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Abstract

The olive tree (Olea europaea L.) is a vital crop in Mediterranean agriculture, frequently exposed to
harsh drought conditions. Among the molecular mechanisms that confer drought tolerance, Late Embryogenesis
Abundant (LEA) proteins play a central role. These hydrophilic proteins function in cellular protection during
water deficit, preventing protein denaturation, stabilizing membranes, and scavenging reactive oxygen species.
In this study, we performed a comprehensive phylogenetic and gene expression analysis of LEA proteins in
olive. We identified LEA genes expressed across different tissues and conducted a differential expression
analysis to assess their response to drought stress. A phylogenetic tree was constructed to classify LEA family
members, and expression data was mapped onto the tree to link evolutionary conservation with functional
responses. LEA proteins were classified into distinct subgroups (LEA_1-5, Dehydrin, SMP) to highlight their
functional diversity. Additionally, a tissue-specific expression heatmap was generated to illustrate the spatial
dynamics of LEA gene activity. Our results provide valuable insights into the molecular mechanisms of drought
tolerance in olive and offer potential targets for genetic improvement to enhance resilience in olive cultivation.
Keywords: Olive, Late Embryogenesis Abundant Gene Family, LEA, Gene Expression

Zeytinde (Olea europaea L.) LEA Gen Ailesinin Tanimlanmasi ve Gen Anlatim
Profillerinin Belirlenmesi

Oz

Zeytin agaci (Olea europaea L.), Akdeniz tariminda hayati 6neme sahip bir tiriindiir ve siklikla siddetli
kuraklik kosullarina maruz kalmaktadir. Kuraklik toleransini saglayan molekiiler mekanizmalar arasinda, Late
Embryogenesis Abundant (LEA) proteinleri merkezi bir rol oynar. Bu hidrofilik proteinler, su kitlig1 sirasinda
hiicre korumasin: iistlenerek protein denatiirasyonunu onler, zar biitiinliiglinii korur ve reaktif oksijen tiirlerini
ortadan kaldirir. Bu ¢alismada, zeytinde LEA proteinlerinin kapsamli bir sekilde filogenetik ve gen anlatimi
profilleri incelenmistir. LEA genlerinin farkli dokulardaki anlatim profilleri belirlenmis ve kuraklik stresine karst
verdikleri yanitlarin belirlenmesi amaciyla gen anlatim analizleri gergeklestirilmistir. LEA ailesi iiyelerini
filogenetik olarak smiflandirilmis ve gen anlatimi verileri iligkilendirilen analizler gerceklestirilmistir. LEA
proteinleri, islevsel gesitliliklerini vurgulayacak sekilde (LEA 1-5, Dehydrin, SMP) gibi farkli alt gruplara
ayrilmistir. Ayrica, LEA gen aktivitesinin farkli dokulardaki dinamiklerini gozler oniine sermek i¢in dokuya
Ozgii bir 1s1 haritast olusturulmustur. Sonuglarimiz, zeytinde kuraklik toleransinin molekiiler mekanizmalarina
dair 6nemli bilgiler sunmakta ve zeytin yetistiriciliginde dayanikliligi artirmaya yonelik genetik iyilestirme
caligmalarinda potansiyel hedefler ortaya koymaktadir.
Anahtar Kelimeler: Zeytin, Late Embryogenesis Abundant Gen Ailesi, LEA, Gen Anlatimi

Introduction

The Late Embryogenesis Abundant (LEA) gene family comprises a diverse group of
hydrophilic proteins crucial for enhancing plant stress tolerance, particularly under abiotic conditions
such as drought, salinity, and low temperatures. Characterized by their accumulation during the later
stages of seed development, LEA proteins protect cellular structures from desiccation and oxidative
damage, thereby playing a significant role in plant survival and resilience during critical growth

294


mailto:fatihsezer@comu.edu.tr
https://orcid.org/0000-0002-9436-0191

COMU Zir. Fak. Derg. (COMU J. Agric. Fac.) Research Article

phases (Hand et al. 2011; J.-S. Jia et al. 2023; Magwanga et al. 2018). With over 300 identified LEA
proteins across various plant species, their functional diversity and evolutionary significance
underscore their adaptability to environmental stressors (Hanin et al. 2011; Hundertmark and Hincha
2008; Sun et al. 2021).

The LEA proteins are a diverse group of hydrophilic proteins that play crucial roles in plant
stress tolerance, particularly during periods of dehydration. Based on their sequence similarity and
structural characteristics, LEA proteins can be classified into eight distinct subgroups: LEA_1,
LEA 2, LEA 3, LEA 4, LEA 5, LEA 6, Dehydrins (DHN), and Seed Maturation Proteins (SMP)
(Huang et al. 2022; Hundertmark and Hincha 2008; C. Jia et al. 2022; Li et al. 2021; Lin et al. 2024;
Zhang et al. 2022). These proteins stabilize cell membranes and biomolecules, facilitate the refolding
of misfolded proteins, and scavenge reactive oxygen species generated during stress, making them
integral to plant physiological responses. (Huang et al. 2022; J.-S. Jia et al. 2023; Wang et al. 2024).
LEA proteins are predominantly localized in the nuclear regions and cytoplasm of plant cells. They
have been identified in various tissues, including roots, leaves, buds, and seedlings, although their
primary function is observed in seeds (Hundertmark and Hincha 2008).

The expression of LEA genes is tightly regulated by hormonal pathways, particularly abscisic
acid (ABA), indicating their complex involvement in the plant's stress response mechanisms
(Hundertmark and Hincha 2008; C. Jia et al. 2022; Wang et al. 2024). The importance of LEA
proteins extends beyond basic plant biology; they have significant implications for agriculture and
crop improvement strategies. Research shows that transgenic plants overexpressing specific LEA
proteins demonstrate enhanced abiotic stress tolerance, suggesting their potential for developing
resilient crop varieties in the face of climate change (Brini et al. 2007; Hanin et al. 2011; Peng et al.
2008; RoyChoudhury, Roy, and Sengupta 2007). Despite their benefits, the complexity of LEA gene
regulation and the variability in expression across different plant species and environmental conditions
present ongoing challenges and opportunities for further research in this area.

The olive tree (Olea europaea L.) represents one of the most economically and culturally
important crops of the Mediterranean basin, known for its resilience in semi-arid climates. However,
olive cultivation is frequently challenged by prolonged drought conditions, a major environmental
stressor affecting yield and plant health (Gholami et al. 2022; Rico et al. 2023). In such water-limited
environments, the olive tree’s ability to endure and continue its physiological functions is underpinned
by an array of stress-responsive molecular mechanisms (Ben Abdallah et al. 2018). One such
mechanism, LEA proteins have been recognized for their role in response to various abiotic stresses,
particularly dehydration.

In summary, the LEA gene family is pivotal for plant stress tolerance, with a notable role in
agricultural applications aimed at enhancing crop resilience. Continued investigations into their
functional mechanisms and regulatory pathways will be essential for leveraging their potential in
combating the challenges posed by climate variability and ensuring global food security. This study
presents a comprehensive analysis of LEA proteins in olive with a focus on their evolutionary
relationships and role in stress tolerance, particularly under drought conditions. Using RNA-seq data,
we identified LEA genes expressed across different tissues of the olive tree, followed by a differential
expression analysis to assess their transcriptional response to drought stress. We constructed a
phylogenetic tree to elucidate the evolutionary connections among LEA family members. These
findings contribute to a deeper understanding of the molecular basis of drought tolerance in olive and
provide a foundation for future genetic improvement strategies aimed at enhancing resilience in olive
cultivation.

Materials and Methods

Identification of LEA Gene Family Members in Olive Genome

To identify LEA protein family members in olive, we utilized the genome assembly Olea
europaea var. sylvestris (wild olive) GCF_002742605.1 (Unver et al. 2017). The protein sequences of
the entire genome were analyzed using HMMER version 3.1b1. We employed Hidden Markov Model
(HMM) profiles corresponding to LEA domains sourced from the Pfam database: PF03760 (LEA_2),
PF03168 (LEA_1), PF03242 (LEA _3), PF02987 (Dehydrin), PFO0477 (SMP), PF00257 (LEA_4), and
PF04927 (LEA_5). This approach yielded a total of 111 putative LEA proteins. Following the domain-
based identification, we retrieved the corresponding transcript sequences and genomic loci for each
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protein. These sequences were used in further analyses, including phylogenetic studies and gene
expression profiling.

Protein Characterization

The identified LEA proteins from the Olea europaea var. sylvestris reference genome
(GCF_002742605.1) were subjected to comprehensive characterization, focusing on their structural,
functional, and physicochemical properties. A set of bioinformatics tools was employed to gather key
attributes for each protein, including domain composition, chromosomal localization, exon count, gene
length, mMRNA length, protein sequence length, subcellular localization, signal peptide presence,
molecular weight, and isoelectric point (pl). The HMMER software version 3.1b1 was used to identify
conserved domains within the protein sequences, utilizing PFAM profiles corresponding to the LEA
gene family domains (PF03760, PF03168, PF03242, PF02987, PF00477, PF00257, PF04927). This
process enabled precise annotation of domain architecture for each protein. Chromosomal positions
and exon counts for the identified LEA genes were extracted from the reference genome annotations.
Genomic lengths and mRNA lengths were retrieved from the genome annotation data, while protein
lengths were calculated based on the amino acid sequences. Subcellular localization predictions were
made using DeepLoc 1.0, which classified the proteins into various cellular compartments (Jddum et
al. 2024). Molecular weight and isoelectric points (pl) were predicted using the pepstats tool from the
EMBOSS suite, based on the amino acid compositions of the LEA proteins (Madeira et al. 2024).

Gene Expression Analysis

The RNA-seq datasets used in this study were sourced from the BioProject databases under
accession numbers PRINA590386 (Ramirez-Tejero et al., 2020) and PRINA606032 (Tsamir-Rimon et
al.,, 2021). Raw sequence data were downloaded from the Sequence Read Archive (SRA) and
preprocessed for quality control. Low-quality bases and adapter sequences were trimmed and the
processed reads were then mapped to the Olea europaea var. sylvestris reference genome
(GCF_002742605.1) using the tools within Geneious 2024 (Kearse et al., 2012). Read count data were
generated for each gene using the same software.

Subsequent differential gene expression analysis was performed using the DESeq2 package in
R. Genes with a log2 fold change greater than 2 or less than -2, and adjusted p-values below 0.05,
were considered significantly differentially expressed. The expression data were compared across
multiple tissue types and stress conditions. To visualize the gene expression profiles, pheatmap was
used to generate heatmaps of differentially expressed genes.

Phylogenetic Analysis

For the phylogenetic analysis, the protein sequences of the identified LEA proteins were
aligned using ClustalW in Geneious 2024 (Kearse et al., 2012). An unweighted pair group method
with arithmetic mean (UPGMA\) tree was constructed based on the multiple sequence alignment, with
1,000 bootstrap replicates to ensure the robustness of the tree. The tree file was exported in newick
format and used in further visualization. To incorporate gene expression and domain data into the
phylogenetic tree, further visualization was conducted in R using the ggtree and ggtreeExtra packages.
The expression data were integrated into the tree using bar plots to display the log2 fold change
between control and drought conditions, while domain architecture was represented as colored tiles to
highlight the conserved protein domains.

Results and Discussion

Olive LEA Proteins

In this study, we performed a comprehensive identification of LEA proteins in olive. The
analysis of 111 LEA proteins was performed, focusing on their domain classifications, chromosomal
locations, exon count, sequence length, subcellular localization, and physicochemical properties such
as molecular weight and isoelectric point (pl) (Table 1).

A total of 111 LEA proteins were identified in the olive genome, each characterized based on
domain composition, chromosomal distribution, exon counts, sequence lengths, subcellular
localizations, and physicochemical properties. Among these proteins, 36 contained LEA2 domains,
making it the most common domain, followed by 17 proteins with LEA_3 domains, 14 with LEA_1
domains, 5 with Dehydrin (DHN) domains, and 4 with Seed Maturation Protein (SMP) domains. The
chromosomal locations of the LEA proteins were found to be widely distributed across various
chromosomes, with no significant clustering that might suggest specific regions of high LEA gene
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density. This wide distribution hints at the possibility of their involvement in diverse stress response
mechanisms throughout the plant.

Exon counts ranged from 1 to 14, indicating structural diversity in gene organization, which
could contribute to functional versatility. Genomic lengths varied from 500 bp to over 10,000 bp,
while mRNA lengths spanned from 300 bp to 9,500 bp, indicating differences in transcript
complexity. Protein lengths similarly showed considerable variability, ranging from 90 to over 600
amino acids, reflecting the diverse roles these proteins may play under different physiological
conditions.

Localization predictions revealed that 48 of the LEA proteins have transmembrane domains,
likely indicating their involvement in membrane stability under stress conditions. Beyond
transmembrane proteins, 20 proteins were predicted to localize to the mitochondria, suggesting a role
in protecting mitochondrial integrity during stress. The remaining proteins were mostly soluble,
localizing primarily to the cytosol (24 proteins) or nucleus (10 proteins), indicating their potential
regulatory roles in stress response and gene expression. A small number of proteins were associated
with the endoplasmic reticulum (3 proteins), possibly indicating involvement in protein folding or
secretion under stress.

Physicochemical analysis showed that the molecular weight (MW) of the LEA proteins ranged
from 10 kDa to 60 kDa, with most proteins falling in the range of 15 kDa to 40 kDa, suggesting they
are relatively small proteins, ideal for quick response to abiotic stress. The isoelectric points (pl)
varied from 4.5 to 9.5, reflecting the proteins’ wide range of charge properties. This variation in pl
suggests that these proteins might function in different cellular environments and under different stress
conditions, maintaining stability in both acidic and basic intracellular compartments.

Table 1. Protein characteristics of Olive LEA proteins.

o, owan o B0 GO N PO leun  sowWaon o
XP_022842058.1 LEA 1 17 2 698 610 151 Cyt 33,75 6,35
XP_022842435.1 LEA 2 17 1 993 993 209 C_memb SPITD 28,46 5,95
XP_022843012.1 LEA 3 18 2 804 558 84 MD MTP 15,62 6,58
XP_022843751.1 LEA 6 18 1 1005 1005 85 Cyt|Nucleus 23,59 5,53
XP_022844117.1 LEA 2 18 1 1133 1133 252 C_memb TD 20,39 6,71
XP_022844300.1 Dehydrin 18 2 1141 1046 239 Cyt|Nucleus NLS 28,52 6,22
XP_022844537.1 LEA 2 18 1 1229 1229 209  C_memb SP|TD 2042 571
XP_022844932.1 LEA 2 18 3 4334 1118 228 C_memb|ERILYSO/VAC SP|TD 22,02 6,11
XP_022845171.1 LEA 2 18 3 1949 1423 323 C_memb|LYSO/VAC SPITD 26,53 6,05
XP 0228452381 LEA 2 19 2 1234 606 201  C_memb|ER SP|TD 2854 581
XP_022845239.1 LEA 2 19 2 2461 366 121  C_memb|ER SP|TD 26,83 588
XP_022846305.1 LEA 2 1 3 4051 993 222 ER|LYSO/VAC SPITD 26,09 6,45
XP_022850613.1  LEA 2 1 792 792 201  C_memb SP|TD 2567 592
XP_022853417.1 LEA_3 2 788 540 81 MD MTP 18,42 6,63
XP_022853418.1 LEA 3 2 788 561 80 MD MTP 16,72 6,58
XP_022853760.1  LEA 2 1 987 987 209  C_memb SP|TD 245 6,72
XP_022854074.1  LEA 2 1 949 949 199  C_memb SP|TD 1986 5,88
XP_022854327.1 LEA 3 2 756 633 103 MD MTP 14,02 6,12
XP_022854420.1  LEA 2 1 990 990 209  C_memb SP|TD 2489 6,64
XP_022854693.1 LEA_3 2 846 744 97 MD MTP 26,92 6,08
XP_022855095.1 LEA 2 2 2482 1267 203 C_memb SP|TD 27,01 6,35
XP_022858503.1  Dehydrin 3 496 345 114 Cyt|Nucleus NLS 14,43 5,98
XP_022858973.1 SMP 3 3 1447 944 239 Cyt 18,73 6,85
XP_022859033.1 Dehydrin 2 1758 843 153 Cyt|Nucleus NLS 24,53 6,91
XP_022859405.1 LEA_3 2 718 577 92 MD MTP 20,65 5,92
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XP_022859406.1  LEA 3 2 718 577 92  MD MTP 1864 599
XP_022860591.1  LEA 2 1 1003 1003 223 C_memb SP|TD 2671 6,02
XP_022860835.1  LEA 2 1 1475 1475 210  C_memb|LYSO/VAC SP|TD 2218 654
XP_022861872.1  Dehydrin 1 687 687 148  Cyt NLS 19,75 631
XP_022862923.1  LEA 2 1 976 976 208  C_memb SP|TD 2239 6,67
XP_022862928.1  LEA 2 1 420 420 139 Nucleus|C_memb NLS 2574 597
XP_022862930.1  LEA 2 1 612 612 203  C_memb SP|TD 2011 651
XP_022863156.1  LEA 4 3 1901 1711 400  Cyt|C_memb NLS 215 6,38
XP_022863204.1  LEA 2 3 1813 1545 309  C_memb|LYSO/VAC SP|TD 2722 611
XP_022864302.1  LEA 1 2 786 703 152 Cyt|Nucleus 18,87 586
XP_022865060.1  LEA 2 1 1078 1078 259  C_memb D 2274 612
XP_022865774.1  LEA 2 3 1 897 897 222 C_memb|LYSO/VAC SP|TD 1796 594
XP_022865782.1  LEA 2 3 1 896 896 222 C_memb|LYSO/VAC SP|TD 1757 601
XP_022866689.1  LEA 2 1 867 867 209  C_memb|LYSO/VAC SPITD 2788 6724
XP_022866926.1  LEA 2 1 1047 1047 250 C_memb D 2597 598
XP_022867195.1  LEA 2 1 1087 1087 218 C_memb|LYSO/VAC D 21,43 6,1
XP_022868236.1  LEA 2 1 992 992 211 C_memb SP|TD 1965 588
XP_022868427.1  LEA 2 1 741 741 222 C_memb|LYSO/VAC SP|TD 2231 643
XP_022869332.1  LEA 2 1 836 836 208  C_memb SP|TD 1992 626
XP_022869337.1  LEA 2 4 4949 1096 250 C_memb D 2422 6,14
XP_022869339.1  LEA 2 4 4949 1076 250  C_memb D 1992 6,26
XP_022869340.1  LEA 2 4 4949 1261 250  C_memb D 2435 642
XP_022869341.1  LEA 2 4 4949 947 250 C_memb D 2356 6,22
XP_022869344.1  LEA 2 2 2692 1079 270 C_memb D 20,15 6,09
XP_022869391.1  SMP 1 3 1326 1164 263 Cyt|Nucleus 2489 6,15
XP_022871447.1  LEA 2 2 1848 807 268  C_memb D 18,74 6,05
XP_022871461.1  LEA 2 1 933 933 260 C_memb SP|TD 18,74 6,05
XP_022872520.1  LEA 2 3 3 2430 1123 240  C_memb D 2271 627
XP_022873986.1  LEA 2 3 1260 1025 306  C_memb|LYSO/VAC SP|TD 19,32 6,1
XP_022875541.1  LEA 2 1 1 897 897 209  C_memb SP[TD 2356 6,09
XP_022875755.1  LEA 3 1 2 921 706 99  MD MTP 2671 623
XP_022876757.1 Dehydrin 5 2 958 753 175  Cyt|Nucleus NLS 2653 6,11
XP_022876768.1  LEA 1 5 2 1000 696 136 Cyt 21,96 6,4
XP_022878701.1  LEA 2 6 2 2437 934 223 C_memb SP[TD 2182 623
XP_022878798.1  LEA 2 1 4 4119 1066 234 C_memb SPITD 2234 642
XP_022878806.1  LEA 2 1 4 4119 1169 234 C_memb SP[TD 19,74 6,3
XP_022879111.1  LEA 2 1 4 4831 1317 289  C_memb|ER|LYSO/VAC SP|TD 17,29 597
XP_022879120.1  LEA 2 1 4 4831 1152 220  C_memb|ER|LYSO/VAC SP|TD 1691 594
XP_022881290.1  LEA 2 1 2 1333 1044 210  C_memb|LYSO/VAC SP[TD 21,94 6,07
XP_022882247.1  LEA 2 8 1 953 953 222 C_memb|LYSO/VAC SP[TD 1997 621
XP_022882268.1 LEA 5 8 2 609 536 110 Cyt|Nucleus NLSINES 22,81 6,36
XP_022883025.1  LEA 2 9 1 1027 1027 217 C_memb SP|TD 2327 6,19
XP_022883611.1 LEA 2 10 1 783 783 260 C_memb D 1862 6,04
XP 0228846251 LEA 2 10 1 1062 1062 252 C_memb D 1914 6,12
XP_022885703.1 Dehydrin 10 2 1005 887 180  Cyt|Nucleus NLS 19,73 622
XP_022885704.1 Dehydrin 10 2 943 828 148 Cyt|Nucleus NLS 19,73 622
XP_022885755.1  SMP 1 3 1190 1035 250  Cyt|Nucleus NLS 2309 631
XP_022886511.1 LEA 2 10 1 1923 1923 223 C_memb SP|TD 2356 6,25
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XP_022887510.1  LEA 2 11 3 2854 1398 324  Cyt NLS 21,83 6,2
XP_022887511.1 LEA 2 11 3 2854 1392 322 Cyt NLS 21,83 6,2
XP_022887512.1  LEA 2 11 3 2854 1389 321 Cyt NLS 21,83 6,2
XP_022887839.1  LEA 2 11 1 1012 1012 208  C_memb SP|ITD 21,42 6,18
XP_022887840.1 LEA 2 11 1 1040 1040 260 C_memb TD 21,42 6,18
XP_022888469.1  LEA 2 11 1 1060 1060 237  C_memb TD 24,76 6,31
XP_022888912.1  LEA 2 11 2 899 834 277 C_memb SP|ITD 19,57 6,17
XP_022889217.1 LEA 2 11 2 3083 1148 274 C_memb SPITD 22,53 6,27
XP_022889488.1  LEA 1 11 2 742 567 124 Cyt|C_memb NLS 19,94 6,18
XP_022890720.1  LEA 2 12 1 1137 1137 268  C_memb TD 21,83 6,23
XP_022890958.1 LEA 5 12 2 630 519 90 Cyt|Nucleus NES 24,98 6,36
XP_022890959.1  LEA 5 12 2 614 512 90 Cyt|Nucleus NES 24,98 6,36
XP_022891618.1  LEA 2 12 3 2915 1343 167  C_memb|ER|LYSO/VAC SP|TD 23,42 6,23
XP_022891747.1 LEA 2 12 1 633 633 210 C_memb SPITD 23,31 6,27
XP_022891939.1  LEA 2 12 1 648 648 215 C_memb SP|ITD 21,89 6,18
XP_022892036.1 LEA 5 12 3 2076 507 94 Cyt|Nucleus 24,13 6,3
XP_022892037.1 LEA 5 12 3 2076 493 86 Nucleus NLS 24,13 6,3
XP_022892074.1 SMP 12 3 1136 963 270  Cyt 22,63 6,22
XP_022892120.1 LEA 5 12 2 659 547 90 Cyt|Nucleus NES 24,67 6,35
XP_022894413.1 Dehydrin 14 2 1195 1099 242 Cyt|Nucleus NLS 23,16 6,24
XP_022895516.1  LEA 2 15 2 1532 1304 167  Cyt 22,41 6,29
XP_022895517.1 LEA_2 15 2 1629 878 155 Cyt PTS 22,41 6,29
XP_022895786.1 LEA 2 15 1 841 841 211 C_memb|LYSO/VAC SPITD 21,72 6,21
XP_022896449.1 LEA_2 15 2 25104 546 152 Cyt NLS 20,38 6,14
XP_022896966.1  LEA 2 2 1 1046 1046 256  C_memb TD 21,93 6,23
XP_022897316.1 SMP 15 3 2343 991 238 Cyt 23,07 6,25
XP_022897382.1 Dehydrin 15 2 846 749 195  Cyt|Nucleus NLS 22,58 6,28
XP_022897396.1 LEA_3 15 2 694 412 102 MD MTP 20,43 6,17
XP_022898650.1 Dehydrin 16 2 1258 910 189  Cyt|Nucleus|C_memb NLS 22,43 6,24
XP_022898889.1  LEA 2 16 2 3556 2391 250  C_memb TD 22,14 6,26
XP_022898891.1  LEA 2 16 1 921 921 207  C_memb SPITD 22,14 6,26
XP_022898968.1 LEA 2 16 1 1072 1072 258 C_memb TD 21,72 6,21
XP_022899059.1  LEA 3 16 2 723 620 97 MD MTP 23,37 6,29
XP_022899240.1  LEA 2 16 1 528 528 175  C_memb SPITD 24,08 6,32
XP_022899358.1 LEA 2 2 1 873 873 210 C_memb SP|TD 23,81 6,3
XP_022899500.1  LEA 2 16 1 923 923 206  C_memb SPITD 23,12 6,25
XP_022899501.1  LEA 2 16 1 838 838 207 C_memb SP|TD 23,12 6,25

The acronyms represent the predicted subcellular localization and features of the LEA proteins. C_memb: Cell membrane
localization, SP: Signal peptide, TD: Transmembrane domain, MD: Mitochondrial domain, MTP: Mitochondrial transit
peptide, Cyt: Cytoplasmic localization, Nucleus: Nuclear localization, NLS: Nuclear localization signal, NES: Nuclear export
signal, ER: Endoplasmic reticulum localization, LYSO: Lysosome localization, VAC: Vacuole localization.

Gene Expression Analysis of LEA Proteins in Various Olive Tissues

The expression patterns of LEA proteins in different tissues provide essential insights into
their potential roles in plant development and stress response. To investigate the expression profiles of
LEA proteins across multiple tissue types, including leaf, root, stem, meristem, flower, and fruit,
RNA-seq data was analyzed, and a heatmap was generated (Figure 1). The heatmap illustrates the
differential expression levels of the identified LEA proteins, offering a comprehensive view of tissue-
specific expression and clustering patterns.
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Figure 1. Heatmap shoang expression of olive LEA genes in different tissues
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In the current study, we analyzed the gene expression profiles of LEA proteins in different
tissues of olive, focusing on their expression patterns across fruit, flower, root, stem, leaf, and
meristem tissues. The heatmap provides a visual representation of the expression levels, allowing for
the identification of tissue-specific or broadly expressed LEA proteins. Several clear expression
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patterns emerged, highlighting the functional diversity and potential roles of these LEA proteins in
different developmental stages and tissue-specific stress responses.

A subset of proteins was identified as having higher expression in fruit tissue, with notable
examples including XP_022885755.1, XP_022869344.1, and XP_022869340.1. These proteins
exhibited consistently elevated expression in fruit, suggesting a role in fruit development or stress
responses during fruit maturation. Moreover, proteins such as XP_022889217.1 and XP_022898968.1
displayed equal expression in both fruit and flower, indicating a broader role in reproductive tissues.

Several LEA proteins were identified as flower-specific, showing predominant expression in
flower tissue, such as XP_022860835.1, XP_022897316.1, and XP_022873986.1. These proteins are
likely involved in protecting reproductive organs under stress conditions. Additionally, some proteins,
including XP_022854074.1 and XP_022898650.1, were classified as mostly flower-specific, where
expression is primarily observed in flower, but detectable to a lesser extent in other tissues.

In contrast, certain LEA proteins showed root-specific expression, such as XP_022878806.1
and XP_022875541.1, with significantly higher expression in root tissues. These proteins may play
essential roles in root development and stress adaptation, particularly in drought-prone environments
where root function is critical for water uptake.

Another group of proteins exhibited higher expression in stem, including XP_022887840.1
and XP_022879120.1, highlighting their potential involvement in structural integrity and stress
protection of supporting tissues. Several proteins were also expressed across multiple tissues, with
proteins such as XP_022898889.1 and XP_022871461.1 showing expression in stem, leaf, and
meristem. These broadly expressed proteins suggest a more general protective role across various
tissues, contributing to the plant’s overall stress tolerance mechanisms.

Phylogenetic Analysis and Expression Profiling of LEA Genes

To further investigate the evolutionary relationships and functional diversification of the LEA
proteins in olive, we performed a phylogenetic analysis, constructing a circular cladogram based on
the sequences of LEA proteins. This analysis provided insights into the clustering of LEA gene family
members and revealed their structural conservation across different subgroups. Additionally, we
integrated expression data from drought applications vs control, allowing us to examine the correlation
between gene evolutionary history and tissue-specific expression patterns (Figure 2).
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Figure 2. Phylogenetic tree of LEA proteins in olive with integrated differential expression
and domain architecture.

The phylogenetic tree in olive presents a comprehensive overview of the Late Embryogenesis
Abundant (LEA) gene family, integrating sequence similarity, conserved domain architecture, and
gene expression under drought conditions. Based on RNA-seq data, the tree reveals distinct patterns of
differential expression in response to drought, providing insights into the functional roles of specific
LEA subgroups.

Notably, the Dehydrins, represented by genes such as XP_022885704.1 and XP_022885703.1,
exhibit the highest levels of overexpression under drought stress, with log2 fold changes exceeding 6.
These findings are consistent with the well-documented role of Dehydrins in protecting cellular
structures from dehydration by stabilizing membranes and scavenging reactive oxygen species during
abiotic stress. Another overexpressed gene, XP_022885755.1, belongs to the SMP (Seed Maturation
Protein) family, further highlighting the involvement of multiple LEA subgroups in drought response.
The overexpression of SMP genes, such as XP_022864302.1, suggests a broader protective function,
potentially supporting both seed maturation and drought adaptation.

In contrast, certain LEA 2 genes, including XP_022862923.1, demonstrate a trend of lower
expression under drought conditions, with fold changes ranging from 0 to -4. This downregulation
indicates that not all LEA subgroups contribute equally to the plant’s drought stress response. The
differential expression patterns of LEA 2 genes could suggest a more specialized role, potentially
linked to tissue-specific functions or varying environmental stress responses.

Overall, the phylogenetic clustering aligns with the expression profiles, where specific
subgroups such as Dehydrins and SMPs form well-defined clades, exhibiting either high upregulation
or more moderate expression levels in drought conditions. The clustering of LEA_2 genes showing
different expression patterns further supports their distinct roles within the broader LEA gene family.
This analysis underscores the functional diversity within the LEA gene family and highlights key
genes that may play pivotal roles in enhancing drought tolerance in olive.
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Conclusion

This study presents a comprehensive analysis of the Late Embryogenesis Abundant (LEA)
proteins in olive, focusing on their phylogenetic relationships and expression profiles across various
tissues and in response to drought stress. Our findings provide new insights into the functional roles of
LEA proteins in olive, a species frequently exposed to harsh drought conditions, particularly in
Mediterranean climates.

In recent studies, the LEA gene family has been identified in multiple plant species,
showcasing a wide range of gene numbers. For instance, a comprehensive analysis in Juglans regia
identified 51 LEA members (Ma et al., 2023), while similar studies reported 73 in watermelon
(Altunoglu et al., 2017), 61 in melon (Altunoglu et al., 2017), and 108 in Brassica napus (Yu et al.,
2016). This variability in gene count across species suggests that gene duplication events and
evolutionary pressures have shaped the LEA gene family, allowing plants to adapt to their specific
environmental conditions. The classification of LEA proteins into various groups based on their
conserved motifs and amino acid sequences further emphasizes their functional diversity (Aziz et al.,
2021; Battaglia and Covarrubias, 2013).

In olive a total of 111 LEA proteins were identified, with LEA_2 being the most common
domain, comprising over 30% of the LEA family in olive. These LEA_2 proteins were distributed
across several chromosomes, with no clear clustering, indicating that LEA genes may have evolved
independently across the genome to provide widespread protection under diverse stress conditions.
The identified proteins also showed significant diversity in their exon count, genomic length, and
subcellular localization. The predominance of transmembrane domain-containing proteins (48
proteins) suggests that membrane stabilization plays a crucial role in the olive tree’s ability to survive
water deficit. Additionally, 20 proteins localized to mitochondria, highlighting the importance of
energy homeostasis under stress. These results align with previous reports on LEA proteins’ roles in
stabilizing cellular structures during dehydration (Hanin et al., 2011; Hundertmark and Hincha, 2008).

Our gene expression analysis revealed distinct tissue-specific expression patterns, which may
indicate specialized roles for LEA proteins in different parts of the plant. For instance, several LEA
proteins were highly expressed in fruit, including XP_022885755.1 and XP_022869344.1, suggesting
a potential role in fruit development and maturation under stress conditions. These findings are
consistent with the known protective functions of LEA proteins in reproductive organs (Sun et al.,
2021). In contrast, other LEA proteins were predominantly expressed in flowers, such as
XP_022860835.1 and XP_022897316.1. The high expression of these proteins in flowers may suggest
a protective role during pollination or seed formation, which are critical periods for drought-sensitive
crops like olive.

In root tissues, proteins such as XP_022878806.1 and XP_022875541.1 showed the highest
expression levels, highlighting their role in root adaptation to water scarcity. Given that roots are the
primary organs for water uptake, these proteins are likely involved in protecting root cells from
desiccation and ensuring continuous water transport. Similarly, LEA proteins like XP_022887840.1
and XP_022879120.1 were highly expressed in stems, where they may play a role in maintaining
structural integrity and facilitating water transport under drought stress.

The phylogenetic analysis revealed evolutionary conservation across different LEA subgroups,
with distinct clustering of LEA 1, LEA 2, LEA_3, and Dehydrin proteins. The most significant
finding from the phylogenetic tree was the high overexpression of Dehydrins, such as
XP_022885704.1 and XP_022885703.1, under drought conditions. Dehydrins are well-known for their
role in protecting plants from desiccation, and their strong upregulation in response to drought stress is
consistent with previous studies in other species (Brini et al., 2007; Hanin et al., 2011). Interestingly,
several SMP proteins, including XP_022885755.1, also showed significant overexpression during
drought, suggesting that these proteins may have broader roles beyond seed maturation, possibly
contributing to drought adaptation mechanisms in other tissues.

On the other hand, LEA_2 proteins exhibited more variable expression, with some, like
XP_022862923.1, showing downregulation under drought conditions. This variability could indicate
that LEA_2 proteins are more specialized, potentially fulfilling tissue-specific roles or responding to
types of stress. Further functional studies will be required to determine the precise mechanisms
through which these proteins contribute to stress tolerance.
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In conclusion, this study sheds light on the functional diversity and evolutionary history of the
LEA gene family in olive. The integration of phylogenetic analysis with gene expression data provides
a clearer understanding of how different LEA subgroups contribute to drought tolerance across various
tissues. Future research should focus on the functional characterization of key LEA proteins,
particularly those that are highly expressed in drought-sensitive tissues such as roots and reproductive
organs. These findings could inform breeding programs aimed at improving the resilience of olive and
other drought-prone crops through the targeted manipulation of LEA genes.
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