic plants. (A-C) The
germination rates of GmTRABI1-OE and WT seeds under 0, 0.5, and 1 pM ABA treatments were
analyzed at 0, 12, 24, 36, 48, 60, 72, 84, and 96 h. (D) Phenotypes of GmTRAB1-OE and WT stomata
upon ABA stress, Scale bars = 5 um. (E) Stomatal closure of GmTRABI-OE and WT upon ABA
stress. The stomatal width/length ratio was utilized as the stomatal closure index. (F) Water loss rate.
The detached leaves of GmTRAB1-OE and WT plants were calculated at 0, 30, 60, 90, 120, 150, 180,
210, and 240 min. The data represent the value (+SE) of 3 independent replicates. The * suggests
significant differences (* p < 0.05).

ABA has been demonstrated to influence stomatal movements. In view of GmTRAB1
overexpression improving ABA sensitivity in transgenic plants, the function of GmTRAB1
in ABA-regulated stomatal movement was investigated. The stomatal closure index was
reflected by the stomatal width/length ratio. Without ABA application, the mean of
stomatal apertures between GmTRABI-OE and WT plants is comparable (Figure 4D,E).
Nevertheless, with the ABA application, the GmTRABI-OE plants have a significantly
lower mean of stomatal apertures as compared to the control plants (Figure 4D,E). Stomatal
movement plays a central role in water loss and is closely related to plant adaptation to
drought. Therefore, the water loss rates were also analyzed, and GmTRABI-OE exhibited
lower water loss rates than WT plants (Figure 4F).

2.5. GmTRABI Overexpression Confers Osmotic Stress Tolerance in Transgenic Hairy Roots of Soybean

To verify the role of GmTRABI in soybean resistance to drought, we generated trans-
genic hairy roots of soybean with GmTRABI-RNA interference (RNAI) silencing or overex-
pressing by Agrobacterium rhizogenes-mediated transformation. The GmTRABI expression
was detected through qRT-PCR (Figure 5C). There were no significant differences in the
growth and physiological characteristics of GmTRAB1 transgenic (RNAi and OE) and
empty vector (EV) control soybean seedlings under suitable conditions. However, drought
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treatment caused remarkable morphological and physiological differences among different
genotypes. Upon drought stress, the GmTRAB1-OE seedlings presented a higher sur-
vival rate and a lighter leaf-wilting phenotype than the EV seedlings. In contrast, the
GmTRABI-RNAI plants displayed a lower survival rate and a heavier leaf-wilting phe-
notype (Figure 5A,D). The fresh weights of GmTRABI-OE hairy roots were larger than
the control roots under drought treatment, but the GmTRAB1-RNAI hairy roots displayed
lower biomass accumulations (Figure 5B,E). Moreover, the MDA levels in GmTRAB1-OE
hairy roots were smaller than in the control roots under drought stress, whereas the Gm-
TRABI-RNAI hairy roots presented higher MDA accumulations (Figure 5F). In addition,
the GmTRAB1-OE hairy roots presented a higher accumulation of proline than the control
roots. However, under drought stress, the GmTRABI-RNAIi soybean roots had lower levels
of proline (Figure 5G).
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Figure 5. Overexpression of GmTRAB1 results in improved osmotic stress tolerance in soybean.
(A,B) Phenotypes of GmTRABI-OE, EV, and GmTRABI-RNAIi soybean plants and hairy roots in
response to drought. Scale bars = 3 cm. (C) GmTRABI transcripts were detected by qRT-PCR.
Gmtubulin was applied as an internal control. (D) Survival rate, (E) fresh weight, (F) MDA content,
and (G) proline content in GmTRAB1-OE, EV, and GmTRABI-RNAI plants in response to drought.
The data represent the value (+SE) of 3 independent replicates. The * suggests significant differences
(*p <0.05).
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2.6. GmTRAB1 Stimulates ROS Scavenging in Response to Drought

Drought caused the excessive production of reactive oxygen species (ROS) that se-
riously restricted the growth and development of plants. The results of DAB staining
and quantitative measurement illustrated that hydrogen peroxide (H,O;) accumulation
in GmTRABI transgenic hairy roots was comparable to that of the EV control roots. With
exposure to drought, the HyO, accumulations in GmTRABI-RNAI, EV, and GmTRABI-OE
hairy roots are increased. Interestingly, significant differences were observed among Gm-
TRAB1-RNAi, EV, and GmTRAB1-OE hairy roots. GmTRAB1-RNAi seedlings accumulated
a larger H,O; content in comparison with the EV control roots, but the GmTRAB1-OE hairy
roots exhibited a smaller accumulation of HyO, (Figure 6A,B). Antioxidant enzymes play a
critical role in eliminating drought-induced ROS. The activity of antioxidant enzymes was
measured. After drought treatment, compared with the control, the GmTRAB1-OE roots
displayed greater enzyme activity of catalase (CAT) and peroxidase (POD). Nevertheless,
the GmTRAB1-RNAI roots had lower activities of CAT and POD enzymes (Figure 6C,D).
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Figure 6. GmTRABI increased ROS scavenging under drought stress. (A) DAB staining, scale
bars = 0.1 cm; (B) HyO, content; (C) CAT activity; and (D) POD activity of GmTRABI transgenic
(RNAi and OE) and EV roots under drought treatment. The data represent the value (+SE) of
3 independent replicates. The * suggests significant differences (* p < 0.05).

2.7. GmTRABI Increases Drought-, ABA-, and Antioxidant-Related Gene Expression in Response
to Drought

To gain sight into the GmTRABI1-mediated adaptative mechanism in response to
drought, the transcripts of drought-, ABA-, and antioxidant-related genes in GmTRABI-
RNAI, EV, and GmTRAB1-OE hairy roots upon drought stress were detected through qRT-
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PCR. No noticeable difference among GmTRABI-RNAIi, EV, and GmTRAB1-OE hairy roots
was detected prior to drought treatment. Drought altered the expression of stress-related
genes, and the expression of drought-induced genes (GmDRABIA, GmWRKY27, and Gm-
CIPK6), ABA-responsive genes (GmP5CS, GmLEAS, and GmNAC6), and antioxidant-related
genes (GmPOD3, GmPODS5, and GmCAT4) in drought-treated hairy roots of GmTRABI-OE
were much greater than those of EV hairy roots. In contrast, lower transcript accumulation
of the above genes was detected in the GmTRABI-RNAI hairy roots under drought stress

(Figure 7).
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Figure 7. GmTRABI activates stress-responsive gene expression. Transcript level of (A) GmDRABIA,
(B) GmWRKY27, (C) GmCIPK6, (D) GmP5CS, (E) GmLEAS, (F) GmNAC6, (G) GmPOD3, (H) GmPODS5,
and (I) GmCAT4 in GmTRAB1-RNAI, EV, and GmTRAB1-OE hairy roots under drought stress. The
data represent the value (+SE) of 3 independent replicates. The * suggests significant differences
(* p<0.05).

3. Discussion

Drought is usually considered the main environmental constraint that restricts crop
quality and production [25]. Members of the bZIP transcription factor have been demon-
strated to participate in modulating plant adaptation to drought. Nonetheless, the biological
roles of bZIP proteins in enhancing soybean drought tolerance are still unclear. In this
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study, drought led to increased expression of the bZIP gene GmTRABI (Figure 2A). Further
functional analysis verified that GmTRAB1-OE Arabidopsis seedlings and soybean hairy
roots displayed drought-resistant phenotypes. On the contrary, the GmTRAB1-RNAi soy-
bean hairy roots were much more sensitive to drought (Figures 3 and 5). These results
indicated that GmTRABI positively regulates the osmotic stress tolerance of soybean.

The phytohormone ABA serves as a kind of pivotal signaling molecule that has critical
roles in modulating plant response to drought [31]. Drought results in an increase in
endogenous ABA, and the increased ABA subsequently alters the transcript accumulation
of stress-related genes and stomatal movement in response to drought [32]. It has been
shown that members of bZIPs are implicated in ABA-regulated adaptation to drought. For
example, OsbZIP42 and OsbZIP71 have been demonstrated to modulate drought adap-
tation via an ABA-dependent manner [20,33]. In this assay, exogenous ABA induced the
accumulation of the GmTRAB]1 transcript (Figure 2B). Moreover, with exposure to ABA
treatment, the GmTRABI-OE plants exhibited lower seed germination rate and smaller
stomatal aperture as compared with the control plants (Figure 4B-E). Interestingly, Gm-
TRABI has a role in reducing the water loss rate (Figure 4F). Additionally, upon drought
stress, GmTRAB1 promoted the transcript accumulation of ABA-responsive genes, includ-
ing GmP5CS, GmLEA5, and GmNAC6 (Figure 7D-F). These results imply that GmTRABI is
associated with modulating ABA-regulated stomatal closure and stress-responsive gene
expression to regulate soybean adaptability to drought.

Drought usually stimulates the generation of ROS, including H,O, and O, [34]. The
overproduced ROS results in a series of cell toxicity effects, such as membrane damage, nu-
cleic acid and protein degradation, and disruption of enzyme activity [35]. The MDA level
is usually used as an important parameter to reflect the degree of cell membrane damage
under stress conditions, which is negatively implicated with osmotic stress tolerance in
plants [1]. The bZIP proteins have been demonstrated to influence the scavenging of ROS
under adverse conditions. For example, HvbZIP21 was implicated in the scavenging of
ROS to improve the osmotic stress tolerance in barley [36]. In the assay, oxidative stress
induced the expression of GmTRABI (Figure 2C). Subsequent quantitative measurements
showed that under drought stress, compared to the control, the hairy roots of GmTRAB1-OE
accumulated a lower content of MDA and H,O,, whereas the MDA and H,O, levels in
GmTRABI-RNAI hairy roots were larger (Figures 3E, 5F and 6A,B). Proline is a pivotal
osmolyte that functions critically in maintaining ROS homeostasis and stabilizing cell mem-
branes under adverse conditions [29,30]. The proline content of GrnTRAB1-OE hairy roots
under drought stress was larger. Nevertheless, the drought-treated GmTRAB1-RNAi hairy
roots demonstrated a lower proline level. Moreover, GmTRABI activated the expression of
GmP5CS (Figure 7D). Therefore, GmTRAB1 was associated with promoting the generation
of proline to reduce drought-induced oxidative damage in soybean.

To mitigate oxidative damage, plants have built complicated antioxidant defense
systems to remove the excessive ROS [37]. Antioxidant enzymes, including CAT, POD,
and SOD, are essential parts of the antioxidant defense system [34]. The bZIPs have
been reported to influence antioxidant enzyme activity to eliminate ROS under adverse
conditions. For example, VvbZIP45 participated in increasing the enzyme activity of POD,
SOD, and CAT to eliminate ROS under drought stress [38]. IbbZIP1 has been shown to
enhance SOD activity to eliminate HyO, under drought and salt stresses [39]. In this
research, GmTRABI was found to increase the transcript of antioxidant enzyme genes
GmPOD3, GmPODS5, and GmCAT4 (Figure 7G-I). Furthermore, compared with the control,
the enzyme activity of CAT and POD in GmTRABI-OE hairy roots under drought stress
was larger. Nevertheless, the GmTRAB1-RNAI hairy roots exhibited minor CAT activity
and POD activity in response to drought (Figure 6C,D). Collectively, GmTRAB1 has a role
in promoting the antioxidant defense system to eliminate ROS and alleviate drought stress
in soybean.

The bZIP transcription factors have been shown to alter drought-related gene expres-
sion in response to drought. TabZIP156 was found to increase TaiDREB1A expression in
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wheat in response to drought [40]. It has been demonstrated that VIbZIP30 promotes
the expression of NAC17, ABF2, PUB19, and PP2C9 to enhance grapevine drought toler-
ance [41]. In this study, GmTRABI1 functioned in improving the transcript accumulations
of GmDREB1A, GmCIPK6, and GmWRKY27 in response to drought (Figure 7A-C). DREB
and WRKY transcription factors play crucial functions in increasing plant adaptability to
extreme conditions [42,43]. CIPKs have been shown to participate in regulating hormone
signaling, ROS scavenging, and the biosynthesis of antioxidants in response to drought [44].
The above results indicated that GmTRABL is implicated in stimulating the expression of
drought-related genes, thereby promoting the resistance of soybean to drought.

4. Materials and Methods
4.1. Plant Materials and Growth Conditions

Arabidopsis Columbia-0 and soybean cultivar Williams 82 were used for plant transfor-
mation and molecular analysis. The soybean seedlings were cultured in a growth chamber
at 70% relative humidity, 25 °C, and a 16 h light/8 h dark photoperiod. To analyze the
expression profiles of GmTRABI under drought and oxidative stress treatments, the roots
of soybean seedlings (2-week-old) were immersed in 15% PEG6000 and 20 M methyl
viologen (MV) solution, respectively. The leaves of seedlings sprayed with 100 uM ABA
were used to investigate GmTRABI expression profiles upon ABA treatment. The leaves
were collected at 0, 1, 3, 6, 12, and 24 h, respectively. Arabidopsis seedlings were grow-
ing in an illumination incubator at 70% relative humidity, 25 °C, and a 16 h light/8 h
dark photoperiod.

4.2. Construction of Phylogenetic Tree

GmTRAB1 homologous proteins were retrieved from the non-redundant protein
sequence database (https:/ /blast.ncbinlm.nih.gov/Blast.cgi?CMD=Get&RID=JEVO1RW2016,
accessed on 31 October 2024). The amino acid sequence of the Arabidopsis bZIP proteins was
downloaded from TAIR (https://www.arabidopsis.org/results?mainType=general&searchTex,
accessed on 31 October 2024). The ClustalX program in MEGA7.0 software was used to
perform multiple sequence alignment. The bootstrap neighbor-joining phylogenetic tree
was generated by MEGA?7.0 software with 500 bootstrap replicates. Ten different subgroups
of AtbZIPs were used as references to classify GmTRABI1 and its homologous proteins. The
accession numbers of GmTRAB1 homologous proteins and Arabidopsis bZIPs were listed
in Table S2.

4.3. Quantative Real Time-PCR

The total RNA from plants was isolated with Trizol reagent, and then the genome DNA
was eliminated by RNase-free DNasel (TransGen, Beijing, China). The cDNA synthesis was
performed by the TransScript One-Step RT-PCR SuperMix Kit (TransGen, Beijing, China).
The qRT-PCR reactions were then conducted with a TransStart Top Green qPCR SuperMix
kit using an ABI 7500 machine. The specific primers used in qRT-PCR were presented
in Table S1. Atactin (At3g18780) and GmTubulin (Glyma.08G014200) were referred to as
quantitative controls for Arabidopsis and soybean, respectively. The 2-22¢T method was
applied for quantitative analysis. The reaction of qRT-PCR was conducted by the procedure
of 95 °C (180 s), then 42 cycles of 95 °C (10 s), 57 °C (15 s), and 72 °C (45 s).

4.4. Subcellular Localization Analyses

To analyze the subcellular localization, we produced GmTRABI1-GFP constructs. Gm-
TRAB1-GFP and OsEHD4-mCherry plasmids were introduced into the same protoplasts
from Arabidopsis, and then the protoplasts were cultured in the dark (23 °C) for 12 h.
OsEHD4-mCherry was applied as a nuclear marker [28]. The florescence signals of GFP
and mCherry were detected with a confocal laser-scanning microscope.
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4.5. Construction of Transgenic Arabidopsis and Soybean Plants

To construct GmTRAB1-OE Arabidopsis plants, the pCAMBIA1302-GmTRABI plasmids
were generated and then introduced into Arabidopsis via the Agrobacterium-mediated floral-
dip method [31].

The transgenic soybean plants were generated using the Agrobacterium rhizogene-
mediated soybean hairy roots transformation system, as described previously [31,42]. To
generate the GmTRABI-RNAI vector, a 120-bp-specific DNA fragment of GmTRAB1 was
cloned, and then these fragments were collected and connected to both sense and antisense
orientations to flank the intron 6 of the rice zinc finger type family protein gene. The
GmTRABI-RNAI fragment was then inserted into the pPCAMBIA3301 transformation vector
driven by the CaMV 35S promoter. The full-length open reading frame of GmTRABI was
introduced into pCAMBIA3301 to generate the GmTRABI-OE vector. The GmTRABI-RNAi
and GmTRABI-OE vectors were transformed into K599 Agrobacterium rhizogenes strains,
which were then applied for infecting hypocotyls of soybean to gain transgenic soybean
hairy roots.

4.6. Osmotic Stress Tolerance Assay

For Arabidopsis, homozygous T3 seedlings of the GmTRAB1-OE and WT seedlings
(1-week-old) were used for drought treatment. After normal culturing in the illumination
incubator for 21 d, the GmTRABI-OE and WT seedlings were subject to drought stress
without irrigation for another 17 d until remarkable leaf-wilting differences were identified.

For soybean, 2-week-old GmTRABI-OE, EV, and GmTRABI-RNAi soybean seedlings
were grown normally in a mixed soil (1:1 vermiculitechumus) for 7 d. These seedlings
were then exposed to drought stress with 15% PEG6000 irrigation for another 10 d until
remarkable differences in leaf wilting were identified.

4.7. Measurements of Physiological Characteristics

Arabidopsis seedlings (4-week-old) and soybean seedlings (3-week-old) were exposed
to drought treatment with irrigating 15% PEG6000 solution for 10 d. The Arabidopsis leaves
and soybean hairy roots were collected for measuring physiological parameters. The MDA
content, proline content, hydrogen peroxide H,O, content, peroxidase POD activity, and
CAT activity were detected by their corresponding detection kits.

4.8. Analysis of Seed Germination, Stomatal Closure, and Water Loss Rate

For measurement of germination rate, homozygous T3 seeds of GmTRAB1-OE and
WT were sterilized and sown on 1/2-strength Murashige and Skoog media containing
0, 0.5, and 1 uM ABA. After vernalization in the dark for 3 days, the germination rates
in terms of the seed radicle emergence were counted at 0, 12, 24, 36, 48, 60, 72, 84, and
96 h, respectively.

For the water loss rate analysis, the detached rosette leaves of 4-week-old GmTRABI-
OE and WT Arabidopsis were measured at 0, 30, 60, 120, 180, 21, and 240 using a 1/10,000
analytical balance, respectively. The water loss rate was computed as reported previously.

For the stomatal closure analysis, the detached rosette leaves of GnTRAB1-OE and WT
Arabidopsis (4-week-old) were treated with stomata opening solution (7.5 mM iminodiacetic
acid, pH = 6.15, 10 mM KCl, and 10 mM MES-Tris) and exposed to bright light. Until the
stomata were fully opened, the leaves were exchanged into solutions supplemented with 0,
1, and 5 uM ABA and incubated for another 2.5 h.

4.9. Statistical Analyses

Each experiment was independently conducted three times. Data are presented as the
mean =+ SE of the three independent replicates. Statistical analysis was performed with the
SPSS 27.0 software. The one-way analysis of variance (ANOVA) method was applied to
verify significant differences, marked as *, p < 0.05.
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5. Conclusions

In this study, GmTRABI played a positive regulatory role in improving the osmotic
stress tolerance of soybean. GmTRABI participated in ABA-regulated stomatal closure
and stress-related gene expression to regulate the drought stress response. Furthermore,
GmTRABI was involved in activating the antioxidant defense system to promote the
scavenging of ROS under drought stress. Additionally, GmTRABI has a role in activating
drought-related genes in drought stress response. In summary, these results will provide
the theoretical basis for elucidating the molecular mechanism of bZIP transcription factors-
mediated drought response in soybean.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants13213104/s1, Figure S1: Phylogenetic analysis of GmTRABI,
GsABL5, GmbZIP50, MpABL5, VuABLS5, and Arabidopsis bZIP transcription factors. GmTRAB1 and
its homologous proteins were divided into the subgroup A; Table S1: Primers used in qRT-PCR
assays; Table S2: Accession numbers of bZIPs used for phylogenetic analysis.
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Abstract: The functional characterization of PR10 proteins has been extensively studied in many
plant species. However, little is known about the role of TAPR10 in the response of durum wheat
(Triticum durum Desf.) to stress. In this study, we identified members of the T. durum PR10 family,
which are divided into three major subfamilies based on phylogenetic analyses. The analysis revealed
that tandem duplication was the primary driver of the expansion of the T. durum PR10 gene family.
Additionally, gene structure and motif analyses showed that PR10 family genes were relatively
conserved during evolution. We also identified several cis-regulatory elements in the TdPR10
promoter regions related not only to abiotic and biotic stress but also to phytohormonal responses.
In response to abiotic stresses and phytohormones, several TdPR10 genes were highly expressed
in the leaves and roots of durum wheat. Moreover, TdPR10.1 family members improve RNase
activity, increase LDH protective activity under abiotic stress conditions, and ensure resistance to
fungi in vitro. Collectively, these findings provide a basis for further functional studies of TdPR10
genes, which could be leveraged to enhance stress tolerance in durum wheat.

Keywords: abiotic and biotic stress; antifungal activity; durum wheat; genome-wide analysis; LDH
activity; PR10 family; phytohormones; RNase activity

1. Introduction

Due to climatic and environmental variations, plants face challenges such as salin-
ity, cold, drought, heavy metals, and phytopathogen attacks. To overcome these harsh
conditions, plants activate complex molecular mechanisms that lead to the production
of protective proteins [1]. One of the most important groups of proteins involved in re-
sponding to these threats is the pathogenesis-related (PR) proteins [1,2]. PR proteins are
sub-divided into 19 groups based on their structural and functional characteristics. PR
proteins have crucial roles in regulating plant growth and development under different
stressors. Among them, PR10 is one of the most studied groups [3]. PR10 proteins are
small, acidic proteins with molecular weights ranging from 16 to 19 kDa. They possess
unique three-dimensional (3-sheet topologies, enclosed by a compact bipartite framework
held together by hydrophobic interactions [4]. PR10 proteins are well known for their role
in stress resistance, acting as defense proteins under harmful conditions [5]. These proteins
are part of a multigene family, as seen in Solanum lycopersicon (45 genes, [6]) and Hevea
brasiliensis (rubber tree, 132 genes) [7]. Based on phylogenetic studies, PR10 proteins are
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classified into different subfamilies such as the PR10/Bet v1-like proteins, major latex-like
(MLP) proteins, phytohormones binding proteins (PBP), proteins with the enzymatic func-
tion that are the (S)-norcoclaurine synthase (NCS) protein, polyketide cyclase-like protein
and even monocot PR10 and dicot PR10 [8].

PR10 proteins are related to the major pollen allergen Bet v 1 of white birch (Betula
verrucosa) [8]. Homologs of Bet v 1 have been identified in many plants, such as cherry
(Pru a 1) [9], apple (Malus domestica) [10], and carrot (Dau c1) [11]. A highly conserved
glycine-rich motif (GXGGXGXXK) is found in all PR10 protein sequences, which enables
RNA binding with specific affinity [12]. PR10 proteins are also known for their ribonuclease
activity, along with at least eight other distinct enzymatic functions [13]. For instance,
PR10 proteins act similarly to neopinone isomerase in opium poppy and to beta-1,3-
glucanase in MaPR10 [14,15], as well as other secondary metabolic enzyme functions, such
as protein phosphatase inhibitor activity [7]. In Brassica napus, the ribonuclease PR10.1
has been shown to enhance germination under salinity stress [9]. Despite the tiny size
of PR10 proteins, they can bind small molecules in the hydrophobic cavity formed by
the Bet v 1-fold [7]. According to a review by [16], three primary classes of chemicals—
cytokinins, flavonoids, and sterols—are associated with potential roles of PR10 proteins
in plant metabolite biosynthesis, host defense, and plant growth and development [17-
20]. Moreover, PR10 proteins can interact with hormones and other molecules, such as
flavonoids, fatty acids, steroids, gibberellic acid, and cytokinin, due to their hydrophobic
cavity [10]. It is thought that the function of PR10 proteins is not always connected to the
protein’s contribution to host defense because not all of them have ribonuclease activity [5].
Similarly, the HcPR10 gene from Halostachys caspica was significantly upregulated during
development [21]. In addition, ABR17A gene exhibits enhancement during germination
and in the early seedling growth of Arabidopsis thaliana plants [22]. Moreover, PR10 proteins
present antimicrobial activities [23]. A PR10 gene from rice, OsBet v1, exhibits upregulation
after infection with the nematode Meloidogyne graminicola [24]. In Escherichia coli, the
production of PmPR10-3.1 from white pine (Pinus monticola) inhibited the fungi growth of
Cronartium ribicola [25]. CaPR-10 isolated from pepper (Capsicum annuum) responds against
Tobacco Mosaic Virus (TMV) infection with its ribonucleolytic activity [26]. In addition to
the biotic stress response, PR10 protein is also involved in abiotic stress tolerance. In rice
roots, a PR10 gene named the RSOsPR10 gene (root-specific rice PR10) shows both stress
resistances, with induction upon blast fungus infection and also after salt and drought
stresses [27]. In addition, transgenic Arabidopsis thaliana plants overexpress the PR10 gene
from pea (ABR17) and tolerate salinity, heat, and cold stresses [22].

Durum wheat (Triticum durum Desf.) is one of the most important cereal crops for
human consumption, providing essential bioactive components, proteins, fibers, and carbo-
hydrates [28]. Wheat production and yield are highly dependent on climatic conditions [5].
To date, little is known about the PR10 protein family in durum wheat and its biological
function in stress responses.

In this study, we examine the gene and protein features, chromosomal locations,
classification, and evolution of PR10 members in durum wheat. We also identify cis-
regulatory elements in their promoters and analyze the expression patterns of TdPR10
genes in response to abiotic stress and hormone treatments. Finally, we explore the role
of TdPR10.1 in enhancing LDH protective activity, RNase activity, and antifungal activity
in vitro. This study provides a genome-wide analysis of the PR10 family and investigates
the expression of TdPR10 genes under various conditions in durum wheat.

2. Results
2.1. Genome-Wide Identification and Analysis of T. durum PR10 Family Members

Using the isolated PR10.1 protein sequence previously defined by our group as a query,
we identified 15 PR10 genes in the durum wheat genome using the EnsemblPlants database.
These genes were classified into three major subfamilies (Figure 1A). Two online tools,
InterPro and CDD, were employed to confirm the presence of the Bet v 1 conserved domain
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within the PR10 protein sequences (Figure 1B,C). A high degree of similarity was observed
when comparing the Bet v 1 signature logo generated for TdPR10 proteins (Figure 1B) with
the Bet v 1 signature motif from Prosite (ID: PS00451) (Figure 1C).
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Figure 1. Analysis of T. durum PR10 family members. (A) Phylogenetic tree of TdPR10 proteins
constructed using the maximum likelihood with 1000 bootstraps in MEGA 11 software. (B) Struc-
ture of TdPR10 genes. (C) Conserved Bet v 1 domains present in PR10 proteins of durum wheat.
(D) Motifs of TdAPR10 proteins visualized using Tbtools II v.070.

A total of 12 novel motifs were predicted from the amino acid sequences of all
15 TdPR10 proteins from durum wheat using TbTools II v.070 software (Figure 1D). Motif
1 and motif 4 were present in all the putative TdPR10 proteins. The fewest motifs were
identified in group II proteins, specifically TdPR10.10 and TdPR10.11 (Figure 1A,D). Addi-
tionally, a specific motif arrangement was observed for each protein group. While different
types and localizations of motifs were found among the TdPR10 sequences, each phyloge-
netic tree group exhibited a conserved motif pattern and order. This variability in motif
types, locations, and numbers may suggest distinct functions for PR10 proteins in durum
wheat. Furthermore, all identified sequences contained the conserved Bet v 1 domain and
the glycine-rich P-loop motif (Supplemental Figure S1A). The alignment of amino acid
sequences showed high similarity across all PR10 proteins (Supplemental Figure S1A).

Table 1 summarizes the basic properties of TdAPR10 proteins. Based on the theoretical
isoelectric point (pI) values, which range from 4.59 to 5.94, all deduced PR10 proteins were
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classified as acidic. The sequence lengths of these proteins vary from 160 to 184 amino acids,
while their predicted molecular weights (Mw) range from 16.9 to 19.8 kDa. Among the
15 identified TdAPR10 proteins, three exhibited an instability index greater than 40, suggest-
ing that these proteins may be unstable under stress conditions. However, all identified
proteins showed a high aliphatic index, indicating that they are likely thermostable. Ad-
ditionally, the GRAVY (Grand Average of Hydropathicity) index values for the TdPR10
proteins varied, indicating that they could be either hydrophilic or hydrophobic.

Table 1. Physico-chemical properties of TdPR10 proteins using the Protparam online tool.

. . The . .
Gene Name Transcript ID Protein Mf)lecular Theoretical Instability Aliphatic GRAVY
Length (aa) Weight (Da) pl: Index
Index (IT)
41.79
TdPR10.1 MK570865.1 160 17,113.47 5.19 83.62 0.011
unstable
4123
TdPR10.2 TRITD4Bv1G117510.2 164 17,469.88 5.07 87.50 0.016
unstable
38.27
TdPR10.3 TRITD7Bv1G026790.1 160 17,078.41 519 stable 86.00 —0.034
TdPR10.4 TRITD2Bv1G226310.3 163 17,372.76 5.94 s?i;lfi 81.47 —0.067
37.65
TdPR10.5 TRITD2Av1G263640.1 160 16,990.30 5.51 stable 84.25 —0.027
37.12
TdPR10.6 TRITD7Av1G052120.1 164 17,538.95 5.06 stable 86.34 —0.024
TdPR10.7 TRITD2Av1G263650.1 160 17,080.38 5.57 sgt?ﬂili 83.00 —0.091
41.08
TdPR10.8 TRITD5Av1G005340.2 184 19,821.80 5.22 91.85 0.081
unstable
34.43
TdPR10.9 TRITD2Bv1G209060.1 161 17,015.27 5.08 stable 82.42 0.014
TdPR10.10 TRITD5Av1G049040.1 166 17,127.53 4.62 sstg‘sli 94.16 0.213
TdPR10.11 TRITD5Bv1G045600.1 171 17,701.17 470 sztzlilze 97.08 0.184
27.50
TdPR10.12 TRITD2Bv1G217530.1 163 17,983.73 4.98 stable 101.78 —0.001
TdPR10.13 TRITD2Av1G253700.1 163 18,047.77 491 :til:li 100.55 —0.055
TdPR10.14 TRITD2Av1G278210.1 165 17,996.20 4.59 sgtilZI?e 88.55 —0.255
25.76
TdPR10.15 TRITD2Bv1G242310.1 165 18,180.48 4.84 stable 92.06 —0.251

2.2. Gene Structure and Physical Location of T. durum PR10 Genes

Analyzing the exon and intron distribution patterns provides valuable insights into the
structural evolution of the durum wheat PR10 gene family. The exon-intron organization
of the TdPR10 genes displayed a similar structure, with most genes containing two exons
separated by one intron. However, genes from family II (TdPR10.10 and TdPR10.11) were
an exception, as they contained only a single exon (Supplemental Figure S1B; Table 1).

To further investigate the distribution of TdPR10 genes in the durum wheat genome,
we found that four genes were localized on chromosomes 2A and 2B, while one gene was
located on each of chromosomes 4A, 4B, 5A, 5B, 7A, and 7B (Figure 2). These chromosomes
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may play a key role in the TdPR10 gene family and are promising candidates for improving
durum wheat traits related to PR10 functional phenotypes.
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Figure 2. Chromosomal localisation of TdPR10 genes by using MG2C tool.
2.3. Phylogenetic Analysis of TAPR10 Proteins

To classify the identified TdPR10 proteins, a maximum likelihood tree was constructed
using a bootstrap of 1000 replicates. The durum wheat PR10 proteins were grouped into
three major subfamilies: the Bet v1-like subfamily (TdPR10.1 to TdPR10.9), the PBP/NCS
subfamily (TdPR10.12 to TdPR10.15), and the major latex protein (MLP) subfamily, consist-
ing of TdAPR10.10 and TdPR10.11 (Figure 3).

In parallel, identity and similarity analyses were performed to predict the molecular
functions of TdPR10 proteins (Supplemental Figure S2). Proteins in the Bet v1 group
(TdPR10.1 to TdPR10.9) showed a similarity of 42% to 58% to well-known allergens,
including Pru av 1 [29], Mal d 1 [10], Bet v 1 [30], Pyr ¢ 1 [31], Api g 1 [32], Dau c 1 [11],
Cor a 1[33], Ara h 8 [34], and Cas s 1 [33]. Additionally, members of this group exhibited
47% to 55% identity with PmPr10-3.1, an antifungal protein resistant to white pine blister
rust [35], and PinmlIl, which has a role in cold tolerance [36]. Furthermore, comparison
of the tomato PR10 protein sequence (Solyc09g090980) [6] with proteins clustered in the
Bet vl and MLP groups revealed 47% to 54% identity, suggesting that these TdPR10
proteins may be involved in virus resistance. Additionally, TdPR10.10 and TdPR10.11
showed close similarity to the rice PBZ1 protein, with 68% and 66% similarity, respectively.
Like PBZ1, which functions as an RNase/DNase enzyme [37], TdPR10.10 and TdPR10.11
may play roles in salt tolerance and fungal resistance [38]. TdPR10.12 and TdPR10.13
exhibited 45% similarity to the PR10 protein of soybean, Gly m 4, which is known for
its resistance to Phytophthora sojae infection [20]. Meanwhile, TdPR10.14 and TdPR10.15
showed approximately 45% similarity to the allergens Bet v 1, Cora 1, and Cas s 1.
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Figure 3. Phylogenetic clustering of TdPR10 proteins alongside well-characterized PR10 proteins: Bet
v 1A from birch pollen (Betula verrucosa, P15494.2); Mal d 1, the major allergen from Malus domestica
(NP_001281292.1); NpNBS, norbelladine synthase from Narcissus pseudonarcissus (AOA3G5BB24.1);
MtNCS, S-norcoclaurine synthase-like protein (KEH30672.1) and MtPHBP, phytohormone-binding
protein (G7J032.1) from Medicago truncatula; Pru ar 1 from Prunus armeniaca (O50001.1); TaPR10, a
pathogenesis-related protein 10 from Triticum aestivum (ACG68733.1); and MLP-like protein 28 from
Arabidopsis thaliana (NP_001117579.1). The phylogenetic tree was generated using the maximum
likelihood method with 1000 bootstrap replicates in MEGA 11 software.

2.4. In Silico Subcellular Localisation and Gene Ontology Analysis of the T. durum PR10

The in silico subcellular localization prediction showed that the 15 proteins were pre-
dominantly localized in the cytoplasm (Figure 4). In addition, TdPR10.6 was also predicted
to be associated with the cytoskeleton, and TdPR10.13 was predicted to be present in the
nucleus. The other proteins were localized in the mitochondria, peroxisome, chloroplast,
extracellular matrix, and plasma membrane. A total of 15 TdPR10 proteins were analyzed
for their reported Gene Ontology (GO) terms in the InterPro database (Figure 5). For all
TdPR10 proteins, three main molecular functions were identified: protein phosphatase
inhibitor activity (GO:0004864), abscisic acid binding activity (GO:0010427), and signaling
receptor activity (GO:0038023). Additionally, two biological processes were associated with
these proteins: defense response (GO:0006952) and the abscisic acid-activated signaling
pathway (GO:0009738).
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Figure 4. In silico subcellular localisation prediction of TdPR10 proteins using the WoLFPSORT
online server.
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Figure 5. Prediction of biological processes (A) and molecular functions (B) of PR10 proteins identified
in durum wheat based on GO terms in the InterPro database.

2.5. Tertiary Structure of TdPR10 Proteins

The constructed 3D models showed that TAPR10 proteins share a common structure.
This structure is organized into a seven-stranded antiparallel 3-sheet and three x-helices
(Figure 6). Additionally, the models revealed differences in their predicted binding pockets.
These findings suggest variability in the substances that may bind to the TdPR10 cavities,
indicating different roles for these proteins.

2.6. In Silico Analysis of Cis-Elements

Cis-elements are involved in gene function and regulation. In the current study, we
identified them from the 1.5 kb promoter region of PR10 genes in durum wheat (Figure 7).
Cis-regulatory elements related to hormone responses were found in most of the PR10
promoters. Specifically, MeJA-responsive cis-elements were identified in all prTdPR10
promoters except for prTdPR10.13. Two PR10 genes, prTdPR10.14 and prTdPR10.15, con-
tained three ABRE elements, while prTdPR10.3, prTdPR10.6, and prTdPR10.10 had six
ABRE elements. These elements are involved in the abscisic acid response. In contrast, only
one or two cis-elements related to auxin and gibberellin responses were present in some
of the PR10 promoter regions. Among the cis-elements implicated in growth and devel-
opment, G-box elements associated with light responses were detected in most TdPR10
promoter sequences. Regarding stress responses, ARE elements were present in most
prTdPR10 promoters, with frequencies ranging from 1 to 5 elements. The TdPR10.10 pro-
moter region possessed the highest number of G-box (6), ABRE (7), and ARE (5) elements.
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Regulatory cis-elements were found in only a few PR10 promoters, with a maximum of
two elements. Similarly, the MYBHv1 binding site element was present in only 8 out of

15 TdPR10 promoter regions.

TdPR10.1 TdPR10.2

TdPR10.3

TdPR10.4

TdPR10.5

Figure 6. Prediction of TAPR10 3D structure using SWISS-MODEL. Pockets were visualized from
largest to smallest using red, blue, and yellow colors, respectively, with the CASTp 3.0 online tool.
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Figure 7. Predicted cis-regulatory elements in the promoter regions (approximately 1500 bp) of
TdPR10 genes were analyzed using the PlantCare and PLACE web tools. The figure was created
using TBtools II v.070 software. The putative cis-element numbers are highlighted in different colors,

with specific counts marked in each grid.
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(A) 150 mM NacCl

2.7. Response of TdPR10 Genes to Several Abiotic Stress and Phytohormones

We conducted RT-qPCR studies on the leaves and roots of durum wheat cv. Om Rabiaa,
which had been exposed to various abiotic stimuli (salt, cold, and cadmium toxicity) as well
as phytohormone treatments (ABA and SA) for 24 and 72 h to investigate the expression
profiles of TdPR10 genes. Our results indicate that the expression of TdPR10 genes varies
depending on the type of stress. Specifically, within 24 h of applying salt stress, the majority
of TdPR10 genes in leaves were upregulated; however, after 72 h, this response diminished
or remained unchanged. In contrast, during both salt exposure durations, all TdPR10 genes
were significantly upregulated in roots (Figure 8A). Similarly, under cadmium toxicity, most
TdPR10 genes exhibited positive expression in roots at both time points, although their
expression in leaves varied between positive and negative responses (Figure 8B). Notably,
during cadmium stress, TdPR10.1, TdPR10.3, and TdPR10.14 genes consistently showed
upregulation in both leaves and roots. The expression of different TdPR10 genes varied
in response to cold stress (Figure 8C), with some genes consistently upregulated in both
leaves and roots during the stress periods. After 24 h of cold stress, TdPR10.2 exhibited
a brief downregulation in leaves, but at 72 h, it increased significantly (by approximately
three times). Overall, our results demonstrate that distinct abiotic stresses regulate TdPR10
genes differently. They also indicate that while responses in leaves varied among TdPR10
genes, root tissues showed strong induction under all stress conditions.
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Figure 8. Analysis of the expression profiles of TdPR10 genes (TdPR10.1 to TdPR10.15) in the leaves
and roots of T. durum exposed to various abiotic stresses for 24 and 72 h was conducted. Three types
of abiotic stress were applied: 150 mM NaCl (A), 0.1 mM CdCl, for cadmium toxicity (B), and cold
at 4 °C (C). The expression value of each TdPR10 gene in the leaves and roots of non-treated plants
(control) was set to 1 to calculate the relative expression. Logy-transformed values were presented in
bar charts. The TdActin gene was used as an internal control. Four plants were used per treatment per
replicate, and error bars indicate the standard deviation of three biological replicates. In each period
of stress application (24 or 72 h), different letters marked on the same bar chart indicate significant
differences (p < 0.05).

Likewise, TdPR10 genes were both up- and downregulated in leaves and roots in
response to phytohormone treatments (Figure 9). Notably, during the 24 and 72 h of stress,
TdPR10.7, TdPR10.8, TdPR10.12, and TdPR10.13 were consistently downregulated in leaves
across all phytohormone treatments. In contrast, leaves treated with ABA exhibited sig-
nificantly higher expression levels of TdPR10.3, TdPR10.6, and TdPR10.10 (Figure 9A).
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(A) 0.1 mM ABA

TdPR10.1 was upregulated in leaves under both ABA and SA treatments, which was partic-
ularly evident 72 h after treatment (Figure 9A,B). Furthermore, after receiving hormone
treatments for 72 h, the majority of TdPR10 genes displayed significant expression levels in
roots (Figure 9). Among the TdPR10 genes, TdPR10.9 and TdPR10.15 were notably most
significantly expressed in leaves treated with JA (Figure 9C). All these results confirm the
results of in silico analysis of the cis-elements and highlight the important roles of various
TdPR10 genes in durum wheat’s response to abiotic stress and in regulatory pathways
involving plant hormones. Further research will be beneficial to clarify their unique roles
in stressful conditions.
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Figure 9. Analysis of the expression profiles of TdPR10 genes (TdPR10.1 to TdPR10.15) in the leaves
and roots of T. durum exposed to phytohormones: (A) 0.1 mM ABA, (B) 0.25 mM SA and (C) 0.25 mM
JA. The expression value of each TdPR10 gene in the leaves and roots of non-treated plants (control)
was set to 1 to calculate the relative expression. Log,-transformed values are presented in bar charts.
The TdActin gene was used as an internal control. Four plants were used per treatment per replicate,
and error bars indicate the standard deviation of three biological replicates. In each period of stress
application (24 or 72 h), different letters marked on the same bar chart indicate significant differences
(p <0.05).

2.8. Expression of TdPR10.1 Protein in E. coli Strain

The TdPR10.1 cDNA was cloned into the EcoRI site of the pGEX4T-1 expression vector.
The target protein can be expressed by E. coli strain BL21 cells as a fusion protein attached
to a GST tag that can be cleaved. When thrombin removes the GST tag, a protein with
an N-terminal GSPEF amino acid extension, encoded by the vector, is produced. Size-
exclusion chromatography (SEC), thrombin cleavage to eliminate the GST tag, and affinity
chromatography were used to purify the tagged proteins. TdPR10 migrates in SDS-PAGE
with an apparent molecular mass (MM) of 17 kDa (Supplemental Figure S3).

2.9. Functional Characterization of TAPR10.1 In Vitro
2.9.1. TdPR10.1 Protects LDH Activity Under Stress Conditions

We tested the ability of TdPR10.1 to prevent the loss of LDH activity after heating,
dehydration, cold, and freezing. We compared the effects of TdAPR10.1 with those of BSA as
a non-specific protective agent and with LDH treated in buffer without additional protein.
We investigated TdPR10.1’s impact on LDH enzyme activity under cold and heat stresses.
The LDH enzyme was combined with either BSA or a TdPR10.1-free phosphate buffer.
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Activity was assessed immediately after aliquots were incubated at 0 °C and 43 °C for
various exposure durations, ranging from 0 to 30 min (Figure 10A,B). The LDH activity
rapidly drops at 0 °C, reaching just 26.7% of its relative activity after 30 min of incubation.
However, LDH inactivation is significantly reduced in the presence of BSA or TdPR10.1.
After 30 min of incubation at 0 °C with BSA, its relative activity was approximately 37.38%,
while for TdPR10.1, it was around 40.75% (Figure 10A). The same results were obtained
under heat stress. In fact, the enzyme’s activity rapidly declined at 43 °C, reaching just
22.1% of its relative activity after 30 min of incubation. However, LDH inactivation is
greatly reduced in the presence of BSA or TdPR10.1. After 30 min of incubation at 43 °C,
the profile of LDH activity in the presence of TdPR10.1 was significantly higher than that
of BSA, according to our data. In contrast to the activity in the presence of BSA, which was
approximately 30.38%, TdPR10.1 sustained an LDH activity of 60.14% for up to 30 min
(Figure 10B). These experimental results demonstrate that TdPR10.1 can shield LDH from
heat effects in vitro, indicating a potential protective function during heat stress. Following
hydration and dehydration, LDH activity was around 20.8% of the starting value. At all
mass ratios, TdPR10.1 provided greater stability to the enzyme, reaching 60%, compared
to BSA, which reached 40% (Figure 10C). After two cycles of freezing and thawing, LDH
activity decreased to 29.82%, while BSA activity increased to 43.86%. In contrast, TdPR10.1
increased LDH activity to 58.60% (Figure 10D). These results confirm that TdPR10.1 offered
a greater degree of protection to LDH than BSA after various stress treatments, indicating
that the TdPR10.1 protein has protective activity beyond the non-specific effects of BSA
(Figure 10).
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Figure 10. Analysis of the protective role of TdPR10.1 on LDH activity under various stresses
in vitro was conducted. LDH activity was measured in solutions mixed with sucrose (buffer), BSA
(buffer + BSA), or the purified His-tagged TdPR10.1 protein (buffer + TdPR10.1) under cold (A),
heat (B), dehydration (C), and freezing (D) conditions. LDH activity before treatment (BT) was taken
as 100%. Error bars indicate the standard deviation of four biological replicates. In each period
of stress application, different letters marked on the same bar chart indicate significant differences
(p <0.05).
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2.9.2. TdPR10.1 Improves RNase Activity Under Stress Conditions

We tested the potential role of the TdPR10.1 protein in degrading RNA. As shown in
Figure 11, RNA alone in nuclease-free water remained intact, whereas RNA with 10 ug of
TdPR10.1 was partially degraded after 1 h and completely degraded after 4 h. The results from
the RNase activity assays confirm that the TdPR10.1 protein exhibits ribonuclease activity.

Figure 11. Ribonuclease activity of recombinant TdPR10.1 purified protein was assessed using 30 pg
of total RNA extracted from ‘Om Rabiaa” durum wheat leaves. Gel electrophoresis was performed to
separate the RNAs on a 1.2% agarose gel. (1) RNA from ‘Om Rabiaa’; (2) RNA after 1 h of incubation
with TdPR10.1; (3) RNA after 4 h of incubation with TdPR10.1.

2.9.3. Antifungal Activity of TdPR10.1 Protein

To evaluate the inhibitory effect of the TdPR10.1 protein against the tested fungi,
the minimum inhibitory concentrations (MICs) and minimum fungicidal concentrations
(MFCs) were determined and are presented in Table 2. Interestingly, the MIC and MFC
values indicate that the protein has a fungicidal effect against F. graminearum and A. niger, as
the MFC/MIC ratio (500/500 = 1) was less than 4. However, for F. oxysporum, F. culmorum,
and B. cinerea, the MFC /MIC ratio was greater than 1 (Table 2).

Table 2. Minimum inhibitory concentration (MIC) and minimum fungicidal concentration (MFC)
values (ug/mL) of the TdPR10.1 protein determined by the microdilution method.

Phytopathogens CMI (ug/mL) CMF (ug/mL) CMF/CMI
F. oxysporum >500 500
F. culmorum >500 -
F. graminearum 500 500 1
B. cinerea >500 500
A. niger 500 500 1

3. Discussion

Tetraploid wheat (Triticum turgidum subsp. durum (Desf.)) is one of the most econom-
ically important cereal crops worldwide. During its lifecycle, various atmospheric and
pathogenic stresses negatively affect its growth. In response, plants employ molecular
mechanisms to defend against these circumstances. Pathogenesis-related protein 10 (PR10)
is a well-recognized protein known for its contribution to plant defense across several
species. In the current study, we performed a genome-wide analysis of PR10 in durum
wheat. We identified 15 TdPR10 genes clustered into three major subfamilies (Figure 3).
The Bet v 1 group possesses the highest number of TdPR10 members, while the MLP group
contains only two proteins (TdPR10.10 and TdPR10.11). Zhang et al. [39] confirm that MLP
proteins have a smaller gene number in monocots compared to dicot plants.

Recently, it has been shown that the genome of H. brasiliensis (rubber tree) contains
132 PR10-encoding genes clustered into two major groups: the major allergen Pru ar 1-like
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proteins and the major latex protein (MLP)-like proteins. Additionally, three minor groups
(three phytohormone-binding proteins (PhBPs), two norbelladine synthase proteins, and
LP423 /uncharacterized proteins) were identified within the two major groups. Most of
these genes are located on chromosome 15. The corresponding PR10 proteins are small,
acidic proteins with molecular weights ranging from 11 to 41.52 kDa that lack any signal
peptide, in contrast to other PR proteins such as PR-1 [40]. Predicted protein functions
indicate that HbPR10 may be involved in protein phosphatase inhibitor activity, abscisic
acid binding activity, and signaling receptor activity. These proteins are implicated in
plant defense and responses to ABA-activated signaling pathways [7]. In grape, identi-
fied PR10 proteins were classified into five groups: ABA receptors, MLP-like proteins,
major allergen Pru av 1 protein/STH-2 proteins, S-norcoclaurine synthase (NCS)-like
proteins, and uncharacterized proteins [39]. Moreover, the putative PR10 proteins identi-
fied in durum wheat were closely related to allergens such as Bet v 1 [41], Pru av 1 [29],
Mal d 1 [10], and Cas s 1 [33], suggesting their potential functions as allergens. However, a
myriad of allergens play crucial roles in plant defense against abiotic and biotic stresses [42].
For instance, the allergen Gly m 4 from Glycine max enhances resistance to Phytophthora
sojae infection [20]. The major allergen from apple (Malus domestica), Mal d 1, exhibits
tolerance against Alternaria alternata infection [43] and also against stressful environmental
challenges (chemical exposure, wounding) [44]. These data allow us to formulate further
hypotheses regarding the possible roles of TAPR10 proteins. Furthermore, the P-loop motif
of the nucleotide binding proteins, which is involved in binding, catalysis, recognition
and regulation of activity of the substrate [45], was harbored by all the putative TdPR10
proteins. Thus, motif 1 present in all the TAPR10 sequences (Figure 1D) is associated with
the glycine rich P-loop motif (Supplemental Figure S1). This affirmation led us to suggest
the role of TdPR10 wheat plants. Bet V 1 signatures were presented by motif 1 (which was
harbored in all PR 10 sequences) and motif 5 (group I and II) or motif 8 (group III). These
results are explained by the different classifications of TdPR10 proteins (Figure 3). On the
other side, a unique motif arrangement was strongly associated with one protein subgroup,
based the classification of TdPR10 proteins in the phylogenetic tree (Figure 1A,D).

Based on the predicted coding sequences and their corresponding genomic sequence
results, each TAPR10 subfamily shares a common exon-intron distribution, as well as a
similar arrangement and localization of conserved motifs. Thus, during their evolution,
variations in gene structures may have occurred. In durum wheat, most PR10 genes from
different plant species contain two exons and one intron, while a few possess a unique
exon [6,46]. In contrast, in Vitis vinifera, two VoMLP genes have three exons [39].

Analysis of the physicochemical characteristics of PR10 proteins from various species
yields similar results. Almost all PR10 proteins have a pI of less than 7. For instance, as
observed in durum wheat, all PR10 proteins in cashew nuts are acidic [47], while only
7 out of 45 in tomato [6] and 3 out of 34 in common bean [46] are basic. In this study, in
silico analysis shows that the deduced PR10 proteins of wheat are located in the cytoplasm,
similar to their orthologues in tomato plants [6]. Moreover, TdPR10.13 is potentially
localized in both the cytoplasm and nucleus, akin to PvMLP2 [46] and HcPR10 [48].

Different localizations of PR10 proteins have been reported in previous studies. For
instance, VpPR10.2 proteins were dynamically distributed inside or outside of host cells
upon the invasion of the oomycete Plasmopara viticola [19]. Gly m 41 proteins were found at
the cell membrane in Arabidopsis protoplast cells [20]. The HcPR10 protein was present in
both the nucleus and cytoplasm during plant development [48]. These findings provide
insights into the roles of PR10 proteins in plant defense and stress tolerance and will aid
our future analyses to advance our understanding of the roles of PR10 proteins in durum
wheat plants.

To gain insights into the role of TdPR10 genes, we analyzed the predicted cis-elements
in their promoter regions (Figure 7). The findings indicated that cis-regulatory elements
related to hormonal signaling and stress responses are prevalent in most TdPR10 promot-
ers. Among these, the prTdPR10.1 promoter contains the highest number of cis-elements
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associated with hormone signaling, growth and development, and stress responses. Pre-
vious studies have similarly highlighted the involvement of PR10 genes in both biotic
and abiotic stress responses, as well as in phytohormone signaling [39,46]. Therefore, we
suggest that the expression of PR10 genes is induced in response to various environmental
conditions. Furthermore, the diversity of these cis-regulatory mechanisms may contribute
to the evolution of gene expression [49].

Stressors such as salt, cold, and metal toxicity induce complex physiological, bio-
chemical, and molecular responses in plants [7,44]. Our RT-qPCR data (Figures 8 and 9)
demonstrate that TdPR10 genes exhibit distinct expression patterns in response to abiotic
stress and phytohormone treatments. Notably, after 24 h of exposure to these abiotic
stresses, the TdPR10.1, TdPR10.3, and TdPR10.14 genes were significantly activated in
leaves (Figure 8), indicating their critical role in durum wheat’s adaptation to various
environmental conditions. Similar findings regarding the induction of PR10 expression by
hormones and abiotic stressors have been reported in different plant species. For instance,
roots being subjected to salt, dehydration, and fungal infections induces RsOsPR10 [30].
Additionally, salicylic acid (SA) and copper stress activate SSPR10 in Solanum surattense and
ZmPR10 in maize [46,47]. In common bean roots, PvPR1 and PvPR2 proteins are induced
by copper stress [48], while jasmonate (JA) signaling activates many PR10 genes [19,30].

Quantitative real-time PCR (RT-qPCR) analyses showed that 10 PRI0 genes are in-
volved in roots under cold and NaCl stresses during 72 h of stress application, with the
exception of PR10.2, PR10.9, and PR10.10. In leaves, PR10.1 was downregulated during
the 72 h following NaCl stress application, whereas other genes were upregulated after
24 h of stress and subsequently downregulated at 72 h. Interestingly, the majority of PR10
genes were downregulated in leaves after hormonal application (SA, ABA) [46]. More-
over, PvPR10 genes in leaves are upregulated by exogenous JA and ethylene precursor
(ETP) application, suggesting their involvement in JA/ET signaling pathways [37]. Recent
investigations have demonstrated that PR10/Bet v1 proteins play critical roles during
the biotrophic phase of common bean infection cycles through their interactions with the
ethylene (ET), SA, and JA pathways [49].

In our study, we observed that exogenous treatments with ABA, SA, or JA significantly
increased TdPR10.15 expression in leaves, while many TdPR10 genes exhibited strong
expression in roots (Figure 9). Recently, 24 SsPR10 family genes were identified in the
Saccharum spontaneum genome, subdivided into two subfamilies: IPR10 (SsIPR10-1-14)
and NCS (SsNCS-1-10). Bioinformatics analyses indicated that six and two sets of SSPR10
underwent tandem and fragmental duplication events, respectively. Foliar application of
exogenous SA in two sugarcane cultivars (LCP85-384 and ROC20) resulted in significant
differences in the expression profiles of several PR10 genes. For instance, SsSPR10-1, -2, -4, -7,
-11, and -12 were upregulated in LCP85-384 at 12 h post-treatment (hpt) but downregulated
by 81.3% in ROC20 at 24 hpt compared to the control [50].

To date, cryoprotective activity has been tested in various cold-induced proteins, such
as CORI15 in Arabidopsis [51] and CAP85 in spinach [52], using lactate dehydrogenase (LDH)
as a freeze-labile model enzyme. However, these proteins belong to the late embryogenesis
abundant (LEA) protein family [53]. To our knowledge, AHCSP33, a PR5 protein from
groundnut, is the only example within the PR protein family that has demonstrated in vitro
cryoprotective activity against LDH [54]. Additionally, WAP18, a member of the PR-10/Bet
v 1 protein family in mulberry, has also exhibited cryoprotective activity against the freeze-
labile enzyme LDH [55]. These findings suggest that WAP18 may play a crucial role in
enhancing freezing tolerance in mulberry trees during winter [55]. In our study, TdPR10.1
demonstrated protective effects against heat, cold, freezing, and dehydration, showing
more significant activity than BSA, a well-known protective protein [56]. Our data confirm
that TdPR10.1 effectively preserves LDH activity against enzymatic inactivation caused by
these stress treatments.

In addition to their involvement in the signaling pathways of defense genes, PR10
proteins are known for their ribonucleolytic activity, which allows them to cleave the
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RNA of invading pathogens [4]. During pathogen infection, the RNase activity of PR10
proteins can exert a cytotoxic effect on cells and inhibit pathogen growth by degrading
pathogen RNA [6,57-59]. This inhibition primarily occurs through the penetration of
ribonucleases into the pathogen, followed by the phosphorylation of PR10 proteins, leading
to the degradation of pathogenic cell RNAs [60]. A novel PR10 protein, SaPR10.1, was
isolated from Saccharum arundinaceum. SaPR10.1 is a small, hydrophilic, acidic protein that
lacks the P-loop motif typically associated with RNase activity in other PR10 proteins. Its
complex 2D structure suggests that SaPR10.1 may bind to multiple molecules of trans-
zeatin, which differs from other orthologs. The authors propose that SaPR10.1 could play
a role in the more efficient depletion of free trans-zeatin [61]. In rice, the RNase activity
of JIOsPR10 was found to be abolished following treatment with DTT in a native in-gel
assay. Additionally, the substitution of specific serine residues (C81S, C83S, C81/83S)
significantly decreased the RNase activity of the C83S mutant, highlighting the critical
role of disulfide bonds between cysteine residues in PR-10 proteins. These bonds may be
important for the constitutive self-defense mechanisms in plants against both biotic and
abiotic stresses [37]. While several PR10 proteins exhibit RNase activity, it is not considered
a universal characteristic [62]. RNase activity is particularly relevant under biotic and
abiotic stress conditions, as these proteins participate in plant hypersensitive response (HR)
signaling, programmed cell death, and apoptosis processes [18,63].

Additionally, PR10 proteins can interact with plant hormones such as ABA, JA, IAA,
ET, and SA, which are involved in hormone-mediated signaling pathways that mitigate
damage caused by biotic and abiotic stress [4,64]. For example, in plants infected with
Verticillium dahliae, PR10 genes were found to be upregulated following an expression
profile investigation in the leaves, roots, and stems of strawberry plants [65]. The induction
of several phytohormones, including ABA, SA, JA, and GA, was observed during the early
stages of plant—pathogen interactions. In contrast, only two hormones, IAA and JA, were
induced in the roots, and this occurred during the later stages of infection [65].

There is substantial evidence supporting the general efficacy of PR10 proteins against
a range of phytopathogens, including fungi, bacteria, and viruses [4,16]. Furthermore,
one study highlighted the protease inhibitory activity of PR10 proteins against the root-
knot nematode Meloidogyne incognita [66]. Regarding the activity of PR10 proteins against
pathogens, although the mechanisms are not fully elucidated, these enzymes are believed
to be associated with endogenous cytokinin (CK) concentrations and may participate
in negative feedback regulation. CK plays a crucial role in modulating plant immunity,
directly influencing the plant’s defense response to various pathogens [4,67,68].

In our study, we found that the TdAPR10.1 protein exhibits antifungal activity against
Fusarium graminearum and Botrytis cinerea, with both minimum inhibitory concentration
(MIC) and minimum fungicidal concentration (MFC) values around 500 pg/mL. Since the
MFC/MIC ratio equals 1 for these fungi, TdPR10.1 is classified as a fungicidal agent. Fur-
thermore, the same ratio of 1 was observed for Aspergillus niger and Fusarium graminearum,
indicating that the minimum concentration required to inhibit fungal growth is the same
as that needed to kill the fungi completely. This suggests that TAPR10.1 is an effective
fungicidal agent.

4. Materials and Methods
4.1. Identification of PR10 Family Members of T. durum

Members of the PR10 family in the Triticum durum (Svevo.vl) genome were identified
using a BLAST search, with our previously identified TdPR10.1 serving as the query.
This search utilized the Ensembl Plants database (https://plants.ensembl.org/index.html
(accessed on 20 February 2024)). The presence of the conserved domain characteristic
of PR proteins, specifically the Bet v 1 domain (PF00407), was verified in the retrieved
sequences through InterPro (https:/ /www.ebi.ac.uk/interpro/ (accessed on 20 February
2024)) and CD-search (https:/ /www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi (accessed
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on 22 February 2024)) [69]. Any redundant sequences were manually removed from
the dataset.

4.2. Characterization of T. durum PR10 Family Members

The conserved motifs and the Bet v 1 domain (PF00407) of the Triticum durum PR10
family members were identified using TBtools-II v 2.070 software [70]. Gene structures were
visualized with the same program after obtaining GFF3 files for the TdPR10 genes from the
Ensembl Plants website (https:/ /plants.ensembl.org/index.html (accessed on 22 February
2024)). Chromosomal gene mapping of the T. durum PR10 family was conducted using the
MG2C v2.1 online tool (http://mg2c.iask.in/mg2c_v2.1/ (accessed on 24 February 2024)).
Physicochemical parameters, including molecular weight, theoretical pl, and instability
index for the members of the T. durum PR10 family, were determined using the ProtParam
tool (https:/ /web.expasy.org/protparam/ (accessed on 25 February 2024)). Additionally,
the in silico subcellular localization of these proteins was predicted using the WolfPsort
subcellular localization predictor (https://wolfpsort.hgc.jp/ (accessed on 25 February
2024)) [71]. Biological processes and molecular functions of the TdPR10 proteins were
retrieved from the InterPro database (https://www.ebi.ac.uk/interpro/ (accessed on 26
February 2024)).

4.3. Phylogenetic Relationships Analysis of TAPR10

A multiple sequence alignment of TdPR10 proteins was performed using the MUSCLE
algorithm in MEGA 11 software [72] and visualized with GeneDoc v2.7 [73]. The PR10
protein family in Triticum durum was clustered into a phylogenetic tree alongside known
PR10 proteins from various plant species using the maximum likelihood method with
1000 replicates in MEGA 11 [72]. Furthermore, to determine the percentage of identity
between proteins, we utilized TBtools-II v 2.070 software [70].

4.4. Prediction of Tridimensional Structure of TAPR10 Proteins

The 3D structures of TdPR10 proteins were predicted using the SWISS-MODEL
server [74]. To visualize the molecular pockets of these proteins, we employed the CASTp
3.0 online server (http://sts.bioe.uic.edu/castp/calculation.html (accessed on 27 February
2024)).

4.5. Analysis of Cis-Acting Regulatory Elements in the TdPR10 Promoter Regions

TdPR10 promoter sequences extending 1.5 Kb upstream of the start codons were
retrieved from the EnsemblPlants database (https://plants.ensembl.org/index.html (ac-
cessed on 2 March 2024)). Each sequence was then analyzed using the PlantCare web tool
(https:/ /bioinformatics.psb.ugent.be/webtools/plantcare /html/ (accessed on 2 March
2024)) [75].

4.6. Plant Material and Stress Treatments

Seeds of durum wheat, cv. Om Rabiaa, were used as plant material and surface-
sterilized with 95% alcohol followed by treatment with 0.2% mercuric chloride [76]. The
seeds were then germinated in a mixture of peat and perlite (2:1 ratio) in a glasshouse
maintained at day and night temperatures of 24 °C and 18 °C, respectively, with relative
humidity ranging from 60% to 70%. Two-week-old seedlings were subjected to salt stress
by irrigation with a 150 mM NaCl solution [77] or cadmium chloride (CdCl,) at a con-
centration of 0.1 mM [78]. Cold stress was induced by transferring the seedlings to 4 °C.
Phytohormones, including jasmonate (JA; 0.25 mM) and salicylic acid (SA; 0.25 mM), were
applied via foliar spraying as described by [79]. Additionally, the seedlings were treated
with abscisic acid (ABA; 0.1 mM) [80]. Control seedlings were maintained under normal
conditions without stress. After 24 and 72 h of stress application, leaf and root tissues
were collected from both treated and control plants, immediately frozen in liquid nitrogen,
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and stored at —80 °C for total RNA extraction. Three separate biological replicates were
performed, with four plants used per replicate.

4.7. RNA Isolation and Real-Time Quantitative PCR

Total RNA was isolated from plant tissues using TRIzol reagent (Thermo Fisher
Scientific, Waltham, MA, USA) with the modifications to the method described by [62].
The extracted RNA was treated with 1 U of RNase-free DNase (Thermo Fisher Scientific,
Waltham, MA, USA) for 10 min at 37 °C to degrade any residual genomic DNA. Subse-
quently, the RNA was used for the synthesis of first strand cDNA using M-MLV reverse
transcriptase (Invitrogen) and Oligo-dT(18 mer). For RT-qPCR experiments, 3 uL of syn-
thetic cDNA (equivalent to 40 ng) was mixed with 5 uL. of Maxima SYBR Green qPCR
Master Mix (2x) (Thermo Fisher Scientific, Waltham, MA, USA), 0.5 uL of each primer
(10 uM), resulting in a total mixture volume of 10 uL. PCR reactions were performed using
the CFX96 real-time PCR detection system (Bio-Rad, Hercules, CA, USA) as described
by [81]. The quantitative RT-qPCR reactions began with initial denaturation at 94 °C for
10 min, followed by 45 cycles at 94 °C for 10's, 60 °C for 10 s, and 72 °C for 15 s. The reference
gene TdActin was used to normalize gene expression levels. Primer sequences for RT-qPCR
were designed for gene specificity using Primer3 web v4.1.0 (https:/ /primer3.ut.ee/ (ac-
cessed on 15 July 2024)) (see Table S1). Relative expression levels were calculated using the
2—AACT method [82]. Each sample was analyzed in triplicate (technical replication), and
each experimental condition was performed in triplicate (biological replication).

4.8. Production and Purification of TdPR10.1 Protein

To construct the expression vector pGEX-TdPR10.1, specific primers with restric-
tion enzyme sites (EcoRl) were designed to ensure in-frame cloning: PR10_Ecol_Fw
(5-GAATTCATGGCATCTTCCAAGAGT-3') and PR10_NotI_Rev (5-GAATTCGGCTTCG
GCGTCAAG-3). The amplified products were cloned into the pGEX vector at the EcoRI
site to express the pGEX-TdPR10.1 fusion protein. The E. coli strain BL21 was used for
recombinant protein expression. Cultures were grown overnight in LB medium supple-
mented with 100 ug/mL ampicillin. An aliquot of the overnight culture was diluted 1:50
with 1 L of LB medium and grown at 28 °C. When the optical density at 600 nm (OD)
reached 1, isopropyl 3-D-thiogalactopyranoside (IPTG) was added to a final concentration
of 1 mM. The induced cells were harvested, washed, and collected by centrifugation at
6000 rpm for 20 min at 4 °C. The resulting pellets were frozen at —20 °C. Each bacterial
pellet was resuspended in an equal volume of active aluminum oxide and ground on ice.
Subsequently, 35 mL of lysis buffer (20 mM Tris-HCI, pH 8; 100 mM NaCl; 1 mM PMSEF;
0.5% NP-40) was added and mixed well. The lysates were clarified by centrifugation at
6000 rpm for 20 min at 4 °C. The clarified supernatant was then incubated overnight with
1 mL of glutathione Sepharose 4B resin (GE Healthcare, Chicago, IL, USA), which had
been previously equilibrated with 1X PBS, for 1 h with gentle shaking at 4 °C. The resin
was washed three times with 1X PBS. To remove the GST-tag, 1 mL of Phosphate Buffered
Saline (PBS, pH 7.3) containing 5 U of bovine thrombin (Calbiochem, Darmstadt, Germany)
was added to the resin. After a 16-h incubation at 22 °C, the non-retained fraction was
recovered by pelleting the resin. To ensure optimal recovery of the protein of interest, the
resin was washed with 1 mL of PBS, yielding a final volume of 2 mL. The presence of the
protein was confirmed by SDS-PAGE, and protein concentrations were determined using a
spectrophotometer at 595 nm with the Bradford protein assay.

4.9. In Vitro Analysis of TdPR10 Protein
4.9.1. LDH Protective Assay

A solution of freeze-labile lactate dehydrogenase (LDH) enzyme (EC 1.1.1.27, rabbit
muscle LDH) from Sigma (Tokyo, Japan) was prepared at a concentration of 20 ug/mL
in 10 mM sodium phosphate, pH 7.4. This LDH solution was mixed with an equal vol-
ume of buffer containing either 20 ug/mL of bovine serum albumin (BSA) or TdPR10-1.
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The samples were then subjected to heat stress, cold stress, freezing stress, and dehy-
dration stress treatments. To determine LDH activity, 20 puL of the LDH mixture was
diluted to 1 mL with assay buffer (10 mM sodium phosphate, pH 7.4, 2 mM NADH,
and 10 mM pyruvic acid). The oxidation of NADH was monitored by measuring the
absorbance at 340 nm (A340) over 3 min, during which the reaction rate remained lin-
ear. The rate of absorbance change was used to calculate the activity using the formula
ADO/min x 8095 = U/L\Delta DO/min\times 8095 = U/LADO/min x 8095 = U/L
(Biomaghreb kit). All samples were assayed in triplicate.

4.9.2. Ribonuclease Activity

The RNase activity of the purified recombinant TdPR10.1 protein was assessed by
incubating the reaction mixtures at 37 °C for 1 to 4 h, following the method described
in [83]. To evaluate the RNA degradation activity, 20 pL of reaction mixture was prepared,
containing 10 pg of total RNA extracted from durum wheat ‘cv. Om Rabiaa’ and 30 ug of
TdPR10.1 protein. The reaction mixture was then extracted with phenol-chloroform (1:1),
and the aqueous layer was analyzed on a 1.2% agarose gel. RNA was visualized under
UV light.

4.9.3. Antifungal Activity Tests/Evaluation of Minimal Inhibitory Concentration (MIC)
and Minimal Fungicidal Concentration (MFC)

The minimum inhibitory concentration (MIC) of the TAPR10.1 protein was determined
against various phytopathogenic fungi, namely Fusarium oxysporum, Fusarium culmorum,
Fusarium graminearum, Aspergillus niger, and Botrytis cinerea, using the broth microdilution
method in 96-well microplates, as described in [84]. A twofold serial dilution of the protein
was prepared in the microplate wells, ranging from 1.95 to 500 pg/mL. Subsequently,
10 pL of a fungal spore solution (10° spores/mL) was added to each well, and the plates
were incubated at 25 °C for 72 h. Wells containing fungal spores without TdPR10.1 served
as positive controls. The MIC was defined as the lowest concentration of the protein that
exhibited no visible growth of the tested microorganisms after incubation.

For the minimum fungicidal concentration (MFC) evaluation, 10 pL was taken from
each well showing fungal proliferation, plated on PDA agar, and incubated at 25 °C for
72 h. The lowest concentration that yielded no growth on the agar was considered the
MFC, indicating that >99.9% of the original inoculum was killed. The experiments were
repeated three times to ensure reliability.

4.10. Statistical Analysis

Statistical analysis of the results was conducted using SPSS version 20, employing the
ANOVA method. Means were compared using Tukey’s HSD test, with different letters
indicating significant differences (p < 0.05).

5. Conclusions

In the current study, we identified 15 genes belonging to the PR10 family in the durum
wheat genome. Using phylogenetic analysis, we grouped these genes into three major sub-
families. We further investigated their evolution by examining their structure, relationships,
chromosomal arrangement, synteny, and repeat patterns. Our results revealed a signifi-
cant increase in the activity of several TdPR10 genes in the leaves and roots under stress,
indicating their involvement in various metabolic pathways in durum wheat. Moreover,
TdPR10.1 demonstrated protective effects on lactate dehydrogenase (LDH) and exhibited
RNase activity in vitro, confirming its role as a pathogenesis-related enzyme. Finally, the
TdPR10.1 protein displayed fungicidal effects against A. niger and F. graminearum, while
serving as a growth inhibitor for F. oxysporum and B. cinerea. However, further research is
needed to elucidate the functions of these TdPR10 genes and their potential contributions
to enhancing crop stress tolerance.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/plants13223128 /s1, Figure S1: (A) Alignment of the durum
wheat PR10 proteins by using the muscle algorithm of MEGA 11 and visualized by genedoc software.
(B) A specific Bet v 1 signature of TdPR10 created with the WebLogo tool. Figure S2. Identity analysis
of TdPR10 proteins and other PR10 proteins from different species known by their functions: Pru
av 1 from Prunus avium (sweet cherry) (024248.1); Pyrcl from Pyrus communis (AAC13315.1); Api
g 1(P49372.1) from Apium graveolens; Dau ¢ 1 (004298.1); Cor a 1 (Q08407.3) from Corylus avellana;
Ara h 8 from Arachis hypogaea (AAQ91847.1); Cas s 1 (ACJ23861.1) from Castanea sativa; PmPr10-3.1
(AAL50006.1) from Pinus monticola; HbPR10 (XP_021658365.1) from Hevea brasiliensis; NbMLP28:
MLP-like protein 28 from Nicotiana benthamiana (QEH62705.1); PBZ1: (BAA24277.1) from Oryza
sativa Japonica; Gly m 41 (HQ913577.1) from Glycine max; Intracellular pathogenesis-related protein
PinmlIII from Pinus monticola (AAC33531.1) and Solyc09g090980 from Solanum lycopersicum. Figure S3:
Production and purification of TdAPR10-1 protein from E. coli strain. Coomassie blue staining of SDS
PAGE gel. (MW), molecular weight markers; (Ex), Extract of TdAPR10-1 protein after induction; (Pr),
The final purified product of TdPR10-1 as obtained after thrombin cleavage. Table S1: List of primers
used in QRT-PCR analysis.
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Abstract: Glycerol-3-phosphate acyltransferase (GPAT), as a rate-limiting enzyme engaged in lipid
synthesis pathways, exerts an important role in plant growth and development as well as envi-
ronmental adaptation throughout diverse growth stages. Alfalfa (Medicago sativa L.) is one of the
most significant leguminous forages globally; however, its growth process is frequently exposed to
environmental stress, giving rise to issues such as impeded growth and decreased yield. At present,
the comprehension of the GPAT genes in alfalfa and their reactions to abiotic stresses is conspicuously
deficient. This study identified 15 GPATs from the genome of “Zhongmu No. 1” alfalfa, which
were phylogenetically categorized into three major groups (Groups I~ III). Furthermore, Group III
is further subdivided into three distinct subgroups. MsGPATs belonging to the same subfamily
exhibited similar protein conserved motifs and gene structural characteristics, in which groups with
simple conserved motifs had more complex gene structures. A multitude of regulatory cis-elements
pertinent to hormones and responses to environmental stress were detected in their promoter regions.
In addition, a spatial-temporal expression analysis showed that MsGPATs have significant tissue
specificity. Furthermore, the transcriptomic analysis of ABA treatment and the qRT-PCR results under
drought, salt, and cold stress demonstrated that the majority of MsGPATs respond to abiotic stress
with pronounced timely characteristics. It was also ascertained that these GPAT genes might assume
a crucial role in salt and drought stress. This research can further constitute a fundamental basis
for the exploration of the alfalfa GPAT family, the screening of key GPATs, and the investigation of
their functionalities.

Keywords: Medicago sativa L.; glycerol-3-phosphate acyltransferase (GPAT); gene family; abiotic
stress; expression analysis

1. Introduction

Plant lipids constitute a diverse array of organic compounds that exert critical func-
tions in the structure and operation of plant cells. They mainly encompass triglycerides,
phospholipids, glycolipids, and sterols. These compounds are essential components of cell
membranes, storage structures, extracellular protective layers, and signaling molecules [1].
Cuticular waxes and cutin play crucial roles as essential lipids that form a protective barrier
for plants against biotic and abiotic stress, while also regulating the transportation of water
and solutes [2]. Glycerol-3-phosphate acyltransferases (GPATs) are crucial enzymes facili-
tate glycerol lipid biosynthesis by transferring acyl groups from acyl-CoA(coenzyme A) or
acyl-ACP (Acyl carrier protein) to the sn-1 position of G3P (3-phosphoglycerol), resulting
in the formation of LPA (lysophosphatidic acid), a key intermediate in the synthesis of
extracellular lipid polyesters, as well as storage and membrane lipids; these GPATs belong
to the sn-1 type [3]. In contrast, other GPATs exhibit phosphatase activity that facilitates the
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formation of 2-MAG (monoacylglycerol), which does not yield LPA as a primary product;
these GPATs are classified as sn-2 type [4,5]. The sn-2 type GPAT specifically promotes
the acylation of G3P at the sn-2 site, manifesting a propensity for oxidized lipid acyls.
This enzyme assumes a pivotal role in safeguarding the stability of plant membrane lipids
and is implicated in the biosynthesis of diverse lipids, encompassing cuticular waxes
and cutin, thereby engaging in the signal transduction pathways associated with abiotic
stress responses.

Currently, the GPAT family is well studied in Arabidopsis thaliana, with 10 AtGPATs
characterized, including AtGPAT1-AtGPAT9 and ATS1 [6]. ATS1 and AtGPAT9 are of
the sn-1 type. In a previous study, these GPATs were classified into three distinct clades:
Group I (ATS1), Group II (AtGPAT9), and Group III (AtGPAT1-AtGPATS). Group III
can also be divided into three sub-branches (AtGPAT1-3, AtGPAT5/AtGPAT7, and At-
GPAT4/AtGPAT6/ AtGPATS) [7]. Studies have reported that GPAT proteins belonging
to different branches have different biological functions. For instance, the up-regulation
of ATS1 enhances the accumulation of unsaturated lipids in the plasma membrane and
mitigates the degree of phase transition of the plasma membrane under low-temperature
circumstances, thereby augmenting the plant’s tolerance to cold stress [8]. AtGPAT9 is criti-
cal for the biosynthesis of TAG (triacylglycerols) in Arabidopsis, and its expression level is
reduced; there is a notable decrease in the accumulation of TAGs within developing seeds,
which results in severe phenotypic consequences related to gametophyte development [9].
AtGPAT1-8 are a group of acyltransferases that exhibit characteristics typical of the sn-2
type, which is significant in lipid metabolism. These enzymes play a crucial role in the
synthesis of cutin and suberin, two important biopolymers found in plant tissues [10,11].
AtGPAT1, AtGPAT2, and AtGPAT3 are implicated in the development of plant pollen
and anthers and are predominantly expressed in flowers and siliques to contribute to the
structural and functional integrity of pollen grains [12]. In the Atgpat]l mutant, the fibrous
material and vacuoles in anther compartments are reduced, and pollen grains collapse [13].
AtGPAT4, AtGPAT6, and AtGPATS are biofunctional acyltransferase/phosphatase enzymes
that play significant roles in various metabolic pathways within plants, with AtGPAT4
and AtGPATG6 related to cutin synthesis and pollen development. The mutant of AtGPAT6
has abnormal flower organ morphology, and seed setting rate and cutin content were
decreased in flowers [14]. AtGPAT4 is functionally redundant with AtGPATS, and the
Atgpat4/ Atgpat8 double mutant has a severe blockage of cutin synthesis, increased cuticle
permeability, and accelerated water loss [11,15]. Additionally, AtGPAT5 and AtGPAT7
are involved in root and seed suberin synthesis. In the Atgpat5 mutant, the content of
root suberin, w-OH fatty acid, and DCA (dicarboxylic acid) decreased by 50% and 80%
compared with the wild type, with a significant increase in salt permeability and reduced
salt tolerance [16].

Simultaneously, numerous GPAT studies related to abiotic stresses have been con-
ducted in non-model plants. The overexpression of the tomato LeGPAT in Arabidopsis
thaliana elevates the level of PG (Phosphatidylglycerol), and the plants exhibit a superior
ability to adapt to cold circumstances [17]. Overexpression of Suaeda salsa SSGPAT in Ara-
bidopsis led to increased plant salt tolerance through the accumulation of unsaturated
fatty acid in PGs [18]. The overexpression of the AmGPAT derived from Ammopiptanthus
mongolicus in Arabidopsis can markedly augment the content of unsaturated fatty acids
within plant tissues, thereby facilitating the plant to maintain the fluidity and stability of
its membranes under low-temperature stress [19]. Under low-temperature stress, Paeonia
lactiflora PIGPAT was highly expressed and increased the saturated lipid content of leaf
vesicle membranes, thereby enhancing tolerance [20]. At low temperatures, the expression
level of AhGPATY in peanuts is significantly increased, which helps to improve the plant’s
cold resistance [21]. These studies demonstrate a significant correlation between GPAT and
plant fertility, seed oil content, and abiotic stress.

Alfalfa (Medicago sativa L.), a perennial flowering plant belonging to the legume
family, is extensively distributed worldwide. Renowned for its high yield, superior grass
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quality, and richness in crude protein and other nutrients, it exhibits a wide range of
growth adaptability and strong resistance to adverse conditions, earning it the title “king
of grass” [22]. Additionally, alfalfa possesses robust nitrogen-fixing capacity and a well-
developed root system, which contribute to the prevention of sandstorms and the protection
of the ecological environment [23]. At present, the research on alfalfa variety primarily
focus on the characteristics of plants at various growth stages under salt stress and the
proteomic analysis of salt stress response proteins [24,25]. With the publication of the
genome of the alfalfa varieties “Zhongmu No. 1” and “Xinjiang Daye”, it is beneficial to the
subsequent exploration of functional genes [26,27]. Consequently, it is essential to further
investigate the function of stress-related genes in modulating the growth, development,
and responses of alfalfa to abiotic stresses. GPAT participates in various lipid biosynthesis
pathways and is vital for plant growth and resistance to stress. It has been reported that
73 members of the GPAT family were identified based on the tetraploid genome data of
“Xinjiang Daye” Alfalfa, which can be classified into three subgroups, with diversity in gene
structures, protein conserved motifs, and the expression patterns of MsGPATs under saline—-
alkali stress were analyzed with “Zhongmu No. 1” and salt-sensitive variety “WL323” [28].
Nonetheless, knowledge regarding the GPAT family in the “Zhongmu No. 1” genome and
its expression patterns in different tissues and in response to abiotic stresses, including
cold, drought, and salinity, remains insufficient. This study involved a comprehensive
investigation of the GPAT family, encompassing physicochemical properties, phylogenetic
relationships, gene structure, promoter cis-elements, and duplication event analysis using
the alfalfa genome. Moreover, the GPAT expression profile in different tissues of alfalfa and
under various abiotic stresses were also analyzed. The results of this research are of great
significance in revealing the factors affecting the growth of alfalfa, guiding agricultural
production and breeding, as well as laying a foundation for future investigations into the
biological functions of alfalfa GPAT in response to abiotic stress.

2. Results
2.1. Identification and Chromosomal Localization of MsGPATS in the M. sativa Genome

A total of 27 GPAT members were identified by Blastp (Protein Sequence Alignment)
in the M. sativa genome using the 10 AtGPAT proteins from A. thaliana as a query sequence.
Additionally, 21 GPAT members were retrieved by HMM (hidden Markov model) search
to query the alfalfa genome database using the GPAT domain (PF01553). After structural
domain validation with NCBI-CDD (https:/ /www.ncbi.nlm.nih.gov/cdd/ (accessed on
6 August 2023)) and SMART (http://smart.embl-heidelberg.de/ (accessed on 6 August
2023)), 15 GPATs were confirmed and distributed across six alfalfa chromosomes. Based
on their chromosomal positions, these genes were named MsGPAT1 to MsGPAT15. Chro-
mosomal visualization (Figure 1) showed that the MsGPATs are evenly distributed on
six of the eight chromosomes, excluding chromosomes 3 and 6. Chromosomes with two
genes: chromosome 2 (MsGPAT4 and MsGPAT5), chromosome 4 (MsGPAT6 and MsGPAT?7),
and chromosome 8 (MsGPAT14 and MsGPAT15); chromosomes with three genes: chromo-
some 1 (MsGPAT1, MsGPAT2, and MsGPAT3), chromosome 5 (MsGPATS8, MsGPAT9, and
MsGPAT10), and chromosome 7 (MsGPAT11, MsGPAT12, and MsGPAT13); with a pair of
tandemly duplicated genes identified on chromosome 1.

For the 15 MsGPAT proteins, their molecular weight (MW), protein size (aa, amino
acids), isoelectric point (pl), and grand average of hydropathicity (GRAVY) were deter-
mined via the Expasy online service (https:/ /web.expasy.org/protparam/ (accessed on
7 August 2023)) (Table 1). The amino acid lengths of MsGPAT proteins ranged from 247 aa
(MsGPAT4) to 1329 aa (MsGPAT14), with an average length of approximately 500 aa, cor-
responding to molecular weights ranging from 28.93 kDa to 150.73 kDa. The pl values of
MsGPAT proteins spanned from 7.85 (MsGPAT?2) to 9.80 (MsGPATS), indicating alkaline
proteins. Hydrophilicity analysis showed that 9 of 15 are hydrophobic except MsGPAT4, 5,
8,13, 14, and 15, which are hydrophilic proteins. Subcellular location predictions revealed
that MsGPAT9 and MsGPAT14 were localized in the cell membrane, while the remainder
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were detected in the endoplasmic reticulum, chloroplast, and mitochondria, suggesting
that MsGPAT proteins primarily accumulate and function within organelles.

chrl chr2 chr3 chr4 chrs chré chr? chrg
— 0Mb
TI0N468.0 MsGPATG
IRTZ4136.0 MNGPATS
20 Mhb
26008350.0 MsGPATS 19755368.0 MsGFAT 14
;3“;{3);-::313 - x- 34321768.0 MGPATY
— 40 Mb
332804360 MaGPATT
— 60 Mb
S93353796.0 MAGPATTE
TRUTHITE.0 MsGPATS
826230640 MsGPATI
— B0 Mb
101364354.0 MeGPATia RES6000.0 MswpAtL:
B6713856.0 MsGPATIS
— 100 Mb 92052256.0 MSGPATIS
— 120Mb
Figure 1. Chromosomal localization of MsGPAT's on alfalfa chromosomes. Chromosome numbers are
indicated at the top of each respective chromosome. Positional data are displayed on the left side,
and the corresponding MsGPAT’s name is connected by a short line on the right side. The rectangle
marked in orange represent one pair of tandemly duplicated genes. The scale (Mb) represents the
length of the chromosome.
Table 1. Physical and biochemical properties of the MsGPATs.
Chromosome Length of Molecular s
Gene Name Gene ID Location Amino Acid (aa) Weight (KDa) pI GRAVY Localization
MsGPAT1 MsG0180002144.01.T01 Chlr 504 55.04199 9.25 0.242 Mitochondrion
MsGPAT?2 MsG0180002147.01.T01 Chir 460 49.86203 7.85 0.119 E?i?f&?jﬁm
MsGPAT3 MsG0180004776.01.T01 Chlr 542 61.57195 9.33 0.065 Mitochondrion
MsGPAT4 MsG0280008145.01.T02 Ch2r 247 28.93137 9.31 —0.119 Mitochondrion
MsGPAT5 MsG0280011060.01.T01 Ch2r 405 47.09177 9.72 —0.201 Mitochondrion
Endoplasmic
MsGPAT6 MsG0480018607.01.T01 Chér 495 55.08081 9.34 0.166 reticulum,
mitochondrion
MsGPAT7 MsG0480021218.01.T01 Char 380 44.02557 9.28 0.262 Err‘jt‘l’fii“jﬁm
MsGPATS8 MsG0580025445.01.T01 Chbr 426 46.53116 8.86 —0.329 Chloroplast
MsGPAT9 MsG0580026299.01.T01 Chsr 281 32.30629 9.8 0.08 E‘r‘i‘ffj‘jglc
MsGPAT10 MsG0580029736.01.T01 Chb5r 539 60.86481 9.26 0.17 Mitochondrion
Endoplasmic
MsGPAT11 MsG0780039186.01.T01 Ch7r 498 55.54921 9.27 0.108 reticulum,
mitochondrion
MsGPAT12 MsG0780040534.01.T02 Ch7r 415 46.78413 9.43 0.213 Cytomembrane
MsGPAT13 MsG0780041529.01.T01 Ch7r 463 52.96296 9.51 —0.425 Chloroplast
MsGPAT14 MsG0880043148.01.T01 Ch8r 1329 150.73197 8.6 —0.037 Cytomembrane
MsGPAT15 MsG0880047464.01.T01 Chsr 376 4325495 9.26 —0.128 Endoplasmic
reticulum

2.2. Phylogenetic and Synteny Analysis of MsGPATs

For the purpose of conducting the classification, a phylogenetic tree was constructed
by means of the neighbor-joining (NJ) methodology via MEGA 11.0 software using the
sequences of 10 A. thaliana, 15 M. sativa, and 24 M. truncatula GPAT proteins (Figure 2). The
MsGPATs were clustered into three groups (Groups I ~ III), similar to their counterparts in
M. truncatula and A. thaliana. MsGPATS, MsGPAT13, and MsGPAT9 belong to Group I and
are closely related to ATS1; members of Group 1I, including MsGPAT15, MsGPAT4, MsG-
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PAT7, MsGPAT5, and MsGPAT12, exhibit close relationships with AtGPAT9; the remaining
seven MsGPATs are categorized within Group III and show strong similarities to AtGPAT1
through AtGPATS. Group III can be further divided into three sub-branches, in which
Group IIIA comprises three MsGPATs (MsGPAT3,10) and three AtGPATs (AtGPAT1,2,3),
Group IIIB contains two MsGPATs (MsGPAT1,2) and two AtGPATs (AtGPATS5,7), and
Group III C includes three MsGPATs (MsGPAT6,11,14) and three AtGPATs (AtGPAT4,6,8).

MtGPAT14 LA

v A Arabidopsis thaliana
0: Medicago sativa

Group III *: Medicago truncatula

Figure 2. Phylogenetic analysis of the MsGPAT proteins. The GPAT proteins from M. sativa, M.
truncatula, and A. thaliana are marked with the circle, pentagram, and triangle, respectively. The
15 MsGPAT proteins can be categorized into three clades (Group I, Group II, and Group III are
marked in pink, green, and purple, respectively), and the third cluster can be further divided into

three subclades (Group III A, Group III B, and Group III C).

To investigate the evolutionary relationships of MsGPATSs, synteny analysis of GPATs
was conducted across three dicots (Figure 3). A total of 9 out of 15 MsGPAT proteins
exhibited collinear relationships with Arabidopsis thaliana, 14 with Medicago truncatula, and
11 with Glycine max. Among these gene pairs, there were 11 pairs in Arabidopsis thaliana,
19 pairs in Medicago truncatula, and 31 pairs in Glycine max. The quantity of orthologous
pairs between alfalfa and Glycine max as well as Medicago truncatula was higher than that
between Medicago sativa and Arabidopsis thaliana, suggesting a greater homology among
the GPAT family members of alfalfa compared to those from Medicago truncatula and

Glycine max.
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Figure 3. Synteny analysis of Medicago sativa GPAT proteins between Arabidopsis thaliana, Medicago
truncatula, and Glycine max. Gray lines in the background represent alignment blocks between paired
genomes, and red lines indicate syntenic GPAT pairs.

2.3. Conserved Motifs and Gene Structures of MsGPATs

A unique clustering of alfalfa GPAT proteins is depicted in Figure 4a. The results
showed that the cluster tree was consistent with the phylogenetic tree constructed from the
GPAT protein sequences of the three plant species shown in Figure 2. The conserved motifs
of the MsGPAT proteins were detected using MEME (Figure 4b). Genes belonging to the
same subfamily demonstrate resemblance in protein conserved motifs and gene structure.
The motifs of Group I and Group II are relatively straightforward, encompassing one to
three motifs, while those of Group III are rather intricate, spanning from 7 to 14 motifs.
Among them, conserved Motifs 1, 5, and 12 constitute the typical structural domains of
acyltransferases (P1sC). The shared conserved motif of the structural domain within Group
III is Motif 1; for MsGPAT4 and MsGPAT15 in Group 1I, it is Motif 5; and for MsGPATS5,
MsGPAT7, and MsGPAT12 in the same group, it is Motif 12. It is noteworthy that proteins in
Group I display a low quantity of conserved motifs that remain unclear—likely attributable
to their shorter protein sequences.

The gene structure of MsGPATs revealed variability of introns and exons across each
gene (Figure 4c). Notably, the gene structures of Group I and Group II are relatively
straightforward, whereas those in Group III exhibit greater complexity. These observations,
coupled with the results regarding conserved motifs, suggest that MsGPATs within the
same subfamily share similar structural characteristics. Furthermore, there is an inverse
relationship between the composition of conserved motifs and gene structures; specifically,
simpler conserved motifs correspond to more complex gene architectures, while more
intricate conserved motifs are associated with simpler gene structures.
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Figure 4. Gene structure of MsGPATs and the conserved motifs in MsGPAT proteins. (a) Phylogenetic
tree based on the conserved domain of MsGPAT proteins. (b) Analysis of conserved motifs in
MsGPAT proteins. Colored boxes represent distinct conserved motifs that vary in sequence and
size. (c) Exon—intron structure of the MsGPATs. The yellow and green rectangles represent coding
sequence (CDS) and untranslated region (UTR), respectively, while the black lines denote introns.

2.4. Cis-Acting Elements in the Promoter Regions of MsGPATs

To acquire profound comprehension regarding the transcriptional regulation and
potential functions of MsGPAT genes, cis-regulatory elements within the 1500 bp upstream
region of these genes were displayed using PlantCARE (http:/ /bioinformatics.psb.ugent.
be/webtools/plantcare/html/ (accessed on 23 August 2023)). A constellation of elements
associated with light response, hormonal signaling, and stress response were ascertained
to be relatively copious (Figure 5). Light response elements, particularly GT1 motifs,
were prevalent in 90% of the MsGPAT upstream regions. Stress-related elements (MBS,
ARE, and LTR) were also abundant, with AREs (anaerobic response elements) present
in nearly 80% of upstream regions, indicating a potential association with abiotic stress
responses. Furthermore, hormone-related cis-elements such as ABRE (abscisic acid), P-box
(gibberellin), TGACG-motif (MeJA), and AuxRE (auxin) were also identified, suggesting
regulation by multiple phytohormones.

2.5. Expression of MsGPATs in Different Tissues and Under ABA Treatment

To ascertain the expression status of MsGPATSs in diverse tissues and under ABA treat-
ment, an expression profile was constructed by employing the publicly accessible RNA-seq
data acquired from NCBI (https:/ /www.ncbi.nlm.nih.gov/ (accessed on 17 August 2023))
(Figure 6). Due to the incompleteness of RNA-seq data, MsGPAT14 and MsGPAT15 were
not identified, resulting in a total of 13 genes available for analysis. Spatial expression
profiles revealed significant tissue specificity (Figure 6a, Table S2), with five genes (MsG-
PAT1, MsGPAT2, MsGPAT6, MsGPAT11, and MsGPAT12) exhibiting high expression levels
in flowers; in elongating stems, higher expression was observed for MsGPAT5, MsGPAT?7,
MsGPAT10, and MsGPAT13; both MsGPATS and MsGPAT9 demonstrated elevated expres-
sion in leaves; the expression of MsGPAT4, MsGPAT5, and MsGPAT13 were relatively high
in roots; however, gene expression was not significantly detected in nodules.

Furthermore, the expression levels of MsGPATs under ABA treatment exhibited sig-
nificant timely (Figure 6b, Table S3). The results indicated that three genes (MsGPAT5,
MsGPAT7, and MsGPAT9) demonstrated markedly elevated expression levels at 1 h and 3 h;
MsGPAT1 and MsGPAT?2 displayed high expression levels at 12 h; while MsGPAT3, MsG-
PAT4, and MsGPAT12 showed increased expression at 1 h and 3 h. Additionally, MsGPAT®6,
MsGPATS8, MsGPAT10, MsGPAT11, and MsGPAT13 exhibited significantly high expression
levels at 3 h and 12 h.
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Figure 5. Display of cis-acting elements within putative promoters of MsGPATs. (a) A multitude
of cis-acting elements were identified within the regulatory regions of each MsGPAT, with varying
colors and shapes denoting elements. (b) The number of cis-acting elements.
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Figure 6. A heat map representation of MsGPAT expression between different tissues (a) and under
ABA treatment (b). Red or blue colors represent the difference in expression levels in each sample,
according to the color code shown on the right of the heat maps.
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2.6. Gene Expression Pattern of MsGPATs Under Abiotic Stresses

To elucidate the expression patterns of MsGPATs under abiotic stress more deeply,
nine genes from three subfamilies were randomly selected to assess their expression levels
under cold, drought, and salt treatments using qRT-PCR (Figure 7). The expression level
of MsGPATs was also analyzed under abiotic stresses. Under cold stress, MsGPAT15 was
significantly up-regulated at 9 h, whereas seven genes (MsGPAT5, MsGPAT6, MsGPATS,
MsGPAT9, MsGPAT10, MsGPAT11, and MsGPAT13) were consistently down-regulated
compared to the control across all treatment durations, indicating a response to cold stress
(Figure 7a, Table 54). In contrast, under drought stress (Figure 7b, Table S5), the expression
level of MsGPAT5 decreased at 6 h, whereas MsGPAT10 was up-regulated at all different
treatment times, reaching approximately 30-fold the expression of the control group at 9 h.
Both MsGPAT3 and MsGPAT15 were both up-regulated at 24 h; additionally, MsGPAT6,
MsGPAT8, MsGPAT9, MsGPAT11, and MsGPAT13 were up-regulated at 24 h. Furthermore,
these genes displayed fluctuating expression patterns with increased treatment time. Under
salt stress (Figure 7c, Table S6), MsGPAT3 was significantly expressed at 3 h; meanwhile,
MSsGPAT5, MsGPAT6, MsGPATS, MsGPAT9, MsGPAT10, MsGPAT11, MsGPAT13, and Ms-
GPAT15 reached peak expression levels at 9 h. The results indicated that the response of
MsGPATS to salt stress was primarily observed at 9 h, suggesting that these genes respond

positively to salt stress.
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Figure 7. Expression analysis of MsGPATs under abiotic stresses of cold (a), drought (b), and
salt (c). X-axis represents the hours of stress treatment. Y-axis represents the expression level of each
MSsGPAT. Data represent the mean =+ SE of three replicates. Asterisks represent significant difference
atp <0.05 (*) and p < 0.01 (**).
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3. Discussion

Plant lipid synthesis-associated GPATs are widely present in eukaryotic organisms
and have an impact on plant growth and adaptation to the environment [29]. Identifying
and analyzing the plant GPAT family can provide a deeper understanding of their potential
functions. Currently, the GPAT family has been identified in various plants, including
10 genes in Arabidopsis [6], 24 genes in Medicago truncatula based on the results of our
previous studies, 32 in Brassica rapa [30], 20 in maize [31], and 85 in Gossypium spp. [32],
respectively. In this study, we identified 15 GPAT family members evenly distributed on
six chromosomes (Table 1, Figure 1). This represents a reduced number of GPAT family
members compared to the above species and the identification of alfalfa 73 GPAT mem-
bers based on the “Xinjiang Daye” genome [28], because we used the haploid genome
of “Zhongmu No. 1”7, a heterozygous autotetraploid, which reported a higher-quality
chromosome-level genome assembly wherein genes exhibited a low degree of repetition
based one set of chromosome [26]. To some extent, this haploid genome avoids the differ-
ences between homologous chromosomes and the presence of chimeric sequences of the
parental genome, which may enable a more distinct and lucid analysis of the classification
and other characteristics of this family, which is more conducive to the subsequent mining
and verification of GPATs. Furthermore, significant variations exist in the physicochemical
characteristics of these members, such as isoelectric point and acidity /basicity, highlighting
the diversity within the gene family.

This study demonstrates that alfalfa exhibits distinct GPAT family collinear relation-
ships with two other leguminous plants. Specifically, among the MsGPATs, 31 pairs of
orthologous genes were identified with Glycine max, 19 pairs with Medicago truncatula,
and 11 pairs with Arabidopsis thaliana. Alfalfa GPAT is more closely related to Glycine
max and Medicago truncatula, which possess a greater number of orthologous GPAT pairs
due to their classification within the legume family. This suggests that GPATs are more
conserved among closely related species throughout evolution [33]. Phylogenetic analysis
demonstrates that the 15 MsGPATs are classified in accordance with the classification of
Arabidopsis GPATs into three subfamilies (Figure 2). It is presumed that closely related
proteins share similar biological functions. For instance, MsGPAT8, MsGPAT13, MsGPAT?9,
and ATS1 are members of Group L. In the ATS1 mutant, compared with the wild type, the
amount of fatty acid accumulation was significantly reduced and phospholipid content
decreased by 25%, resulting in slower plant growth and a reduced seed setting rate [34].
This phenotype is correlated with the integrated regulation of lipid metabolism and plant
development. Therefore, it is speculated that these two genes could be pertinent in the oil
synthesis of seeds in plants. Five proteins (MsGPAT4, MsGPAT5, MsGPAT7, MsGPAT12,
and MsGPAT15) along with AtGPAT9 are classified into Group II. AtGPAT9 is crucial
for TAG biosynthesis; down-regulation of its expression leads to a reduction in seed oil
content and manifests lethal phenotypes in both male and female gametophytes [35]. It is
conjectured that these five genes could be associated to the generation of seed TAG. The
remaining MsGPATs are classified into Group III, while AtGPAT1-8 are primarily involved
in cutin synthesis [36]. Among them, MsGPAT11 and MsGPAT6, which belong to Group
IIIA, were manifested a conspicuous up-regulation at 9h in the context of drought and
salt stress. It is hypothesized that MsGPAT11 and MsGPAT6 may be involved in cutin
synthesis as a response to abiotic stresses. Additionally, most of the MsGPATs are localized
in chloroplast, mitochondria, and the endoplasmic reticulum, while a few are found in the
cell membrane (Table 1), which aligns with the localization results observed for Gossypium
GPAT [32]. Among them, MsGPAT8 and MsGPAT13 are localized in plastids, which is
consistent with ATS1 (Group I), while most MsGPATs belonging to the same group are
also found in the endoplasmic reticulum. MsGPAT3/MsGPAT10 in Group IIIA are con-
sistently localized to mitochondria alongside AtGPAT1, AtGPAT2, and AtGPAT3. These
results indicate that subcellular localization of genes within the same clade is similarly
conserved. Based on the phylogenetic tree, conserved motifs, and gene structure analyses
of alfalfa MsGPAT proteins (Figure 4), MsGPATs within the same group manifested similar
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motif types and numbers, while their gene structures displayed analogous characteris-
tics, including comparable exon/intron arrangements, positions, and intron counts. This
observation is consistent with findings in the GPAT family of Medicago truncatula and
Brassica rapa [30]. Furthermore, the conserved motifs of MsGPATs belonging to the same
subfamily are relatively similar, suggesting that similar subfamilies may perform analogous
functions, which could lead to redundancy in gene functions. In contrast, the conserved
motifs across different subfamilies exhibit significant differences, indicating that distinct
subfamilies may fulfill divergent roles. This finding aligns with evolutionary analyses and
suggests that diverse structural features imply varied functions of GPATs. Additionally, we
observed an inverse relationship between the composition of conserved motifs and gene
structures in MsGPATSs; specifically, simpler conserved motifs correspond to more complex
gene structures, while more complex conserved motifs are associated with simpler gene
structures. This observation is particularly intriguing and may hold special significance for
GPAT evolution.

The promoter region of the MsGPATs in alfalfa encompasses multiple cis-acting ele-
ments that are associated with light, hormone response, and stress response. (Figure 5).
This indicates that the MsGPATs might be implicated in the growth, development, and
metabolic processes of plants, and concurrently participates in the biological processes
that modulate the responses of plants to various abiotic stresses. Each MsGPAT contains
multiple light-sensitive elements similar to those found in Avena sativa [37]. It has been
demonstrated by previous research that light has an impact on the expression of genes
associated with lipid synthesis [38], and microalgae accumulate TAG under illuminated
conditions [39]. Integrating these findings with promoter analysis leads to the hypothesis
that GPAT might be implicated in the pathway of light-induced lipid synthesis in plants.
Furthermore, spatial-temporal expression analysis of MsGPATs revealed that MsGPATI,
MsGPAT2, MsGPAT6, and MsGPAT11 exhibit particularly high expression levels in flowers
(Figure 6a), implying their potential involvement in floral development.

Abscisic acid (ABA) serves as a key regulatory factor for plants in response to en-
vironmental and organismal alterations, exerting an extremely vital role in modulating
responses to diverse stress conditions [40,41]. ABA also governs the expression of GPAT.
For instance, it can inhibit the expression of BnGPATY in response to external stimuli [30].
Additionally, LIaGPAT is significantly induced by ABA, resulting in up-regulation of its
expression [42]. In this study, alfalfa MsGPATs exhibited temporal characteristics in re-
sponse to ABA treatment. For instance, MsGPAT1 and MsGPAT2 demonstrated significant
up-regulation, while the expression levels of MsGPAT7, MsGPAT5, and MsGPAT9 were
markedly down-regulated. Other MsGPATs showed fluctuating expression changes under
ABA treatment, i.e., MsGPATs might be involved in ABA-mediated drought stress response.
Numerous studies have verified that GPATs are down-regulated under abiotic stress, as
observed in sunflower GPAT [43], Ammopiptanthus mongolicus AmGPAT [19], and Lepidium
latifolium LlaGPAT [42]. MsGPATs also exhibited timely specificity in response to abiotic
stresses. The MsGPATs were consistently down-regulated throughout all treatment dura-
tions under cold stress, suggesting that these genes might exert a negative regulatory effect
in such circumstances. Conversely, the expression levels of GPAT from different species
increased under other abiotic stresses; for instance, rice OsGPAT5, 14,18, 19, and 24 were
significantly up-regulated under both salt and drought stress [44]. In our previous research,
barley HoGPATYS, 8, 14,17, 18, and HtGPAT14 were up-regulated in the context of salt and
drought stress. In the present study, the majority of MsGPATs manifested up-regulation,
peaking after 9 h of salt stress treatment. Under drought stress, the expression of MsGPATs
fluctuated with each treatment time; except for MsGPATS, which was down-regulated
under drought, other MsGPATs were significantly up-regulated at certain times. Notably,
MsGPAT10 was persistently up-regulated throughout all treatment times under drought
stress, suggesting its potential pivotal functionality in the response to such conditions.

172



Plants 2024, 13, 3392

4. Materials and Methods
4.1. Identification of GPAT Gene Family

The genome-wide data for alfalfa were procured from (https:/ /figshare.com (accessed
on 2 August 2023)). To discern all members of the GPAT gene family in alfalfa, we accessed
the sequence and annotation particulars of the Arabidopsis GPAT gene family from the
TAIR database (https://www.arabidopsis.org/ (accessed on 2 August 2023)). BLASTp
searches (E-value = 0.00001) were performed to identify candidate GPAT proteins based on
reference sequences from the Arabidopsis GPAT gene family. Additionally, hidden Markov
model (HMM) profiles corresponding to the GPAT domain (PF01553) were downloaded
from the Pfam database (http://pfam.xfam.org (accessed on 2 August 2023)) and genes
containing these domains were searched for. The potential M. sativa GPAT members
identified through these two approaches were compiled into a comprehensive dataset.
Furthermore, WebCDD-search (https:/ /www.ncbi.nlm.nih.gov/cdd (accessed on 6 August
2023)) and SMART (http:/ /smart.embl.de/ (accessed on 6 August 2023)) were utilized to
analyze the domains of candidate GPAT proteins, thereby confirming which genes would
be selected for subsequent analysis.

4.2. Basic Physicochemical Properties and Chromosomal Location of MsGPATs

We employed the online website ExXPASY (https://web.expasy.org/protparam/ (ac-
cessed on 7 August 2023)) to analyze the molecular weight (MW), isoelectric point (pI),
amino acid count, and average hydrophilicity (GRAVY) of MsGPATs, thereby comprehend-
ing their physicochemical properties. The Plant-PLoc server (Plant-PLoc server: sjtu.edu.cn)
was utilized to predict the localization of these proteins. Based on the annotation data
from the alfalfa genome database, the distribution of the GPATs across chromosomes
was analyzed.

4.3. Phylogenetic and Synteny Analysis of MsGPAT Proteins

The entire genomic information of A. thaliana and M. truncatula was retrieved from the
NCBI database (https://www.ncbi.nlm.nih.gov/ (accessed on 7 August 2023)). By employ-
ing ClustalW technology, the protein sequences of 15 MsGPAT, 10 AtGPAT, and 24 MtGPAT
were subjected to multiple sequence alignment. The alignment parameters were set in the
multiple comparison mode (with other parameters remaining in the default configuration),
and the resultant alignments were utilized to construct a neighbor-joining (NJ) phylogenetic
tree, which was generated in MEGA 11.0 through 1000 bootstrap replications. Furthermore,
the synteny analysis between MsGPAT proteins and those of A. thaliana, G. max, and M.
truncatula GPAT proteins was carried out using JCVI (https:/ /github.com/tanghaibao/jcvi
(accessed on 8 August 2023)).

4.4. Gene Structure and Conserved Motif Analysis

Employing the GFF (General Feature Format) annotation file of the alfalfa genome,
we availed ourselves of the online Gene Structure Display Server (GSDS) (http://gsds.
cbi.pku.edu.cn/ (accessed on 8 August 2023)) to engender a visual manifestation of exon—
intron structures. The conserved motifs encompassed within MsGPATs were scrutinized
using the Multiple Expectation Maximization for Motif Elicitation (MEME) Suite (http:
/ /meme-suite.org/ (accessed on 9 August 2023)), with the motif quantity configured to 20.

4.5. Analysis of Cis-Acting Elements of MsGPATs

The 1500 bp promoter region located upstream of the transcriptional start site for
MsGPAT genes was obtained from the M. sativa genome and analyzed using PlantCARE
(https:/ /bioinformatics.psb.ugent.be/webtools/plantcare/html/ (accessed on 23 August
2023)). The results of this analysis were visualized with GSDS online website (http://gsds.
gao-lab.org/ (accessed on 23 August 2023)).
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4.6. Expression Profiling of the MisGPATS in Different Tissues and ABA Treatment

RNA-Seq data for different tissues (elongating stems, post-elongating stems, flowers,
leaves, nodules, and roots) and ABA treatments at different times (1 h, 3 h, and 12 h) were
downloaded at project numbers PRJNA276155 and PRJNA450305 from the NCBI public
database, respectively. The expression levels of MsGPATSs in various tissues and under ABA
treatments were quantified as fragments per kilobase per million mapped reads (FPKM
values). A heatmap representing the expression profile of MsGPATs was generated using R
software (version R-4.3.1).

4.7. Plant Growth and Abiotic Treatments

The seeds of alfalfa “Zhongmu No. 1” were sterilized and planted in nutrient soil,
grown under a light/dark regime of 12 h/12 h, with diurnal/nocturnal temperatures
of 30 °C/25 °C and a relative humidity of 65%. The seedlings were then transferred to
Hoagland’s nutrient solution for further incubation after one week. Four-week-old alfalfa
seedlings were subjected to drought, salt, and cold stress treatments with 15% PEG6000,
250 mM NaCl, and 4 °C, respectively, with seedlings under normal conditions used as
controls. Leaf samples were collected after 3 h, 6 h, 9 h, 12 h, 24 h, and 48 h, and store
at —80 °C for subsequent quantitative experiments. Three biological replicates were
performed for each sample.

4.8. Quantitative Real-Time RT-PCR (qRT-PCR) of MsGPAT Genes

The total RNA of alfalfa from each sample was extracted using an RNAprep Pure
Plant kit (TaKaRa, Dalian, China), and RNA quality and concentration were detected
using a Nano-Drop 2000 UV spectrophotometer. First-strand cDNA was generated from
RNA through reverse transcription using the PrimerScript 1st Strand cDNA Synthesis Kit
(Tiangen, Beijing, China). After measuring the concentration, the cDNA was uniformly
diluted to 100 ng for use as a template in qRT-PCR reactions. Primers for MsGPATs were
designed using Primer Premier 5.0 software and are detailed in Table S1, with 3-Actin
serving as an internal control. qRT-PCR was conducted with SYBR Green (Tiangen, Beijing,
China) on a Roche real-time Detection System (Applied Biosystems, Foster City, CA, USA).
The thermal cycling conditions included an initial step at 95 °C for 15 min, followed by
40 cycles of denaturation at 95 °C for 10 s, annealing at 60 °C for 20 s, and extension at
72 °C for 32 s. Three biological replicates were performed to calculate the relative gene
expression using the 27A4Ct method.

5. Conclusions

A total of 15 MsGPATs were identified and uniformly distributed across six chromo-
somes based on the genomic information of alfalfa. This family can be categorized into
three clades in accordance with evolutionary relationships. Subcellular localization, con-
served motifs, and gene structures display considerable resemblance within each subgroup,
but manifested significant disparities between subgroups. The promoter regions of the
MsGPAT's encompass cis-regulatory elements pertinent to stress responses, hormonal mod-
ulation, plant tissue morphogenesis, and light perception. Spatial and temporal expression
analysis indicated that the MsGPATs showed significant specificity in different tissues.
Additionally, qRT-PCR analysis unveiled varying degrees of responsiveness to abiotic
stress among the MsGPATs. The majority of MsGPATs were conspicuously up-regulated
under drought and salt stress, suggesting their involvement and crucial role in salt and
drought stress. Overall, the findings of this research will constitute a significant basis for
future studies on the functions of GPAT and the molecular mechanisms underlying stress
regulation in alfalfa.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/plants13233392/s1.
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Abstract: Submergence stress challenges direct seeding in rice cultivation. In this study, we identified
a heat shock protein, NAL11, with a DnaJ domain, which can regulate the length of rice coleoptiles
under flooded conditions. Through bioinformatics analyses, we identified cis-regulatory elements in
its promoter, making it responsive to abiotic stresses, such as hypoxia or anoxia. Expression of NAL11
was higher in the basal regions of shoots and coleoptiles during flooding. NAL11 knockout triggered
the rapid accumulation of abscisic acid (ABA) and reduction of Gibberellin (GA), stimulating rice
coleoptile elongation and contributes to flooding stress management. In addition, NAL11 mutants
were found to be more sensitive to ABA treatments. Such knockout lines exhibited enhanced cell
elongation for coleoptile extension. Quantitative RT-PCR analysis revealed that NAL11 mediated
the gluconeogenic pathway, essential for the energy needed in cell expansion. Furthermore, NAL11
mutants reduced the accumulation of reactive oxygen species (ROS) and malondialdehyde under
submerged stress, attributed to an improved antioxidant enzyme system compared to the wild-type.
In conclusion, our findings underscore the pivotal role of NALI1 knockout in enhancing the tolerance
of rice to submergence stress by elucidating its mechanisms. This insight offers a new strategy for
improving resilience against flooding in rice cultivation.

Keywords: rice seed germination; coleoptile elongation; submergence; NALI1; stress tolerance

1. Introduction

Rice (Oryza sativa L.) stands as one of the most pivotal crops cultivated globally,
with over half of the world’s population relying on it as a primary staple food [1]. The
practice of direct seeding plays a crucial role in rice cultivation and is widely employed
in both rainfed and irrigated fields due to its substantial benefits, including reductions
in labor, energy consumption, water usage, production costs, and mechanization [2,3].
However, rice’s vulnerability to prolonged flooding poses a significant challenge, leading
to oxygen starvation and energy depletion in submerged plants [4]. Enhanced seedling
vigor, characterized by the elongation of mesocotyls, coleoptiles, and shoots, is crucial
for improving seedling emergence under such conditions [5,6]. Rice employs an escape
strategy to reduce submergence stress during seed germination [7], increasing coleoptile
and/or mesocotyl length to improve survival under submerged conditions [8,9].

Several genetic factors affect rice shoot growth, such as expansin genes, anaerobic
metabolic pathways including glycolysis and fermentation, ROS scavenging and phytohor-
mone signaling. Overexpression of the expansin gene OsEXP4 has been shown to promote
mesocotyl and coleoptile elongation by cell wall stress relaxation and volumetric extension,
a process that is repressed in OsEXP4-antisense plants [10]. In addition, up-regulation
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of EXPA7 and EXPB12 promotes the elongation of rice coleoptile under hypoxic condi-
tions [11]. In rice, sugar availability has been considered one of the critical factors for
tolerance to submergence [12]. Rice seeds can germinate and produce x-amylase enzymes
required for starch degradation even without oxygen [13]. Under flooded conditions,
anaerobic metabolic pathways, including glycolysis and fermentation, play a crucial role
in coleoptile elongation [14]. Under sugar starvation, the transcription factor MYBS1 acti-
vates the Ramy3D gene, facilitating starch degradation to provide the necessary energy for
subsequent leaf and root development [15]. During germination under submergence, rice
gene CIPK15 (calcineurin B-like-interacting protein kinase 15) regulates coleoptile length
through a sugar signaling pathway [16]. Alcohol dehydrogenase (ADH) activity in rice
coleoptiles is correlated with a deceleration in coleoptile elongation under submergence
conditions [17].

Abiotic stresses, like drought, salt, and temperature variations, enhance the production
of ROS in plants [18]. However, excessive ROS can lead to oxidative damage to lipids,
DNA, and proteins [19]. To mitigate ROS-induced damage, plants have developed an
antioxidant system consisting of enzymes, such as catalase (CAT), ascorbate peroxidase
(APX), glutathione peroxidase (GPX), glutathione reductase (GR), and glutathione sulfo-
transferase (GST) [20]. Abscisic acid (ABA) is a pivotal stress hormone that accumulates
in response to stress and concurrently associated with a reduction in growth in stressed
plants [21]. However, a growing body of evidence suggests that ABA plays a dual role in
plant stress responses; while high concentrations inhibit growth, low concentrations can
promote it [22,23]. This balance is crucial in stressed plants, where ABA concentrations are
finely tuned through a balance between ABA biosynthesis and catabolism processes [24].
Recent studies have shown that the crosstalk between ABA and ROS in the phytohor-
mone network play important roles in many aspects of plant growth and development,
including the response to adversity stresses [25,26]. For example, it has been reported that
alterations in ROS levels can affect ABA biosynthesis and signaling, as well as change
ABA sensitivity [27], and ABA can also regulate the expression of ROS producing and
scavenging genes [25]. For instance, overexpression of the rice ABA receptor 6 (OsPYL6)
can improve drought tolerance by increasing ABA content and improving ROS detoxifica-
tion, thereby stabilizing membrane [28]. Studies had suggested that ABA could improve
oxidase activity and induce stomatal closure to reduce CO2 fixation, thereby inhibit the
accumulation of ROS [29]. In addition to ABA, other phytohormones play crucial roles in
regulating growth and developmental process and signaling networks involved in plant
responses to environmental stresses, including flooding [30]. Gibberellin (GA) is considered
essential in regulating the expression of x-amylase genes, which catalyse hydrolytic starch
degradation during cereal seed germination in the air. However, under anoxic conditions,
starch degradation through the gibberellin-induced x-amylase pathway fails to function
properly because oxygen is also required for gibberellin biosynthesis, and rice become
gibberellin insensitive under anoxic or hypoxic conditions [12]. Auxin is well known for
promoting coleoptile elongation and rapid seedling growth during germination [31], but
little is known about its role in rice germination and seedling establishment under submer-
gence. A recent study has shown that auxin biosynthesis and the auxin influx carrier AUX1
regulated the final length of rice coleoptile under submergence [32].

Heat-shock proteins are proteins with molecular chaperone activity, responsible for
protein folding, assembly, translocation and degradation in many normal cellular processes,
stabilize proteins and membranes [33]. And HSPs may be newly synthesized or otherwise
increase in abundance in vivo when plants are subjected to stress. Heat-shock proteins
have been reported to play critical roles in stress resistance. For example, transgenic rice
plants overexpressing sHSP17.7 showed increased survival under high-temperature condi-
tions [34]. The overexpression of Hsp70 genes positively correlates with the acquisition of
thermotolerance [27] and results in enhanced tolerance to salt, water and high-temperature
stress in plants. HSP70s reduce heat tolerance, but under high-salt conditions, these pro-
teins enhance seed germination and regulate the developmental transition from seed to
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seedling by repressing seed-specific gene expression [35]. The expression of Hsp90 in
Arabidopsis is developmentally regulated and responds to heat, cold, salt stress, heavy
metals, phytohormones, and light/dark transitions [36]. A correlation between HSPs and
anaerobiosis has been observed in the hearts of turtles and mammals, where constitutive
expression of certain HSP genes is associated with increased tolerance to anoxia [37].

Coleoptile and mesocotyl elongation are critical for rice survival under submerged
conditions, and these processes are closely linked to hormonal regulation (ABA, GA,
auxin) [3,32]. Our previous studies demonstrated that NAL11, which encodes a heat shock
protein containing the Dna] structural domain, regulates rice plant architecture and is
involved in GA metabolism [38], showing the influence of NAL11 on hormone regulation.
This prompted us to investigate whether the regulatory function of NAL11 in growth would
intersect with stress response pathways, particularly under environmental stresses such as
flooding, which can challenge plant survival. Therefore, this study aims to investigate the
effect of NAL11 on the elongation of rice coleoptile under flooded conditions. To further
explore the interactions between NALI1 and gibberellins, auxins and abscisic acid under
submergence stress. Our findings unveil a novel mechanism by which HSPs contribute
to flood tolerance in rice, which lays a foundation for further investigations into flooding
tolerance in rice.

2. Results
2.1. Bioinformatics Characteristics

All amino acid and nucleotide sequences were retrieved and downloaded from the
NCBI website. Using the NCBI blast online comparison, 28 homologous proteins were
screened in Oryza sativa Japonica, Brachypodium distachyon, Sorghun bicolor, Zea mays, Glycine
max, Nymphaea colorata, Arabidopsis, and wild rice (Oryza brachyantha, Oryza glaberrima). To
comprehensively characterize NAL11 and its homologous proteins, a phylogenetic tree was
constructed for the 28 homologous proteins and the NAL11 protein using MEGA software
(v11.0). The constructed evolutionary tree was then merged with the phylogenetic tree
of the conserved structural domain elements of the proteins using the TBtools software
(v1.120). Remarkably, in our phylogenetic analysis showed that NAL11 (XP_015645205.1)
and XP_040381942.1 clustered together on the same branch (Figure 1). NP_001412649.1
was found to be orthologous to NAL11 in rice, suggesting that NAL11 has undergone a
gene duplication event during evolution. Using the online software MEME (v5.5.7) was
used to analyze the 28 homologous proteins, Motif 1 was identified in all 28 members,
with conserved motifs 1, 2, and 3 in 22 encoding proteins (Figure 1). All homologues
of NAL11, except for NP_001146964.1, contained the Dna] structural domain (Figure S1).
In addition to its conserved nature, NAL11 exhibited high homology with homologues
in wild rice. These findings highlight NALI1 as a highly conserved gene throughout
evolution. To further investigate potential regulatory mechanisms, we analyzed the 2.0-kb
nucleotide sequences upstream of the start codon using Plant CARE. This revealed multiple
cis-elements associated with stress response (Figure S2), including the ABRE-motif (ABA
response element), the TGACG-motif (MeJA-responsiveness), the GGTCCAT-motif (Auxin-
responsiveness), the TCTGTTG-motif (Gibberellin-responsiveness), and other elements
critical for endosperm expression, anaerobic induction, anoxic specific regulation, and
meristem expression. These results suggest that the NAL11 gene may respond to hypoxia
or anoxia during rice growth and development.
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Figure 1. Evolutionary tree of NAL11 homologs with Oryza sativa Japonica, Brachypodium dis-
tachyon, Sorghun bicolor, Zea mays, Glycine max, Nymphaea colorata, Arabidopsis, and wild rice
(Oryza brachyantha, Oryza glaberrima). XP_015645205.1 is the accession number of NAL11 in NCBI,
which is highlighted in the red box.

2.2. The Expression of NAL11 Was Induced during Seed Germination under
Submerged Conditions

Under aerobic conditions, NAL11 exhibited a consistently low level of expression,
with a discernible decline at both 12 h and 72 h compared to the baseline at 0 h (Figure 2A).
In contrast, during submergence, the gene was induced to express at high levels at 12 h,
24 h, 48 h, and 60 h, compared to the corresponding expression levels under submerged
conditions. This finding highlights a substantial upregulation in the expression of NAL11
under submergence conditions compared to that under aerobic conditions. Peak expres-
sion occurred at 60 h under submergence, representing an approximately 3-fold increase
compared to the expression levels under aerobic conditions. Despite a subsequent decrease
in the expression at 72 h under submergence, the level remained significantly elevated
compared to the expression level observed under aerobic conditions.

The expression pattern was assessed in transgenic plants carrying the pNAL11::GUS
construct (GUS reporter gene driven by the promoter of the NAL11 gene) in the ZH11
background under both submerged and aerobic conditions (Figure 2C). The analysis
revealed that NAL11 was predominantly expressed in the parenchyma tissues of the
protruding embryo at 24 h and 48 h under aerobic conditions. Whereas at 72 h after
seed germination, however, its expression was mainly observed in the growing bud, with
minimal presence in the developing radicle. Conversely, under submergence conditions,
NALI1 exhibited distinct expression patterns. At 24 h, expression was concentrated in
the protruding embryo, and extended to both the embryo and the growing bud at 48 h.
Under submerged conditions, the expression in the parenchyma tissues of the embryo
was prominent. Due to the limited observation of radicles during seed germination under
submergence, NAL11 expression was mainly observed in the elongating coleoptile, with a
more pronounced signal closer to the base.
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Figure 2. Spatiotemporal expression analysis of NAL11. (A) Transcription levels of NAL11 in
germinating seeds of ZH11 under aerobic and submerged conditions using quantitative reverse
transcription polymerase chain reaction (RT-PCR). Gene expression was normalized to that of OsActin,
with relative expression levels represented as fold change relative to the expression level of NAL11 at
0 h. (B) Schematic structure of the expression vector for pronar171:GUS. (C) 3-glucuronidase (GUS)
staining of seeds after 24 h, 48 h, and 72 h of submergence stress. Scale Bar, 0.5 cm. (Data are
presented as mean £ SD, n = 5; significant differences were determined by two-tailed Student’s ¢-tests.
** p < 0.01, ** p < 0.001, ns, no significance). (D) 2000 bp promoter sequence of NALI1.

2.3. Knockout Lines Exhibited Longer Coleoptiles during Seed Germination under
Submerged Conditions

We used two independent homozygous hygromycin-free transgenic lines with differ-
ent editing effects (osnall1-1 with 1 bp deletion and osnal11-2 with 1 bp insertion) on the
target gene (Figure S3B). The NAL11 knockout lines had significantly lower transcript levels
than the wild type (Figure S3C). Mature dry seeds of the WT (ZH11) and two knockout
lines were subjected to germination under both air (aerobic) and waterlogged (anoxic)
conditions. The coleoptile length of dry seeds on day 4 under submergence exhibited sig-
nificant differences between the WT and the two knockout lines (Figure S4B). The average
coleoptile length of the two knockout lines reached 4.64 cm and 4.55 cm, respectively, which
was significantly greater than the 3.82 cm observed in the WT (Figure S4C). Moreover,
the surface area of the coleoptile in the knockout lines was significantly greater than that
observed in the WT (Figure S4D). However, no evident differences in coleoptile diameter
were observed between the WT and knockout lines (Figure S4E). Remarkably, by day 4,
both the WT and knockout lines achieved an impressive germination rate of approximately
100% on day 4 (Figure S4A). Additionally, when germinated under aerobic conditions on
day 4, no evident differences in bud and root lengths were observed between the WT and
knockout lines (Figure S4B). In conclusion, knockout of NAL11 significantly improved rice
seed coleoptile growth under submerged conditions.

It has previously demonstrated that coleoptile elongation under anoxic conditions
is attributed to cell expansion, and that expansins are likely to be key players in this
physiological process [10,39]. To further understand the role of expansins in this context,
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we compared the expression patterns of some expansin genes in ZH11 and knockout
lines after 48 h of flooding. Interestingly, only OsEXP7 showed downregulation in the
coleoptiles of the knockout lines at 48 h. In contrast, the mRNA levels of OsEXP2, OsEXP4,
OsEXP8, OsEXPB11, OsEXPB12, and OsEXPB15 were significantly higher in the coleoptiles
of the knockout lines after submerged germination compared to those of the WT at the
same time point (Figure 3), with OsEXP4 showing an impressive approximately 4-fold
increase (Figure 3). The notable upregulation of the expression of these expansin genes
in the knockout lines may provide a molecular basis for the accelerated growth of rice
coleoptiles under submerged conditions compared to that in the WT. This suggests that
expansins are likely to contribute to the elongation of coleoptiles in rice when exposed to
anoxic conditions.
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Figure 3. Relative expression level of expansin genes in ZH11 and knockout lines at 48 h after
submergence. (Data are presented as mean + SD, n = 5; significant differences were determined by
two-tailed Student’s t-tests. * p < 0.05, ** p < 0.01, *** p < 0.001, ns, no significance).

2.4. Knockout of NAL11 Affected Sugar and Energy Pathways under Submerged Conditions

As a crucial enzyme responsible for catalyzing the degradation of starch in cereal seeds,
x-AMS plays a pivotal role in various key agronomic traits, including the germination
rate [40] and resistance to hypoxia stress [41]. In our study, we aimed to identify the
specific x-AMS family member directly involved in the response to endosperm starch
degradation under submergence stress. To achieve this, we investigated the expression
of rice a-AMS genes in seeds (containing coleoptiles) of ZH11 and knockout lines at 48 h
after submergence treatment (Figure 4A). Our findings revealed that the expression levels
of RAmylA and RAmy2A in the knockout lines were significantly lower than those in
ZH11. Conversely, the transcript levels of Ramy3A, RamyC, and RAmy3D were significantly
higher in the knockout lines than ZH11 and that of RAmy3A in the knockout lines was
approximately 5-fold higher in the knockout lines than in ZH11. Interestingly, no evident
differences were observed in the expression levels of RAmy3C and RAmy3E between ZH11
and the knockout lines. Furthermore, the x-AMS activity in both knockout lines and WT
showed a consistently significant increase from 12 h to 96 h during submerged germination.
Compared to the WT, the knockout lines consistently showed higher «-AMS activity at
different stages (Figure 4B).
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Figure 4. NAL11 is involved in the sugar and energy pathway. (A) Quantitative RT-PCR analysis of
nine x-amylase family genes in seeds of ZH11 and knockout lines at 48 h after submergence treatment.
(B) x-AMS activity at different stages. (C) RT-qPCR analysis of sugar and energy metabolism genes at
48 h after submergence treatment, respectively. (Data are presented as mean + SD, n = 5; significant
differences were determined by two-tailed Student’s t-ests. * p < 0.05, ** p < 0.01, *** p < 0.001, ns, no
significance).

Long-term submergence can lead to substantial carbohydrate consumption, resulting
in energy deficiency [42]. Therefore, we investigated the expression patterns of glycolytic
pathway genes in rice seeds (containing coleoptiles) under submerged conditions (Fig-
ure 4C). CDPK15, MYBS1, Adhl, and PDCI exhibited distinct submergence-dependent
expression. The expression of CDPK15 decreased in the knockout lines, while other key
genes associated with energy pathways, including MYBS1, Adhl, and PDC1, showed a
significant upregulation in the knockout lines at 48 h after submergence treatment. Con-
currently, the enzyme activity of x-AMS exhibited a similar increasing trend mirroring
the transcript levels of the energy-synthesizing genes. The observed expression patterns
of these genes suggest that the knockout of NAL11 may have a substantial impact on the
regulation of x-AMS genes and energy-synthesizing genes, potentially affecting the plant’s
ability to cope with submergence stress.

2.5. Knockout of NAL11 Affects ROS Levels and the Expression of Some Stress-Related Genes
under Submerged Conditions

Given the anaerobic stress experienced by both the knockout lines and the WT during
submergence, it is imperative to investigate into the potential physiological changes at
different stages, aiming to elucidate he differences in coleoptile length. ROS are important
signals that regulate the stress tolerance. Here, we compare the accumulation of hydrogen
peroxide (H,O;) and MDA between seeds of the WT and knockout lines after submergence
treatment. It shows that the seeds of the knockout lines accumulated more MDA and H,O,
than the WT (Figure 5A,B). Considering that OsRbohA and OsRbohE belong to the NOX
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family [43], which is key to the production of ROS. We determined the transcription level
of these two genes. We found that both were reduced in the knockout lines compared to

WT (Figure 5C,D), which was consistent with ROS levels.
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Figure 5. Analysis of MDA and H,O, content, transcript levels of ROS-production gene, OsRbohA
and OsRbohE of WT and transgenic plants under normal and submerged conditions. (A) MDA
content. (B) HyO, content. (C) OsRbohA. (D) OsRbohE. (Data are presented as mean + SD, n = 5;
significant differences were determined by two-tailed Student’s t-tests. ** p < 0.01, *** p < 0.001, ns,
no significance).

In addition, we also determined the activities of ROS-scavenging enzymes (SOD,
POD, CAT). The results showed that there was no significant difference between WT and
knockout lines in the control group. CAT activity in the knockout lines was evidently
lower than that in the WT at the beginning (0 h). Surprisingly, the knockout lines exhibited
significantly higher CAT activity than the WT at 12 h, 72 h, and 96 h of seed germination
under submergence, with no apparent differences at 24 h and 48 h (Figure S5A). Moreover,
the knockout lines showed significantly increased SOD activity from 0 h to 96 h under
submerged conditions compared to the WT (Figure S5B). However, no evident difference
was observed at 48 h. In contrast, POD activity was increased in both knockout lines and
WT after submergence compared to that at the baseline (0 h). From 12 h to 96 h under
submergence, no evident differences in POD activity were observed between the knockout
lines and WT (Figure S5C). The above results indicated that knockout of NAL11 can enhance
rice tolerance to submergence stress by improving ROS scavenging ability.

To further investigate the possible molecular mechanisms of NALI1 in regulating
submergence tolerance in plants, we also determined the transcript levels of some well-
known stress-responsive genes. These included OsSUB1A and OsNACY, encoding typical
stress-related NAC-type transcription factors (TFs); OsSnRK1A and OsTPP7, encoding
trehalose-6-phosphate(T6P) phosphatasegene (OsTPP7) proteins. After submergence treat-
ment for 48 h, compared to WT, the mRNA levels of the above genes were both increased
in knockout lines (Figure S6).
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2.6. NAL11 Is Involved in the Phytohormone-Mediated Regulatory Pathway

Previous studies have revealed that plant hormones are signaling compounds that
regulate crucial aspects of growth, development and environmental stress responses [43].
The contents of several endogenous phytohormones, including ABA, IAA and GA, were
measured in the WT and knockout lines to determine the regulatory pathway in which
NALI1 is involved. There were no significant differences in endogenous ABA, GA and
IAA concentrations between the WT and knockout lines at 24 h after the initiation of
submergence treatment. However, as the submergence time increased, a significant increase
in ABA and IAA concentrations was observed in the knockout lines, whereas no significant
change was observed in the WT (Figure 6A). The knockout lines showed a significantly
higher ABA and IAA levels than the WT at 48 h and 72 h after submergence treatment,
while the opposite was true for GA (Figure 6B).
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Figure 6. Knockout of NALI1 affects the levels of ABA, GA and IAA. (A-C) Content of endogenous
ABA, GA and TAA at 24 h, 48 h, and 72 h after submergence. (Data are presented as mean + SD,
n = 5; significant differences were determined by two-tailed Student’s {-tests. ** p < 0.01, *** p < 0.001,
ns, no significance).

Therefore, we further analyzed the expression of genes related to ABA, GA and
TAA synthesis and metabolism in the WT and knockout lines at 24 h, 48 h and 72 h after
submergence. Consistent with the increase in the ABA and IAA levels, most of the genes
related to ABA and IAA synthesis in the knockout lines were upregulated (Figures S7A-
C and S9). Moreover, most of the genes related to ABA metabolism, including several
genes of the ABAox family genes, were downregulated simultaneously (Figure S7D-F).
To further elucidate the effects of NAL11 knockout on the ABA signaling pathway, we
examined the expression levels of key genes involved in ABA regulation and signaling.
Since OsDET1, OsbZIP46, and OsbZIP72 have been identified as positive regulators of ABA
signaling [44], our study specifically focused on analyzing the expression levels of OsDET1,
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two bZIP genes (OsbZ1P46 and OsbZIP72) involved in ABA regulation, and several ABA
receptor genes in both the WT and knockout lines under anaerobic conditions. At 48 h
after submergence, the knockout lines exhibited a significant increase in the expression
of OsbZIP72, whereas no significant differences were observed in the expression levels
of OsDET1 and OsbZIP46 between the WT and knockout lines (Figure S7G). Moreover,
OsPYL1, OsPYL2, OsPYL3, OsPYLS, and OsPYL10 were significantly upregulated compared
to the WT, whereas OsPYL5 and OsPYL9 were downregulated in the knockout lines. In
contrast, no significant changes were observed in the transcript levels of OsPYL4 and
OsPYL7 in the WT and knockout lines (Figure S7H). At 72 h after submergence, most
of the genes related to ABA signaling were upregulated (Figure S7I). This suggests that
knockout of NALII has a significant effect on the expression of genes related to ABA
biosynthesis, catabolism and signal transduction processes. Interestingly, the expression of
most GA-related genes in the NALI1 knockout lines showed the opposite trend compared
to ABA (Figure S8), indicating reduced GA activity. We therefore speculate that the longer
coleoptiles of the NAL11 knockout lines under submergence could be attributed to the
upregulated expression of ABA- and IAA-related genes and down-regulated expression
of GA-related genes. Furthermore, we also analyzed the expression of genes related to
auxin biosynthesis in one of the knockout lines. The expression of YUCCA2, YUCCA3
and YUCCAG6, which are involved in auxin biosynthesis, was significantly increased in the
knockout line compared to the WT under submerged conditions (Figure SOA-C). Besides,
the expression pattern of TAA1I, another phytoalexin biosynthesis gene, was also similar to
that of these genes (Figure S9D). As a result, the endogenous IAA levels were significantly
increased (Figure 6C). It suggests that under submerged conditions, NALI11 knockout
may prolong the coleoptile by increasing the accumulation of auxin in rice seeds. Taken
together, NAL11 is involved in the ABA, GA and auxin pathways to improve tolerance to
submergence stress tolerance in rice. This intricate regulatory network contributes to the
improved tolerance of the knockout lines to submergence stress during the germination
stage of rice seeds.

2.7. Knockout Lines Are Sensitive to ABA

Crosstalk between ABA and ROS in the phytohormone network has been shown to be
involved in the regulation of plant stress tolerance [29], and exogenous ABA treatment will
decrease the level of ROS in rice seed germination embryos [45]. Based on these studies,
we conducted the following experiment to assess the sensitivity of NAL11 to ABA. We
conducted a statistical analysis of the growth status of the WT and knockout lines on day 4
after treatment with different concentrations of exogenous ABA (0 uM, 0.001 uM, 0.01 uM,
0.1 uM, 1 uM, and 10 uM). Under submerged conditions, the knockout lines exhibited
longer coleoptiles compared to the WT in the absence of ABA treatment. However, the
coleoptile length of the knockout lines was significantly reduced compared to that of the
WT when treated with higher concentrations (10 pM, 1 pM, or 0.1 uM) of exogenous ABA
(Figure 7A,B). Remarkably, at an ABA concentration of 0.01 uM, no significant difference
in coleoptile length was observed between the WT and knockout lines. Interestingly,
when treated with a lower concentration of 0.001 pM ABA, the coleoptile length of the
knockout lines was significantly greater than that of the WT. These results suggest that
high concentrations of exogenous ABA inhibit coleoptile elongation in the knockout lines,
while low concentrations of exogenous ABA promote coleoptile elongation in the knockout
lines. This suggests that the knockout of NAL11 may enhance sensitivity to ABA.
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Figure 7. Knockout of NAL11 shows sensitivity to ABA. (A) Representative images of coleoptile
length in response to different concentrations of ABA (0 uM, 0.001 uM, 0.01 uM, 0.1 uM, 1 uM, and
10 uM, respectively) after 4 d of submergence for both WT and knockout lines. Scale bars: 1 cm.
(B) Comparison of coleoptile lengths in WT and knockout lines in response to control (H,O) and ABA

treatments after 4 d of submergence. (Data are presented as mean =+ SD, n = 5 biologically independent
samples; significant differences were determined by two-tailed Student’s ¢-tests. ** p < 0.01, ns, no
significance).

3. Discussion

The length and elongation rate of the coleoptile and/or mesocotyl are the crucial
developmental traits that determines deterring the success of direct seeding in many cereal
crops. In the case of rice submerged seed germination, the long and rapidly elongating
coleoptiles may promote submergence tolerance by providing oxygen when they reach
to the water surface [10]. Interestingly, the high expression of some HSPs in response to
hypoxia is also a prominent phenomenon. This observation suggests a potential close
relationship between NAL11 and hypoxia stress responses. Supporting this hypothesis, our
study suggests the involvement of at least four biological processes in NAL11-regulation
of hypoxia response, encompassing substance metabolism, abiotic stress responses, redox
reactions, and crosstalk with other hormones. While this highlights the involvement of
NAL11 in hypoxia response, we acknowledge that it may not serve as a key integrator of
these pathways. Rather, NAL11 may contribute to stress responses through its regulatory
role within these processes. By identifying hypoxia-responsive genes and pathways, our
research contributes to the understanding of the escape strategy of submergence tolerance
in rice, which may be helpful in improving submergence tolerance in other cereal crops.

Expansin genes, known for their role in promoting cell wall relaxation and expansion,
were significantly upregulated in the NAL11 knockout lines. Previous research has demon-
strated that overexpression of expansin genes, such as OsEXP4, enhances coleoptile and
mesocotyl elongation in rice [10]. Consistent with these findings, we observed significant
upregulation of expansin genes in the knockout lines, which suggests that NAL11 may
negatively regulate coleoptile elongation by controlling expansin activity. This regulatory
effect on cell elongation is likely a key mechanism by which NAL11 influences submergence
tolerance during the germination stage. Additionally, our analysis revealed the presence
of various response-related cis-elements in the promoter of the NAL11 gene (Figure S2),

188



Plants 2024, 13, 2593

including ABA, GA, and auxin response elements, further supporting its involvement in
hormonal regulation (Figures 6 and S6-5S8). In this study, we were the first to investigate
the role of NAL11, a DnaJ domain-containing HSP gene, in regulating coleoptile elongation
through expansin expression and hormone crosstalk. Reactive oxygen species (ROS) func-
tion as crucial signaling molecules, but excessive ROS accumulation can cause irreversible
cell damage [46]. Plants adapt to abiotic stress by regulating ROS metabolism [47,48]., and
our results showed enhanced activities of antioxidant enzymes (CAT and SOD) in NAL11
knockout lines under submergence stress, although POD activity was not significantly
affected (Figure S5). This increase in antioxidant enzyme activity likely contributes to the
enhanced submergence tolerance observed in the knockout lines [49-51]. Furthermore,
the knockout lines exhibited reduced levels of MDA, a marker for ROS-induced lipid
peroxidation [52], indicating that NAL11 knockout may enhance antioxidant capacity to
mitigate oxidative stress.

Energy supply is crucial for rice seed germination under anoxic conditions, where
starch is degraded into fermentable carbohydrates to sustain embryo growth [53]. Our
results showed that amylase activity was significantly higher in NAL11 knockout lines dur-
ing submergence, which is consistent with longer coleoptiles observed in these lines (Figure
S4C,D). This increased amylase activity likely facilitates more efficient starch hydrolysis,
contributing to submergence tolerance. Notably, expression levels of key amylase genes,
including RAmy3A, RAmyC, and RAmy3D, were upregulated in the knockout lines under
submergence, suggesting an accelerated starch metabolism (Figure 4B). These findings
align with previous studies showing that the upregulation of amylase genes supports
seed germination and early seedling establishment under submerged conditions [42,54].
Although the expression of RAmy1A and RAmy2A was reduced after submergence (Fig-
ure 4A), this did not affect the rate of band starch hydrolysis, as the isozymes they encode
are not dominant during hypoxic sprouting [11,55]. x-AMS 3 emerges as a major player,
its mRNA accounting for approximately 60% of the total mRNA of amylase genes in
glucose-starved rice cells [56]. In this study, high expression of x-AMS 3 accelerated the
hydrolysis of starch (Figure 4A), thereby providing the energy required for the germination
process and sustaining the subsequent alcoholic fermentation process. Previous studies
have shown that submergence triggers sugar starvation and induces mRNA accumulation
of calcineurin B-like (CBL) protein-interacting protein kinase 15 (CIPK15), thereby enhanc-
ing the accumulation of SnRK1A proteins. These two proteins interact and induce the
MYBS1 transcription factor, subsequently activating the expression of starvation-induced
a-amylase gene, aAmy3/RAmy3D [16]. As expected, the expression of CIPK15 and MYBS1
was significantly higher in the knockout lines compared to WT (Figure 4C). Alcoholic
fermentation plays a crucial role in providing ATP under hypoxic conditions [57,58], and
our results showed that NAL11 knockout plants exhibited higher expression of pyruvate
decarbox-ylase (PDC) and ADH after 48 h of submergence (Figure 4C), which supports
glycolysis and ATP synthesis [59]. This observation suggests that NAL11 knockout en-
hances rice’s ability to cope with submergence through more efficient anaerobic metabolism.
But it remains unclear whether sugar could affect the accumulation of endogenous free
phytohormones to influence submergence tolerance and seedling establishment in rice.

Many transcription factors play critical roles in regulating the stress response in
plants, including SUB1A and OsNACY, which improve submergence tolerance when over-
expressed [60,61]. Under sugar starvation conditions, SnRK1A is an important mediator in
the sugar signaling cascade response, acts upstream of MYBS1 and aAmy3 SRC interactions,
and plays a key regulatory role in rice seed germination and seedling growth [62]. In our
result, both were up-regulated in transcription level in the knockout lines compared to WT.
Meanwhile, it has been shown that OsTPP7 is involved in T6P metabolism and catalyzes
the conversion of T6P to trehalose, thereby allowing increased starch mobilization in the
form of easily fermentable sugar, which ultimately enhances coleoptile elongation and
embryo germination [2]. Similarly, in our research, better developed coleoptiles and higher
levels of OsTPP7 expression were observed in the knockout lines (Figure S6). This suggests,
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therefore, that knockout of NAL11 could improve submergence tolerance in rice by affecting
the transcript levels of these stress-responsive genes.

The phytohormone auxin has long been known to be important in stimulating coleop-
tile elongation and rapid seedling growth in the air [31], but little is known about its role
in influencing the rice coleoptile elongation under water. To understand the role of plant
hormones in rice under air and hypoxic conditions, we carried out some analyses on ABA,
GA and auxin and related genes under submerged conditions. ABA is a well-documented
stress hormone that accumulates in response to stress [21]. Consequently, ABA levels in
the NAL11 knockout lines gradually increased after 48 h of submergence treatment. We
also found that ABA and GA levels were reversed at 48 h and 72 h after submergence
treatment regardless of in both knockout lines and WT (Figure 6). It has previously been
shown that the vivipary phenotype in maize kernels due to ABA deficiency can be reversed
through inhibition of GA synthesis, demonstrating the role of GA in antagonizing the
action of ABA. In this study, this phenomenon was well explained by the expression of
genes related to the biosynthesis and metabolism of ABA and GA (Figures S7 and S8).
These results suggest that NAL11 negatively regulates the antagonistic effects of ABA and
GA by mediating the activities of a number of enzymes involved in ABA- and GA-related
biosynthesis. Thus, we can reasonably infer that the antagonistic regulation of GA and
ABA metabolism mainly occurs by activating and repressing the opposing metabolic genes
(NCED/GA20x or ABA8ox/GA30x family) to maintain a hormonal balance during plant
growth and development and to respond to environmental cues. Auxin is well known
for promoting coleoptile elongation and rapid seedling growth during germination [62],
but little is known about its role in rice germination and seedling establishment under
submergence. A recent report has also demonstrated that auxin is required for rice seed
germination under submergence. The results indicate that auxin availability and transport
play a critical role in determining the final coleoptile length in Japonica rice [32]. In sub-
merged seeds, the knockout lines had higher levels of endogenous auxin than WT, which
is consistent with the fact that the expression of four auxin biosynthesis genes, YUCCA2,
YUCCA3, YUCCA6 and TAA1, was significantly increased in seedlings of hypoxic knockout
lines in comparison to WT (Figure S9), consistent with the observed phenotype (Figure
S4) and the previous studies. This suggests that NAL11 may regulate auxin biosynthesis,
enhancing coleoptile elongation under submergence. Whether or not the auxin transport
or distribution in hypoxic rice seedlings would be influenced by excessive accumulation of
endogenous free IAA and affect the submergence tolerance remains to be investigated.

Finally, ABA plays a dual role in growth regulation, promoting growth at low con-
centrations and inhibiting it at high concentrations [25,63]. In our study, NAL11 knockout
lines exhibited enhanced ABA sensitivity (Figure 7A,B). This phenomenon was further con-
firmed by experiments using low concentrations (0.001 uM) of exogenous ABA treatment,
which stimulated coleoptile growth. However, when exposed to higher concentrations
of exogenous ABA, coleoptile growth was inhibited. When the optimal concentration
for plant growth was exceeded, the addition of exogenous ABA led to the inhibition of
coleoptile growth in both the knockout lines and the WT when treated with 0.1 uM and 1.0
uM ABA (Figure 7A), in agreement with which is consistent with the previous studies [64].
The increased sensitivity of the knockout lines to exogenous ABA (Figure 7A,B) implies an
enhanced responsiveness of these lines to ABA. This enhanced sensitivity was supported
by increased expression of ABA signaling genes, including OsPYL [1] and OsbZIP72 [65,66]
(Figure S7G-I). These results indicate that NAL11 may balance ABA signaling and GA
biosynthesis to modulate coleoptile elongation and stress responses under submergence.

4. Materials and Methods
4.1. Bioinformatics Analysis of NAL11

The information and sequences of NAL11 homologues were retrieved from the
NCBI database (http://www.ncbinlm.nih.gov), accessed on 3 November 2023. Utiliz-
ing ClustalW with default parameters, multiple sequence alignments were performed on
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protein sequences, followed by manual adjustments. Subsequently, a phylogenetic tree
was constructed with aligned protein sequences using MEGA (v11.0) software, employ-
ing the neighbor-joining (NJ) method. Bootstrap values, derived from 1000 iterations,
were calculated to assess the robustness of the tree [67]. For the identification of con-
served motifs within protein sequences, online MEME (v5.5.7) (http://meme-suite.org/)
was utilized with default parameters. Putative cis-acting elements were identified by
analyzing the 2000-bp promoter region sequences of these paralogous genes, obtained
from the NCBI database, using PlantCARE (http:/ /bioinformatics.psb.ugent.be/webtools/
plantcare/html/). TBtools software (v1.120) facilitated the visualization of the phylogenetic
tree, conserved motifs, gene structure, domains, and cis-acting elements in promoters [68].

4.2. Plant Materials and Growth Conditions

Zhonghua 11 (ZH11) is a japonica rice (Oryza sativa L.) variety used as the WT plant and
the recipient for genetic transformation in this study. The T and T, generation knockout
lines were consecutively assayed for the target gene and the hygromycin resistance gene.
Two stable T3-generation knockout lines (ko-nal11-1 and ko-nal11-2) without hygromycin
were selected for follow-up studies. All plants were cultivated under natural conditions in
the experimental field at South China Agricultural University (Guangzhou, Guangdong,
China, 23.13° N, 113.27° E). The WT and knockout lines without hygromycin were planted
in a randomized block design. Each plot consisted of six rows with six plants per row at
a planting interval of 20 cm x 20 cm. Field management was in accordance with normal
agricultural practices.

4.3. Construction of Transgenic Plants

To achieve the knockout lines of NAL11, target sites were designed through the online
tool Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)-GE/ targetDesign
(http:/ /skl.scau.edu.cn/) [69]. Genome-targeting constructs were then prepared using the
PRGEB32 vector [70]. The structure of the NALI1 CRISPR/Cas9 knockout vector is shown
in Figure S3A. Pre-cultured Zhonghua 11 (ZH11) seeds were immersed in the Agrobac-
terium suspension by gently inverting the tube for 1.5 min, then blotted dry with a sterilized
filter paper to remove excess bacteria. These seeds were transferred onto a sterilized filter
paper (9-cm diameter) that had been moistened with 0.5 mL of AAM medium placed on
2N6-AS medium solidified with 0.4% Gelrite. After 3 days of co-cultivation at 25 °C in
the dark, seeds were washed five times in sterile water and then washed once in sterile
water containing 500 mg L~! carbenicillin (Wako Pure Chemicals, Osaka, Japan) to remove
Agrobacterium. The seeds were rapidly blotted dry on a sterilized filter paper and cultured
on N6D medium containing 50 mg L~! hygromycin and 400 mg L~! carbenicillin under
continuous light at 32 °C for 2 weeks. Proliferating calli emerging from the scutellum were
transferred to RE-III medium. Plantlets emerging from the calli were transferred to HF
medium to induce roots. For validation, the target sites of T; and T, generation plants were
sequenced and analyzed using CRISPR-GE/DSDecodeM [71].

To obtain the expression profile of NAL11, the 2000 bp promoter sequence was identi-
fied from Ensemble Plants (LOC_Os07g09450) and amplified from rice genomic DNA. The
pCAMBIA1305 vector was double digested with Sacl and BglII endonucleases, followed by
recombination to generate the pNAL11::GUS vector. The pNAL11::GUS vector was intro-
duced into Agrobacterium tumefaciens strain EHA105, and the transformation procedure
described above was used to generate transgenic rice lines. Transgenic plants carrying
the pNALI1::GUS construct were screened and confirmed by PCR. All primers used in the
construction process are detailed in Supplementary Table S1.

4.4. Evaluation of Germination Rate and Coleoptile Length

Seeds of each line were grown in the field, and their seeds were harvested 45 days after
heading, air dried, and stored at 42 °C for 7 days to break dormancy. Three independent
biological replicates of 30 seeds per replicate were then sterilized with 1.5% (v/v) sodium
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hypochlorite and subsequently incubated in a 9-cm diameter Petri dish. Seeds were
considered germinated when the white embryo protrusion was visible, at which point
the germination percentage was then calculated. For the anoxic experiments, five seeds
were placed in a test tube (diameter: 2.7 cm; height: 11.7 cm) filled with distilled water
to simulate anaerobic conditions [72]. All germination experiments were performed in
a controlled environment at 28 °C under a 12 h/12 h light/dark cycle. After 4 days, a
WiInRHIZO root image analysis system (Regent Instruments Inc., Québec, QC, Canada) was
used to measure the coleoptile length (CL), coleoptile surface area (CSA), and coleoptile
diameter (CD). Three biological replicates were tested.

4.5. Germination Test by Exogenous Application of ABA

A total of 15 seeds of the WT and knockout line (nal11) were anaerobically incubated
at 28 °C with a gradient concentration of ABA solution as treatment and with pure water
as control, respectively. The concentration of the ABA solution was adjusted to 0.001, 0.01,
0.1, 0, 1, and 10 uM, respectively. Photographs were taken and coleoptile lengths were
measured after 4 d of incubation.

4.6. Measurement of Endogenous ABA, GA and IAA Levels

To measure the endogenous levels of ABA, GA and [AA, the seeds were prepared at
24, 48 and 72 HAI (hours after imbibition) under anaerobic stress. Liquid nitrogen-frozen
germinated seeds (50 mg fresh weight) were ground to powder and extracted with the
traction method (methanol/water/formic acid = 15:4:1, V/V/V). The extracts were vortexed
and centrifuged at 4694 x ¢ at 4 °C for 10 min. The supernatants were dried by evaporation
under the flow of nitrogen gas at room temperature, then dissolved in 200 uL of methanol.
The sample extracts were analyzed using an LC-ESI-MS/MS system (HPLC, Shim-pack
UFLC SHIMADZU CBMB30A system; MS, Applied Biosystems 6500 Triple), and the data
were analyzed by Zoonbio Biotechnology Co., Ltd., Nanjing, China. Three replicates of
each assay were performed [73].

4.7. Analysis of Physiological Parameters Related to Submergence Stress

Ten seeds each from the WT and knockout lines were anaerobically incubated at 28 °C,
respectively. The treatment time was setat O h, 12 h, 24 h, 48 h, 72 h and 96 h, respectively,
and the analysis of catalase (CAT), superoxide dismutase (SOD), peroxidase (POD) activity
and content of malondialdehyde (MDA) and H,O; content was performed as previous
described [74] and adjusted. For all assays, the data for each time point represent the
average of at least three biological replicates. Calculations were carried out according to the
equations recommended by the manufacturer (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China).

4.8. RNA Extraction and Analysis of Gene Expression

Total RNA from germinated seeds was extracted using TRIzol reagent (R401-01,
Vazyme, Nanjing, China). The first-strand cDNA was synthesized from 600 ng total RNA
using a reverse transcription kit (R133-01, Vazyme). The qRT-PCR reaction was performed
using ChamQ Universal SYBR qPCR Master Mix (Q711-03, Vazyme) on an ABI Step One
Plus Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) [75]. Normalized
transcript levels were calculated using the comparative 2-2CT method [76], with the
OsActin serving as an internal control. Five biological replicates were performed. All
primers used for qRT-PCR are listed in Table S1.

The developing seeds of pNAL11::GUS transgenic plants were collected and detected
according to the previous method [77]. The developing seeds of pNAL11::GUS transgenic
plants were collected and incubated in GUS staining buffer (750 pg-mL-1 X-gluc, 10 mM
EDTA, 3 mM K3Fe(CN)6, 100 mM NaPOy pH 7, and 0.1% Nonidet-P40) at 37 °C for 6 h. The
samples were then transferred to 70% ethanol to remove chlorophyll. Finally, photographs
were taken using a ZEISS stereomicroscope.
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4.9. Statistical Analysis

Statistical analysis of the data was performed using the Prism 8.3.0 software package.
Student’s t-tests were employed, with statistical significance set at p < 0.05. Significant
differences between means are indicated by asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001).
All data are presented as mean + standard deviation (SD), with “n” representing the
sample size.

5. Conclusions

Bioinformatic analysis reveals that the NALI1 gene belongs to the family of HSPs
containing the Dna] structural domain. Knockout of NAL11, which regulates the expression
of genes involved in ABA, GA and auxin biosynthesis, catabolism and signaling pathways,
increases the activities of many antioxidant defence enzymes to maintain ROS balance
and improve tolerance to submergence stress in rice. Additionally, knockout of NAL11
significantly increased sugar metabolism and the expression of expansin genes in rice seeds,
which promoted the elongation of rice coleoptiles. Taken together, these molecular and
physiological changes resulted in improved tolerance to submergence stress in rice. These
findings not only deepen our understanding of the function of NAL11, but also provide
a solid foundation for future research aimed at improving crop tolerance to flooding,
potentially leading to more resilient agricultural practices in flood-prone areas.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/plants13182593/s1, Supplementary Table S1. The primer
pairs used in this study. Supplementary Figure S1. Protein domain and gene structure analysis of
NAL11 and 28 homologous genes. Schematic diagram of NAL11 proteins and 28 homologous proteins
functional domai; Structural analysis of NAL11 and 28 homologous genes based on their own genome
annotation file GFF3; Exon—intron structure of the 28 homologous genes, with introns indicated
by black lines, exons by yellow wedges, and upstream (5’) /downstream (3’) untranslated regions
(UTRs) by green rectangles. Supplementary Figure S2. Promoter prediction analysis of NAL11 and
28 homologous genes, with introns indicated by black lines, exons by yellow wedges, and upstream
(5")/downstream (3’) untranslated regions (UTRs) by green rectangles. D, Distribution of various
cis-elements in the promoters of 28 homologous genes. E, Color-coded patterns corresponding to each
motif box. Supplementary Figure S3. (A), Schematic of the CRISPR/Cas9 knockout vector cloning of
NAL11. (B), Gene structure diagram of NAL11. The UTRs and CDS are indicated by black and orange
rectangles, respectively; the black arrows indicate the start (ATG) and stop codon (TGA). The red box
indicates the location of the target. The green background fonts indicate the mutation site of NAL11
in the three mutants. Sequence length is shown below. (C), Expression levels of NALI1 in transgenic
lines and wild type. (Data are presented as mean + SD, n = 3; significant differences were determined
by two-tailed Student’s t-tests. * p < 0.05, ** p < 0.01, ns, no significance). Supplementary Figure
S4. NAL11 regulates rice seedling emergence under submergence. (A), Germination percentage
after 4 d under normal conditions. (B), Representative images of coleoptile length for both WT and
knockout lines after 4 d under aerobic conditions and 4 d under submergence conditions. Scale bars,
1 cm. (C-E), Average coleoptile length, coleoptile surface, and diameter of WT and knockout lines
after 4 d under submergence, respectively. (Data are presented as mean & SD, n = 5; significant
differences were determined by two-tailed Student’s t-tests. * p < 0.05, ** p < 0.01, *** p < 0.001, ns,
no significance). Supplementary Figure S5. Analysis of CAT, SOD and POD activity of WT and
transgenic plants under normal and submergence conditions. (A). CAT activity. (B). SOD activity.
(C). POD activity. (Data are presented as mean =+ SD, 1 = 5; significant differences were determined
by two-tailed Student’s f-tests. ** p < 0.01, *** p < 0.001, ns, no significance). Supplementary Fig-
ure S6. Transcript accumulation of stress-related genes in seeds after 48 h of submergence treatment.
(A). OsSnRK1A. (B). OsSUB1A. (C). OsTPP7. (D). OsNACY. (Data are presented as mean + SD, n = 3;
Asterisks indicate significant differences between transgenic lines and WT using t-test. *** p < 0.001).
Supplementary Figure S7. NAL11 is involved in the ABA signaling pathway. (A-C) gRT-RCR of ABA
biosynthesis-related genes in the WT and knockout lines at 24 h, 48 h, and 72 h after submergence.
(D-F) qRT-RCR of ABA catabolism-related genes in the WT and knockout lines at 24 h, 48 h, and 72 h
after submergence. G-I qRT-RCR of ABA signal transduction-related genes in the WT and knockout
lines at 24 h, 48 h, and 72 h after submergence. (Data are presented as mean =+ SD, n = 5; significant
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differences were determined by two-tailed Student’s t-tests. * p < 0.05, ** p < 0.01, *** p < 0.001, ns,
no significance). Supplementary Figure S8. NAL11 is involved in the GA signaling pathway. (A-E)
qRT-RCR of GA biosynthesis-related genes in the WT and knockout lines at 24 h, 48 h, and 72 h
after submergence. (F-H) qRT-RCR of GA catabolism-related genes in the WT and knockout lines
at 24 h, 48 h, and 72 h after submergence. (Data are presented as mean + SD, n = 5; significant
differences were determined by two-tailed Student’s f-tests. * p < 0.05, ** p < 0.01, *** p < 0.001, ns, no
significance). Supplementary Figure S9. NAL11 is involved in the auxin signaling pathway. (A-E)
qRT-RCR of auxin biosynthesis-related genes in the WT and knockout lines at 24 h, 48 h, and 72 h
after submergence. (Data are presented as mean & SD, n = 5; significant differences were determined
by two-tailed Student’s t-tests. * p < 0.05, ** p < 0.01, *** p < 0.001, ns, no significance).
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Abstract: Salt stress caused by high concentrations of Na* and CI" in soil is one of the most important
abiotic stresses in agricultural production, which seriously affects grain yield. The alleviation of salt
stress through the application of exogenous substances is important for grain production. Melatonin
(MT, N-acetyl-5-methoxytryptamine) is an indole-like small molecule that can effectively alleviate
the damage caused by adversity stress on crops. Current studies have mainly focused on the effects
of MT on the physiology and biochemistry of crops at the seedling stage, with fewer studies on the
gene regulatory mechanisms of crops at the germination stage. The aim of this study was to explain
the mechanism of MT-induced salt tolerance at physiological, biochemical, and molecular levels and
to provide a theoretical basis for the resolution of MT-mediated regulatory mechanisms of plant
adaptation to salt stress. In this study, we investigated the germination, physiology, and transcript
levels of maize seeds, analyzed the relevant differentially expressed genes (DEGs), and examined
salt tolerance-related pathways. The results showed that MT could increase the seed germination
rate by 14.28-19.04%, improve seed antioxidant enzyme activities (average increase of 11.61%), and
reduce reactive oxygen species accumulation and membrane oxidative damage. In addition, MT
was involved in regulating the changes of endogenous hormones during the germination of maize
seeds under salt stress. Transcriptome results showed that MT affected the activity of antioxidant
enzymes, response to stress, and seed germination-related genes in maize seeds under salt stress
and regulated the expression of genes related to starch and sucrose metabolism and phytohormone
signal transduction pathways. Taken together, the results indicate that exogenous MT can affect
the expression of stress response-related genes in salt-stressed maize seeds, enhance the antioxidant
capacity of the seeds, reduce the damage induced by salt stress, and thus promote the germination of
maize seeds under salt stress. The results provide a theoretical basis for the MT-mediated regulatory
mechanism of plant adaptation to salt stress and screen potential candidate genes for molecular
breeding of salt-tolerant maize.

Keywords: maize; melatonin; salt stress; seed germination; transcriptome analysis

1. Introduction

With the continuous deterioration of the global ecological environment and the emer-
gence of extreme climate, countries around the world are facing an increasingly severe food
security crisis [1]. Rising global temperatures and increased evaporation rates of water
from the surface layer of arable land lead to salt accumulation, aggravating salinization
of arable land, which inhibits seed germination and leads to crop growth inhibition, and
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reduced survival and yield [2—4]. In addition, salt stress induces other secondary stresses
in crops, such as ionic toxicity, osmotic stress, and oxidative stress, disrupting intracellular
environmental homeostasis and even leading to cell death [5-10].

To adapt to high-salt environments, plants need to maintain their ion homeostasis. Ion
transporter proteins (e.g., Na* and K* transporter proteins), which control the input and
output of ions, are the first line of defense in the cytoplasmic membrane. The Salt Overly
Sensitive (SOS) pathway, discovered and characterized by Zhu's team, is an important
component of the stress signaling pathway that regulates ion homeostasis and salt toler-
ance in plants [11,12]. Meanwhile, plants have evolved many mechanisms to sense and
adapt to osmotic stress, including perception and transduction of osmotic stress signals,
phytohormone-related regulation and response, intracellular synthesis, and metabolism of
osmotic substances [13-19]. When oxidative stress induces the production of large amounts
of reactive oxygen species (ROS), plants increase the activity of their antioxidant enzymes
(such as superoxide dismutase, catalase and peroxidase) to effectively improve the ability
to scavenge ROS, reduce plasma membrane damage, and improve tolerance to abiotic
stress, including drought, high temperature, salinity, and cold [1,20,21]. Pesticides, as plant
protectants, can cause pesticide toxicity when used in excess or inappropriately, and the
antioxidant enzyme system is effective in scavenging the accumulation of ROS caused by
pesticide toxicity [22].

The use of exogenous hormones to improve plant stress resistance under abiotic stress
is one of the most used tools today. MT is an indole-like small molecule that is considered a
novel phytohormone. Although this view is still controversial, MT has been found to have
many biological functions and plays an important role in plant growth and development
and stress response processes [23-29]. The ability of MT to alleviate growth retardation
caused by salt stress and to promote seed germination and plant root development was
confirmed by applying MT to soybean, wheat, maize, and rice crops [30-33]. MT can
directly and effectively scavenge ROS and reactive nitrogen species (RNS), as well as other
free radicals and harmful oxidative molecules, and act as a signaling molecule to enhance
the activity of antioxidant enzymes, including superoxide dismutase (SOD), catalase (CAT),
and peroxidase (POD) [2,34-37]. In addition, MT regulates the expression of the Arabidopsis
K* transporter protein gene (AKT1) and Na* /H" reverse transporter protein gene (NHX1)
to maintain ion homeostasis and mitigate plant damage from salt stress [38,39]. MT is
involved in multiple signaling pathways and interacts with several phytohormones to
regulate plant growth and improve stress tolerance. MT has been reported to interact with
abscisic acid (ABA) and gibberellin (GA) to affect the biosynthesis and catabolism of ABA
and GA, disrupt ABA/GAs, and promote seed germination under salt stress [30,36,40].
MT activates the MAPK cascade and enhances tolerance to salt stress and immunity to
pathogens in Arabidopsis [41], tobacco [42], Bermuda grass, and other plants [43]. Exogenous
MT upregulates the expression of key genes in the GA synthesis pathway, such as GApox
and GAjzox, leading to an increase in GA content, and regulates the crop response to
GA by modulating DALLE proteins in the GA signaling pathway under salt stress [30,36].
However, most of the current studies on MT are at the physiological level, and the molecular
mechanism of its action is still not clearly resolved.

Maize (Zea mays L.) is one of the most important and widely grown crops in the
world. In addition to being a grain, maize is an important source of feed and industrial
raw materials with high economic value [44]. At the same time, maize cultivation is being
threatened by a variety of environmental problems, such as high and low temperatures,
drought, salinity, and flooding. Therefore, how to improve the stress tolerance of maize
seeds has become a research priority. Despite several studies on MT in crop stress tolerance,
the molecular mechanisms during maize seed germination after MT application under salt
stress are still unclear. In this study, we investigated the germination indexes, physiological
indexes, endogenous hormone contents, and transcript levels of maize seeds at different
germination stages under salt stress to gain insights into the exogenous MT-mediated
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physiological mechanisms and gene regulatory networks of maize seed germination stages
in response to salt stress.

2. Results
2.1. Effect of Exogenous MT on Emergence Traits of Maize under Salt Stress

As shown in Figure 1A, the seed germination rate was significantly decreased under
NaCl stress of 150 mM compared with the control, and 150 mM NaCl was selected as the
salt stress concentration for this experiment, in combination with the sampling needs of the
subsequent experiments. Pretreatment with MT significantly increased the germination
rate of maize seeds by 7.07-33.33% under NaCl stress conditions, with SM50 treatment
having the most significant effect (Figure 1C). In addition, the radicle protrusion rate was
promoted by 44.98-59.97% under MT treatment compared to salt stress (Figure 1B). Com-
bined with its radicle protrusion rate, the results showed that MT was able to significantly
increase the seed germination rate and alleviate the growth and developmental retarda-
tion induced by salt stress (Figure 1B,C). Both radicle length and germination length are
important indicators of seed germination. Salt stress inhibits the development of seed
radicle and germination (decreased by 60.29% and 89.86%, respectively), but the application
of MT alleviated this developmental retardation caused by salt stress (29.24-46.84% and
119.58-155.19% increases, respectively, compared to S treatment) (Figure 1D,E). Notably,
MT promoted the development of the secondary radicle of maize seeds under salt stress.
The percentage of germinated seeds that developed secondary radicles increased by an
average of 38.73% after MT treatment compared to group S (Figure 1F). These results
are consistent with observations on seed phenotypes (Figure S1), suggesting that MT is
effective in promoting growth and development during seed germination.
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Figure 1. The germination effect of 150 mM NaCl on maize seeds. (A) Germination rate of maize
seeds at different NaCl concentrations; (B) rate of radicle breakthrough of seed coat at the 36th
hour; (C) germination rate at 5th day; (D) radicle length; (E) germination length; (F) proportion of
secondary radicle occurrence. Different letters indicate statistically significant differences (ANOVA
with LSD Fisher’s multiple comparison test, p < 0.05).

2.2. Effect of MT on Oxidative Damage and Osmoregulation in Seeds

Under salt stress induction, ROS content and MDA, a product of oxidative damage
to membrane plasma, were significantly higher in maize seeds compared with CK. In
contrast, O, ~, HyO,, and MDA contents were significantly reduced after pretreatment with
MT (Figure 2A-C).
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Figure 2. Effect of MT on physiological traits during germination of maize seeds. (A) O, content;
(B) HyO, content; (C) MDA content; (D) SOD activity; (E) POD activity; (F) CAT activity; (G) soluble
sugar content; and (H) proline content. Different letters indicate statistically significant differences
(ANOVA with LSD Fisher’s multiple comparison test, p < 0.05).

ROS stimulated the plants to increase antioxidant enzyme activities, in which SOD
activity was elevated by 38.52%, POD and CAT activities by 24.48% and 35.47%, respectively,
in the S group compared to the CK group (Figure 2D-F). However, the antioxidant enzyme
activities of maize seeds were significantly higher under SM treatment than S treatment.
The SOD and POD activities of maize seeds reached their maximum at SM50 treatment,
which increased by 25.9% and 11.88%, respectively, compared with S group (Figure 2D,E).
And among all SM groups, only the SM75 group significantly increased CAT activity by
18.56% relative to S group (Figure 2F).

The content of soluble sugars showed that salt stress, as well as MT treatment, had
little effect on the content of soluble sugars in maize seeds (Figure 2G). This may be caused
by the fact that at this time the seeds were in the period of germination and the nutrients
in the endosperm were being converted into soluble sugars. However, the determination
of proline content showed that salt stress caused a large accumulation of proline in maize
seeds (473.26% increase compared with the CK group), and MT pretreatment further
significantly increased the proline content under salt stress, where SM50 increased by
82.44% (Figure 2H).

Considering the results of seed germination, ROS content, and the activities of various
antioxidant enzymes, the MT concentration of 50 uM was finally selected as the optimal
concentration for subsequent experimental analyses.

2.3. Effect of MT on Endogenous Hormone Levels

To investigate the mechanism of the MT-induced germination of maize seeds under salt
stress, we measured the contents of several phytohormones at three stages: seed imbibition
(19 h), radicle protrusion (36 h), and germination (60 h). Under normal conditions, the
contents of all four phytohormones, GA3, ABA, IAA, and JA, increased during seed
germination (Figure 3). Compared with CK, under salt stress conditions, the contents of
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JA and ABA were significantly increased at all three germination stages, with increases
of 15.75-20.15% and 34.39-73.82%, respectively (Figure 3A,C). The contents of GA3 and
IAA increased by 26.07% at 19 h and 29.73% at 36 h and decreased by 20.42% and 1.76%
at 60 h, respectively (Figure 3B,D). In the MT pre-treated samples, the content of JA was
significantly reduced (7.24-16.78%) at all three germination stages compared to untreated
ones, whereas the opposite was true for IAA (increased by 4.38-28.37%) (Figure 3A,B).
The content of ABA and GAj; increased by 20.06% and 39.14% at 60 h and decreased by
37.94% and 13.05% at 19 h, respectively. But, at 36 h ABA decreased by 32.44%, while GA3
increased by 13.52% (Figure 3C,D).
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Figure 3. Hormone contents under different germination stages of different treatments. (A) JA
content; (B) IAA content; (C) ABA content; (D) GAj3 content. Different letters indicate statistically
significant differences (ANOVA with LSD Fisher’s multiple comparison test, p < 0.05).

2.4. Transcriptome Data Quality Assessment and Analysis of DEGs

To reveal the transcriptional mechanism by which MT promotes maize seed germi-
nation under salt stress, transcriptome sequencing was performed for S-vs-SM50 at three
different stages (19 h, 36 h, and 60 h) during seed germination. The quality assessment of
the sequencing data of all samples was shown in Table S2, and a total of 851,402,640 Clean
Reads were obtained from the transcriptome sequencing. The average Q20 and Q30 of all
samples were 97.03% and 92.45%, respectively, while the average GC content was 55.12%.
The expression patterns of the four genes used for qRT-PCR analysis followed the same
trend as that of the transcriptome data (Table S1, Figure S2), indicating that the sequencing
results were good for subsequent analysis. The results of sample correlation analysis
showed that the three biological replicates of each treatment were well clustered together,
indicating good reproducibility of the samples within the group and better reflecting the
fact that the MT pretreatment has a regulatory effect on gene transcription in maize seeds
at the germination stage (Figure 4B). Interestingly, samples from the S and SM50 groups
clustered together at 19 h and 60 h but were clearly distinguished at 36 h, which was during
the radicle protrusion stage, suggesting that M T affects gene transcription in maize seeds
mainly at that stage (Figure 4B).
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Figure 4. Effect of MT on gene expression of maize seeds at different germination stages under
salt stress. (A) Volcano plot of differential genes; (B) correlation analysis of all samples and sample
clustering; (C) Venn plot of up- and down-regulated differential genes and heat map of differential
expression fold change of overlapping genes.

A total of 3509 DEGs were identified in the comparison of S-vs-SM50 at the three
stages of germination, and 432 up-regulated genes and 159 down-regulated genes at 19 h
and 423 up-regulated genes and 205 down-regulated genes at 60 h were observed. The
highest number of DEGs was identified at 36 h, with 1561 up-regulated and 1020 down-
regulated genes (Figure 4A). This result likewise indicates that MT has a greater effect
on gene transcript expression during the radicle protrusion stage. To further understand
the effect of MT on DEGs at different germination stages in S-vs-SM50, a Venn diagram
analysis was performed on the up-regulated DEGs and down-regulated DEGs at the three
germination stages, respectively (Figure 4C). The results showed that a total of six of the
up-regulated DEGs were affected by MT and continued to be up-regulated throughout the
germination phase, whereas a total of four of the down-regulated DEGs were affected by
MT and continued to be down-regulated throughout the germination phase (Figure 4C).

2.5. GO and KEGG Enrichment Analysis of DEGs

To identify the major pathways regulated by MT to promote seed germination, all
DEGs were analyzed for GO and KEGG enrichment, and 11 significantly enriched entries
and pathways were each selected from the enrichment results for bubble mapping. GO
enrichment analysis showed that these DEGs were mainly enriched in the xyloglucan
metabolic process, response to stress, response to reactive oxygen species, response to
hormones, response to abscisic acid, positive regulation of secondary cell wall biogenesis,
oxidoreductase activity, DNA unwinding involved in DNA replication, cellular response
to nitric oxide, the carbohydrate metabolic process, and antioxidant activity (Figure 5A).
Unsurprisingly, MT further affects seed germination under stress mainly by regulating the
expression of genes involved in stress response, hormone response, antioxidant capacity,
and energy substance metabolism-related genes. KEGG enrichment analysis showed that
MT-affected DGEs were mainly enriched in phenylpropane-related synthetic pathways
such as phenylpropanoid biosynthesis and flavonoid biosynthesis. DEGs were similarly en-
riched in lipid-related pathways such as linoleic acid metabolism and fatty-acid elongation
and glycan-related pathways such as glycolysis/gluconeogenesis and starch and sucrose
metabolism (Figure 5B). In addition, the pathways of plant hormone signal transduction
and benzoxazinoid biosynthesis were also enriched by DEGs (Figure 5B).
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2.6. Time Series Analysis of Expression Patterns of DEGs

To investigate the expression and function of DEGs at different germination stages,
time series analysis of all DEGs was performed to further analyze their expression patterns.
As shown, all DEGs were clustered into eight clusters according to their expression patterns
(Figure 6). Based on the expression patterns of the genes in these eight clusters, as well as
the expression heat map, C5, C8, C6, and C3, which were more in line with expectations,
were selected for further analysis. These gene clusters clustered 323, 429, 500, and 530 DEGs,
respectively. The genes clustered in C5 were similarly expressed at 19 h and 60 h, but the
expression of MT-pretreated DEGs was significantly higher than that of the S group at
36 h, whereas the expression pattern of DEGs in C8 and C3 was the opposite of that of C5
(Figure 6). Expression pattern plots of C6 showed that the expression of such DEGs in the S
and SM50 groups was similar in the early stage (19 h), but the expression of these genes
gradually increased as the germination process progressed, and MT pretreatment further
increased their expression (Figure 6).

GO enrichment analyses of DEGs in each of these gene clusters showed that DEGs
in C5 were mainly involved in epigenetic regulation of gene expression and trehalose
biosynthetic process. This suggests that MT may protect normal gene expression from salt
stress by suppressing the epigenetic regulation of gene expression and increase energy
supply and promote seed radicle development by inhibiting the conversion of glucose
to trehalose (Figure 6). DEGs in C6 are mainly associated with the amine biosynthetic
process, cellular metal ion homeostasis, and the flavonoid metabolic process (Figure 6).
This suggests that MT has a positive effect on ion homeostasis in cells. The expression
patterns of DEGs in C8 and C3 were similar and GO enrichment analysis showed that
they were involved in the cellular response to auxin stimulus, positive regulation of cell
wall organization or biogenesis, antioxidant activity, and cellular response to oxidative
stress, respectively. This further suggests that MT has a greater impact on seeds during
the radicle protrusion stage, increasing their ability to scavenge reactive oxygen species
and their response to phytohormones, which in turn has the effect of promoting seed
germination (Figure 6).
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2.7. Gene Set Enrichment Analysis of S-vs-SMb50 in Different Germination Stages

In order to reveal the unique roles played by MT in the three key stages of germination,
GO and KEGG gene set enrichment analyses were performed for all genes in the three
germination stages.

GO gene set enrichment analysis (Figure 7A) showed that genes related to the xy-
loglucan metabolic process were down-regulated in maize seeds and genes related to
cellular response to abscisic acid stimulus, response to salt, and post-embryonic plant
morphogenesis were up-regulated in maize seeds at the time of seed imbibition stage (19 h).
This suggests that MT at this time enhances seed response to ABA and salt in response
to salt stress and inhibits xyloglucan metabolism to promote seed embryo development.
When the seeds were in the radicle protrusion stage (36 h), the genes related to xyloglucan
metabolic process and epigenetic regulation of gene expression were down-regulated,
and the genes related to antioxidant activity and the cell wall macromolecule catabolic
process were up-regulated. This is consistent with the results obtained from the time series
analysis. When the seeds were in the germination stage (60 h), the GO entries showed
that MT mainly up-regulated positive regulation of seed germination, positive regulation
of post-embryonic development, photosynthesis, and regulation of the seed dormancy
process. This demonstrated that MT promoted maize seed germination under salt stress by
up-regulating seed germination-related genes.

The results of the KEGG gene set enrichment analysis (Figure 7B) showed in the MT
affected genome set an overall down-regulation of ribosome-related genes, and an overall
up-regulation of genes related to benzoxazinoid biosynthesis, brassinosteroid biosynthesis,
and phenylalanine metabolism in the seed imbibition stage (19 h). Among the gene
sets at the seed radicle protrusion stage (36 h), there was an overall down-regulation
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of genes related to zeatin biosynthesis, and an overall up-regulation of genes related to
phenylpropanoid biosynthesis, oxidative phosphorylation, and benzoxazinoid biosynthesis.
It is noteworthy that the biosynthetic pathways of benzoxazoles were up-regulated by MT,
both in the DEG enrichment analysis and in the gene set enrichment analysis, implying
that MT has a positive impact on insect resistance and the antimicrobial and chemosensory
effects of crops, in addition to the enhancement of crop resistance and the promotion of
seed germination. The genes related to photosynthesis were up-regulated, while the genes
related to zeatin biosynthesis, alpha-linolenic acid metabolism, and glutathione metabolism
were down-regulated at the seed germination stage (60 h). At this time, MT inhibited
the expression of genes related to glutathione metabolism and increased its accumulation,
which helped the seeds to improve salt tolerance.
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Figure 7. Gene set enrichment analysis of S-vs-SM50 in different germination stages. (A) GO gene set
enrichment analysis; (B) KEGG gene set enrichment analysis.

2.8. Effect of MT on Phytohormone Signal Transduction Pathways during Seed Germination under
Salt Stress

Based on the KEGG enrichment analysis of DEGs and the results of the determination
of endogenous plant hormone contents, this study speculates that MT largely influences
the germination process of seeds under adversity by interacting with other plant hormones.
Throughout the three key stages of the germination process, a total of 57 DEGs belonged
to genes related to the phytohormone signal transduction pathway, of which the IAA
pathway had the highest number of DEGs with 25, followed by the ABA pathway with
11 DEGs (Figure 8). Both the SA pathway and the ETH pathway had five DEGs, CTK,
BR, and JA had three DEGs each, and GA had only two DEGs (Figure 8). Based on the
differential gene expression and pathway maps, it can be seen that although the expression
of the negative regulator ZmPP2C in the ABA pathway was up-regulated, the expression of
its downstream genes, ZmSnRK2 and the ABA response element binding factor ZmABF,
were similarly up-regulated (Figure 8). In the IAA pathway, partial up-regulation and
partial down-regulation of ZmAUX/IAA promoted ZmSUAR expression overall, whereas
ZmCH3 expression was up-regulated at both 19 h and 60 h and was significantly down-
regulated only at 36 h (Figure 8). Among the remaining hormone pathways, the ETH, CTK,
SA, and GA pathways were overall positively regulated by MT, whereas the BR and JA
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pathways were negatively regulated by MT (Figure 8). This suggests that MT is involved
in regulating the signal transduction of multiple phytohormones, thus affecting a variety
of biological processes and that MT further regulates seed salt tolerance and germination
processes mainly by regulating the expression of genes related to the IAA and ABA signal
transduction pathways.
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Figure 8. Effect of MT during germination on phytohormone signaling pathways in maize seeds
under salt stress.

2.9. Effect of MT on Starch and Sucrose Metabolic Pathways during Seed Germination under
Salt Stress

MT regulated a total of 39 DEGs in the starch and sucrose metabolic pathway. Analysis
of the starch and sucrose metabolic pathway showed that MT up-regulated starch and
sucrose catabolic genes, such as ZmINV, encoding p-fructofuranosidase, and ZmSUS,
encoding sucrose synthetase, which are associated with the catabolism of sucrose, and
ZmBAM and ZmAMY, encoding x-amylase, which are associated with the catabolism of
starch (Figure 9). In addition, MT up-regulated genes related to the synthesis of D-glucose,
such as ZmE3.2.1.21, encoding 3-glucosidase, and repressed genes related to the catabolism
of D-glucose, such as ZmHK, encoding hexokinase (Figure 9). Meanwhile, MT treatment
reduced the expression of genes related to the synthesis of trehalose, such as ZmTPS,
encoding trehalose-6-phosphate synthase, and ZmTPP, encoding trehalose-6-phosphate
phosphatase, compared with that of group S (Figure 9). In conclusion, MT pretreatment
promoted the decomposition of starch and sucrose and the synthesis of glucose in maize
seeds under salt stress, providing sufficient energy for seed germination.

2.10. Effect of MT on Transcription Factors during Seed Germination under Salt Stress

In the plant hormone response and signal transduction pathways, there are many
DEGs of transcription factors involved in the response to salt stress, MT, and the regulation
of seed germination, such as ABF in the ABA pathway, ARF in the IAA pathway, PIF in
the GA pathway, and JAZ and MYC2 in the JA pathway, among others. In addition to
their involvement in hormone signaling, some transcription factors are also associated with
plant stress tolerance. In this study, 19 transcription factor family members were identified
in all DEGs. Regardless of the germination stage, these transcription factor genes were
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mainly classified into the AP2/ERF, bHLH, MYB, NAC, and WRKY families (Figure 10A).
The heatmap shows the expression differences of TFs in the comparison of S-vs-SM50,
which are mainly regulated by MT at 36 h (Figure 10B). In addition, MT-regulated genes of
the NAC, MYB, and WRKY families were associated with salt tolerance in plants, which
may be one of the ways in which MT improves salt tolerance in maize seeds and promotes
seed germination.
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Figure 9. Effect of MT during germination on starch and sucrose metabolism in maize seeds under
salt stress.
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3. Discussion
3.1. MT Alleviates Salt Stress-Induced Oxidative Damage by Enhancing the Ability to
Scavenge, R.O.S.

Excessive accumulation of salt in the soil inhibits seed germination. In practical agri-
cultural production, plant hormones and growth regulators, such as GA, JA, SA, IAA,
CTK, ABA, and their functional analogues, are commonly used to promote seed germi-
nation, reduce insect pests and diseases, and mitigate damage caused by environmental
stresses [31,32,45-51]. MT is a new indole hormone, which is also widely used to alleviate
developmental retardation and oxidative damage caused by salt stress and to improve
plant stress tolerance [46]. The results of this study showed that salt stress inhibited maize
seed germination, but exogenous MT pretreatment effectively alleviated salt stress-induced
developmental retardation, promoted seed germination, and significantly promoted lateral
rooting (Figure 1). Changes in MDA content represented the degree of oxidative damage to
the plant plasma membrane caused by salt stress. In this study, salt stress led to an increase
in MDA content in maize seeds, but MDA content was significantly lower in MT treatment
compared with no MT treatment. This indicated that MT mitigated the salt stress oxidative
damage to maize seeds (Figure 2C).

O,~ and H,O; in ROS can act as signaling molecules to activate plant responses to
unfavorable environmental conditions. However, high-salinity-induced over-accumulation
of O™ and HyO; can seriously threaten the membrane structure of plant cells [52]. MT, an
antioxidant, is capable of scavenging excessive accumulation of ROS directly through a
cascade reaction [53]. According to the results of this study, O, and HyO, were maintained
at low levels in MT-treated maize seeds under salt stress (Figure 2A,B). In addition, MT
has been reported to be able to regulate ROS homeostasis by increasing the activity of
antioxidant enzymes [46,54]. The results of this study showed that MT increased the
activities of SOD, CAT, and POD in maize seeds under salt stress (Figure 4). The same
results were obtained when exogenous MT was applied to wheat, rice, soybean, and
tomato under salt stress [55-58]. Based on these results, the present study suggests that MT
promotes seed germination by directly or indirectly participating in the regulation of ROS
homeostasis in plants under stress to avoid overreaction to stress.

3.2. MT Improves Seed Germination under Salt Stress by Regulating Phytohormone Levels and
Phytohormone Signal Transduction Pathways

Endogenous hormones play a crucial role in seed germination [59]. In addition to
enhancing the antioxidant capacity of plants under salt stress, MT is also involved as a
signaling molecule in regulating hormone signal transduction and activating the stress
response of plants, thereby improving stress tolerance [35]. As shown in previous studies,
phytohormones (e.g., ABA, IAA, BR, CTK, JA, SA, and ETH) enable plants to regulate their
growth and development in response to the growing environment and help them adapt to
unfavorable conditions [60]. For example, ABA plays a role in all adversity stresses and
enhances stress tolerance in wheat [61], maize [62], and soybean [63] through exogenous
ABA. TAA and JA play crucial roles as endogenous signaling molecules in both plant
growth and response to adversity [64,65].

In the ABA signal transduction pathway, PYR/PYL/RCAR, as ABA receptors, phos-
phorylate the ABA response element binding factor ABF by activating SnRK2 and initiate
the expression of genes downstream of the ABA response pathway by inhibiting the activity
of the ABA negative regulator PP2C [66]. In this study, MT significantly reduced ABA
levels in seeds and suppressed the response to ABA signaling. The transcriptome results
showed that ZmPP2C was significantly up-regulated in SM50 treatment, but ZmPYR/PYL
was significantly down-regulated (Figures 3 and 8). Interestingly, ZmSnRK2 and ZmABF,
which should have been repressed due to the up-regulation of ZmPP2C, were both up-
regulated in the SM50 treatment (Figure 8). In view of these results, this study speculated
that MT promotes seed germination under salt stress by reducing ABA signaling to avoid
inhibition of seed germination due to accumulation of ABA and over-responsiveness to
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ABA, while activating stress-responsive genes through other pathways to achieve a balance
between plant growth and stress tolerance. Previous studies have shown similar results;
e.g., MT alleviated salt stress damage to wheat and cucumber seeds and promoted seed
germination by reducing ABA biosynthesis and signaling pathways [30,36]. In this study,
MT increased IAA levels at three different stages of seed germination (Figure 3). Whereas
in the IAA signaling pathway some ZmAUX/IAA was partially up-regulated and partially
down-regulated and in general promoted the expression of ZmSUAR, ZmCH3 was up-
regulated at both 19 and 60 h and was significantly down-regulated only at 36 h (Figure 8).
In the IAA pathway, IAA is sensed by TIR1 in the E3 ubiquitin—protein ligase SCF complex,
and the complex then ubiquitinates AUX/IAA and degrades it via the 26 S proteasome,
releasing ARF to activate downstream response genes [60]. The results of the present study
were similar to those of MT applied to Arabidopsis and cucumber, suggesting that MT
may improve germination of maize seeds under salt stress by activating IAA downstream
response genes [67,68].

3.3. MT Promotes Seed Germination under Salt Stress by Regulating Starch and Sucrose Metabolic
Pathways during Seed Germination

Sugars function as structural materials for seed development and energy supply dur-
ing germination to maintain osmotic pressure in plants to resist salt stress [69]. For example,
carbohydrate metabolites (e.g., sucrose, D-glucose, and D-fructose) are up-regulated during
the later stages of salt stress in watermelon to improve salt tolerance [70]. Starch is the
end product of plant photosynthesis and is one of the sources of energy for plants. When
subjected to extreme environmental stimuli, plants often increase sugar accumulation
by regulating starch catabolic pathways to improve their salt tolerance [71-73]. In this
study, MT upregulated ZmAMY, a gene encoding x-amylase, and ZmBAM, a gene encod-
ing B-amylase, to promote starch catabolism (Figure 9). Both sucrose and trehalose are
key metabolites in starch and sucrose metabolism. Among them, sucrose can be further
degraded to UPD glucose, a precursor for the synthesis of trehalose 6-phosphate, and
both trehalose and sucrose have been found to improve salt tolerance in plants [74-76].
However, transcriptome analysis in this study showed that the transcript levels of trehalose-
6-phosphatase (TPP), responsible for the synthesis of trehalose, and trehalose-6-synthase
(TPS), responsible for the synthesis of trehalose 6-phosphate, were lower in the SM50 treat-
ment than in the S treatment, while the expression of genes coding for enzymes responsible
for the degradation of sucrose (e.g., B-fructofuranosidase, INV, and sucrose synthetase,
SUS) was up-regulated, which suggests that the MT promoted the breakdown of sugar
in maize seeds under salt stress and inhibited the synthesis of trehalose, which promoted
the accumulation of D-glucose (Figure 9). This result seems to be in conflict with previous
results [77], and in this study, we speculate that MT promotes sucrose and starch catabolism
and increases D-glucose content in order to increase energy supply and promote seed
germination while improving the salt tolerance of seeds through other pathways such as
increasing antioxidant capacity and up-regulation of stress-responsive genes.

3.4. MT Regulates the Expression of Different Functional Genes at Different Seed Germination
Stages to Promote Seed Germination under Salt Stress

Seed germination is a complex and unique physiological process that initiates crop
growth and development [78]. How to improve the seedling establishment rate of crops un-
der stress has been the focus of attention, but most of the research has stayed on physiology
and phenotype and has not carried out in-depth studies on seed germination at the molecu-
lar level [79]. Seed imbibition, radicle protrusion, and emergence are three important stages
in the seed germination process, but the effects of MT on these three germination stages
have not been reported yet. The results of this study showed that MT affects the expression
of genes with different functions at different stages of seed germination, thus improving
salt tolerance and promoting seed germination throughout the germination period. For
example, at the seed imbibition stage (19 h), MT mainly regulated the formation of cell
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walls and the response of ABA and salt stress during embryo development, which was the
same function as in the wheat seed [30].

Just like our previous research on the wheat seed [30], at the radicle protrusion stage
(36 h), MT mainly affected the expression of epigenetic regulation of gene expression,
antioxidant enzymes, and cell wall formation. At the seed germination stage (60 h), MT
affected genes related to the positive regulation of seed germination, photosynthesis, and
zeatin biosynthesis (Figure 7). This study demonstrated that MT, as a multifunctional
indole hormone, plays an important role in promoting seed germination through a complex
regulatory network throughout the germination process under salt stress. However, since
the signal transduction pathway of MT is still not well resolved, the question of how MT
functions during seed germination needs to be further explored.

4. Materials and Methods
4.1. Materials and Treatments

The material used in this experiment was the maize inbred line B73, provided by
the Seed Science Laboratory, College of Plant Science and Technology, Beijing University
of Agriculture. Full, uniformly sized B73 maize seeds with undamaged surfaces were
selected and sterilized with a 1% NaClO solution for 10 min and then rinsed three times
with deionized water before use.

4.2. Salt Stress Concentration Screening

The salt solution concentration gradient was set at 0, 50, 100, 150, 200, 250 mM NaCl.
Seeds were soaked in deionized water for 12 h, neatly arranged in germination boxes
and placed in a smart light incubator for seven days for seed germination experiments
(temperature: 20-25 °C, light: dark incubation for the first three days, and 12 h each of
light and darkness for the last four days). Three biological replicates were set up for each
treatment, and 30 seeds were placed in each replicate.

4.3. Optimal MT Concentration Screening

The treatment of MT-dipped seeds was adopted for the concentration screening
experiment. Six treatment groups were set up: control (CK), 150 mM NaCl + 0 uM MT
(S), 150 mM NaCl + 25 uM MT (SM25), 150 mM NaCl + 50 uM MT (SM50), 150 mM
NaCl + 75 uM MT (SM75), 150 mM NaCl + 100 pM MT (SM100). Four biological replicates
were set up for each treatment and 40 seeds were placed in each replicate. Sampling was
performed when incubated under salt stress conditions until the seventh day. The samples
were snap-frozen with liquid nitrogen and stored in an ultra-low-temperature refrigerator
at —80 °C, and three biological replicates were taken for each treatment.

4.4. Endogenous Hormone Content and Transcriptome Sequencing

Three treatments were set up: control (CK), salt treatment (S), and salt + MT treatment
(SM50). Three biological replicates were set up for each treatment, and each replicate was
used with 40 seeds placed in the incubator for germination experiments. The germinated
seeds at 19 h, 36 h, and 60 h were sampled for the determination of endogenous plant
hormone content and transcriptome sequencing, respectively.

4.5. Measurement of Germination and Morphological Indicators

The number of seeds dewed and sprouted and the lateral radicle occurrence were
counted regularly every day, and radicle length and germ length were measured at the
7th day. Lateral radicle, i.e., in addition to the main radicle, is the radicle that grows from
the upper side of the shield stem at the base of the mesocotyl.

4.6. Measurement of Antioxidant Enzyme Activities

The frozen samples were quickly ground to powder in a pre-cooled mortar with liquid
nitrogen, and 0.2 g of powder was added to a 2 mL centrifuge tube, and then 1.6 mL
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of phosphate buffer (pH = 7.8, 0.05 M) was added for extraction and then put into a
centrifuge to be centrifuged (4 °C, 10,000 rpm, 20 min). The supernatant was used for the
determination of antioxidant enzyme activity and stored in the refrigerator at 4 °C.

The SOD activity was measured by the nitrogen blue tetrazolium (NBT) method [80].
Briefly, 100 pL of crude extract was added to 3.9 mL of the reaction mixture and placed
under 4000 Lx intense light for 30 min, then protected from light. The control group was
an equal amount of reaction solution. The SOD activity was determined and calculated at
560 nm.

POD activity was measured by guaiacol method [81]. Briefly, 40 pL of crude extract
was taken and added to 3 mL of reaction solution at 470 nm to determine the change in
absorbance for 1 min. The control was the inactivated enzyme solution after boiling. POD
activity was calculated as one unit of enzyme activity per minute increase in absorbance
value of 0.01.

The CAT activity was measured by UV spectrophotometric method [81]. Briefly,
50 uL of enzyme solution was added to 3 mL of buffer (PH = 7.8, 0.05 M), and 200 puL of
0.3% HyO, was added, shaken quickly, and then the change in absorbance was measured
at 240 nm for 1 min. The inactivated enzyme solution after boiling was used as a control to
calculate CAT activity.

4.7. Measurement of MDA and Soluble Sugar Content

The MDA content was determined by the thiobarbituric acid method 30 by mixing
0.2 g of sample powder with 8 mL of 10% trichloroacetic acid (TCA) and centrifuging (4 °C,
4000 rpm, 10 min). Then, 2 mL of supernatant (water as control) was taken, and 2 mL of
0.6% thiobarbituric acid (TBA) solution was added and mixed well, and the mixture was
put in boiling water for 15 min, cooled quickly, and centrifuged. The absorbance values of
the supernatant were measured at 450 nm, 532 nm, and 600 nm, and the MDA and soluble
sugar contents were calculated.

4.8. Reactive Oxygen Content Measurement

The H,O, and O, content were determined with reference to the method of Lu
et al. [81].

H,0O; content measurement: 0.2 g of the sample was taken in 4 mL of 0.1% (w/v) TCA
and ground to homogenization and centrifuged at 10,000 rpm for 10 min. The precipitates
were then thoroughly mixed to 1 mL with 0.2 mL of ammonia and 0.1 mL of 95% (v/v)
hydrochloric acid solution containing 20% (v/v) TiC14 and centrifuged (4 °C, 4000 rpm,
10 min). After removing the supernatant, the precipitate was washed successively with
pre-cooled acetone (—20 °C) and dissolved in 3 mL of 1 mM sulfuric acid. The resulting
solution was measured for absorbance at 410 nm.

O,~ Content measurement: In 4 mL of 65 mM phosphate buffer solution (PBS,
pH=7.8), 0.2 g of sample was added and grinded well and then centrifuged (4 °C,
10,000 rpm, 15 min). Then, 0.5 mL of the supernatant was taken and mixed with 1 mL
of hydroxylamine hydrochloride and 0.5 mL of 65 mM phosphate buffer and left for 1 h.
One mL of p-aminobenzenesulfonamide (17 mM) and one mL of o-naphthylamine (7 mM)
were added to the above mixture and incubated at 25 °C for 20 min. An equal volume of
ether was added and centrifuged (4500 rpm, 3 min), the supernatant was taken, and the
absorbance value was measured at 530 nm.

4.9. Measurement of Proline Content

Proline was determined using the ninhydrin colorimetric method [82]. Into 0.5 g of
sample, 2.5 mL of glacial acetic acid was added and centrifuged (10,000 rpm for 2 min)
after 10 min in a boiling water bath. One mL of the supernatant was reacted with two
mL of acidic ninhydrin solution for 30 min in a boiling water bath and then centrifuged
(10,000 rpm for 2 min) and finally extracted by adding toluene. The absorbance at 520 nm
was measured by UV spectrophotometer and calculated.
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4.10. Measurement of Endogenous Hormone Content

Maize seeds of CK, S, and SM50 were taken at 19 h, 36 h, and 60 h of germination,
respectively, and endogenous hormone contents were determined. The milled samples
were mixed with methanol/water/formic acid (15:4:1, v/v/v). The mixture was shaken
for 10 min and then centrifuged (4 °C, 12,000 rpm, 5 min). The supernatant was evap-
orated and dissolved in 80% methanol (v/v), then filtered through a membrane filter
and further detected using high-performance liquid chromatography/mass spectrometry
(HPLC-MS, column: Waters ACQUITY UPLC HSS T3 C18, 1.8 um, 2.1 mm x 100 mm;
solvent system: water with 0.04% acetic acid: acetonitrile with 0.04% acetic acid; gradient
program: 90:10 v/v at 0 min, 40:60 v/v at 5.0 min, 40:60 v/v at 7.0 min, 90:10 v/v at 7 min
and 90:10 v/v at 10 min; injection volume: 2 puL). The contents of IAA, GA3, JA, and ABA in
the seeds were determined by Wuhan Metware Biotechnology Co. (Wuhan, China). Each
treatment contained three biological replicates.

4.11. Transcriptome Sequencing and Analysis

Total RNA was isolated from maize seeds at 19 h, 36 h, and 60 h from the S and
SM50 treatment groups using RNA isolater Total RNA Extraction Reagent produced by
Nanjing Novozymes Biotechnology Co., Ltd. (Nanjing, China) according to the instruction
manual. Each treatment contained three biological replicates. Transcriptome sequencing
was entrusted to Beijing Novozymes Technology Co. (Beijing, China) using the Illumina se-
quencing platform. Company-delivered Clean Data were aligned to the maize B73 reference
genome (Zm-B73-REFERENCE-NAM-5.0) using Hisat2 (v2.2.1), followed by quantifica-
tion of gene expression using featureCounts (v2.0.0). DEGs were screened between SM50
treatment and S treatment using DESeq2 (v1.38.3). GO enrichment analysis and KEGG
enrichment analysis of DEGs and gene set enrichment analysis (GSEA) of all genes in each
treatment separately were performed using clusterProfiler (v4.6.1). Time series analysis of
DEGs was based on soft clustering-based Mfuzz in CluserGVis (v0.0.4).

4.12. Quantitative Real-Time PCR Assays

Quantitative real-time PCR (qRT-PCR) assays were performed using the same RNA
samples as used for transcriptome analysis, with each sample containing three biologi-
cal replicates. The gene-specific primers used for qRT-PCR assays are listed in Table S1.
qRT-PCR was performed with SYBR Green Premix Pro Taq HS Kit II (Accurate Biotech-
nology, Changsha, China) on a LightCycler® 96 Instrument fluorescent quantitative PCR
instrument. Relative expression was calculated by the 2~4A¢T method [83].

4.13. Data Processing and Analysis

One-way ANOVA was used to assess the significance of differences and the final
results were expressed as mean + standard deviation. Data were statistically and ana-
lyzed using SPSS 22.0, and p < 0.05 was considered a statistically significant difference.
Downstream analysis of transcriptome data and graphical plotting were performed in R
(v4.2.2).

5. Conclusions

In conclusion, salt stress inhibited seed germination, but MT pretreatment promoted
maize seed germination. Melatonin pretreatment alleviated the inhibitory effect of salt
stress on maize seed germination by increasing the antioxidant ability of maize seeds under
salt stress and reducing the accumulation of ROS, as well as the content of MDA. Meanwhile,
melatonin was involved in regulating the content changes of endogenous hormones during
the germination of maize seeds under salt stress, which reduced the content of ABA and
JA, increased the content of IAA and GA3, and broke the balance between GA3z and ABA to
promote the germination. Melatonin also regulated the expression of genes related to starch
and sucrose metabolism pathways and phytohormone signal transduction pathways by
affecting the expression of antioxidant enzymes, response to stress, and seed germination-
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related genes in maize seeds under salt stress and affected the expression of different
functional genes at different germination stages, thus achieving the enhancement of seed
salt tolerance throughout the germination stage.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants13152142/s1, Table S1: Primers designed by qRT-PCR; Ta-
ble S2: Transcriptome sequencing quality assessment; Figure S1: The phenotypic differences in
seed morphology at 5th day. Genes: Zm00001eb283530, Zm00001eb003440, Zm00001eb148130 and
Zm00001eb327450. SM: germination of seeds treated with 50 uM melatonin under 150 mM NaCl
solution; S: germination of seeds treated with 150 mM NaCl. Figure S2: Effects of melatonin on gene
expression under salt stress in maize seed by qRT-PCR.
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