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In this study, the WOX gene family in sesame (Sesamum indicum
L.) was comprehensively analyzed. A total of 36 SiWOX genes
were identified in the sesame genome, distributed asymmetrically
across the chromosomes, with the highest density observed on
lincage groups (chromosomes) 1 and 2. The physicochemical
characterization revealed that the WOX proteins ranged in length
from 175 to 853 amino acids, with molecular weights between
20.11 and 93.62 kDa, and aliphatic indices ranging from 50 to
92.55. The isoelectric point (pI) values varied between 4.99 and
9.56, while the negative GRAVY values indicated the hydrophilic
nature of the proteins. Subcellular localization prediction suggested
that most proteins were localized in the nucleus, although some
were also found in the chloroplast, cytoplasm, mitochondria, and
plasma membrane. Phylogenetic analysis of SiWOX and AtWOX
genes classified them into four main groups. Promoter analysis
revealed 61 cis-regulatory elements associated with light, hormone,
and stress-responsive pathways. Gene structure analysis showed
variation in the number of exons and introns, and the presence of a
conserved homeodomain in all proteins confirmed their role in
DNA binding. Expression profiling of SiW0OX9, SiWwOX16, and
SiWO0X36 in two genotypes, Sardari and Dashtestan, showed that
Sardari exhibited a more stress response, particularly through the
significant upregulation of SiWOX1 6 after 48 hours. In contrast, the
expression of these genes in Dashtestan was reduced or fluctuated
slightly. Further RNA sequencing research is needed to identify candidate
genes for breeding stress-tolerant cultivars and to support future
functional studies and genome-assisted breeding.
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Introduction

Homeobox (HB) proteins, including the WOX family, are transcription factors crucial for
eukaryotic growth and morphogenesis. In sesame (Sesamum indicum L.), an economically and
nutritionally important oilseed crop cultivated in drought-prone regions, drought stress significantly
limits yield. Given the availability of the sesame genome and the demand for vegetable oils,
identifying WOX genes and understanding their expression patterns under drought stress is vital for
improving drought tolerance. This study aimed to identify sesame WOX genes, conducting
phylogenetic analysis, and examining their expression in aerial organs under drought conditions to
identify candidate genes to enhance drought tolerance.

Materials and Methods

To identify sesame WOX gene family members, Arabidopsis WOX protein sequences were used as
queries in atBLASTn search against the sesame genome database in NCBI. Redundant and unrelated
sequences were removed after initial analysis. The SMART server was used to confirm the presence
of the WOX domain in the identified sequences. ProtParam was used to calculate protein length,
molecular weight, isoelectric point, instability index, hydrophobicity, and other physicochemical
properties. Subcellular localization was predicted using WOLF PSORT software. Evolutionary
relationships were analyzed by aligning sesame and Arabidopsis WOX protein sequences using
ClustalW and constructing a Maximum Likelihood phylogenetic tree in MEGA7 with 1000
bootstrap replicates. Cis-regulatory elements associated with hormones and stresses were identified
in approximately 2000 bp of promoter sequences, and their distribution was visualized. Exon-intron
architecture were investigated using genomic DNA and coding sequences (CDS). Conserved
domains in protein sequences were graphically presented as sequence logos to show amino acid
frequency and conservation patterns in SIWOX proteins. To investigate WOX gene expression under
drought stress, sesame seeds from Sardari and Dashtestan genotypes were grown hydroponically
under a 16/8 hour light/dark rhythm. Two-week-old seedlings were treated with PEG 6000 solution
(-3 bar osmotic pressure), and leaf samples were collected at 0, 12, 24, and 48 hours post treatment,
then immediately frozen in liquid nitrogen. Total RNA was extracted, genomic DNA was removed,
and cDNA was synthesized. QRT-PCR analysis was performed with selected candidate genes
specific primers and /8S rRNA as the reference gene, with three technical and three biological
replicates. Gene expression levels were quantify using the 22 method, and significant changes
were determined at p<<0.05 and p<0.01 levels.

Results and Discussion

A comprehensive analysis of the WOX gene family in sesame identified 36 SilWOX genes, a number
exceeding that found in Arabidopsis thaliana (15), rice (13), and maize (21), likely due to gene
duplication events. These genes are unevenly distributed across sesame chromosomes, with linkage
groups (chromosomes) 1 and 2. exhibiting the highest density. Physicochemical analysis revealed
that SiWOX proteins ranged from 175 to 853 amino acids, with molecular weights between 20.11
and 93.62 kDa and aliphatic indices from 50 to 92.55, suggesting high stability. Isoelectric points
ranged from 4.99 to 9.56, and consistently negative GRAVY values indicated their hydrophilic
nature. Subcellular localization studies showed that most SiWOX proteins reside in the nucleus,
consistent with their role as transcription factors, while others are located in the chloroplast,
mitochondria, cytoplasm, and plasma membrane, suggesting diverse functions. Phylogenetic
analysis grouped SiWOX and AtWOX genes into four well-supported clades, indicating a shared
evolutionary history and facilitating functional prediction. Promoter analysis identified 61 types of
cis-regulatory elements, including core (TATA-box, CAAT-box), light-responsive (G-box, GT1-
motif), hormone-responsive (ABRE, TGA-element, TCA-element), and stress-responsive (MBS,
LTR, TC-rich repeats) elements, reflecting complex WOX gene regulation. Gene structure analysis
revealed variations in exon-intron number, categorized as simple (2—3 exons), moderate (4—6 exons),
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and complex (18-19 exons), potentially reflecting functional specialization. Domain analysis
confirmed the presence of Homeodomain and Homeodomain superfamily domains in all SIWOX
proteins, crucial for DNA binding. Additionally, HALZ domains were detected in SiW0OX02,
SiWOX12, SiWOX17, and SiWOX26, possibly contributing to stability and protein-protein
interactions. bZIP_2 and HD-ZIP_N domains, associated with hormonal and stress responses, were
found in SiWOX10, SiWOX14, and SiWOX16. Sequence logo analysis highlighted the
conservation of amino acids R, K, W, and L in specific regions, underscoring their importance in
DNA-binding. Expression analysis of the SiWOX9, SiWOX16, and SiWOX36 genes in Sardari and
Dashtestan genotypes revealed distinct stress responses. In Sardari, SiWOX16 expression was
significantly increased over 22-fold after 48 hours of drought stress treatment, whereas SilWOX9 and
SiWOX36 showed a gradual up-regulation. Conversely, Dashtestan exhibited decreased or slightly
fluctuating gene expression; SiWOX16 and SiWOX36 were markedly reduced at 48 hours, with only
SiWOX9 showing a minor late-stage increase.

Conclusions

In conclusion, this study identified and characterized 36 SiWOX genes in S. indicum, revealing
genomic expansion likely through gene duplication, non-random chromosomal distribution, and
diverse gene structures indicative of functional specialization. Most SiWOX proteins were predicted
to be stable, hydrophilic, and nucleus-localized transcription factors. Phylogenetic analysis revealed
conserved clades shared with Arabidopsis, while promoter and domain analyses identified regulatory
elements and motifs associated with light, hormones, stress, and protein-protein interactions.
Differential expression patterns under drought stress in Sardari and Dashtestan, particularly the
induction of SiWOXI16 and up-regulation of SiWOX9 and SiWOX36 in Sardari, suggested their
possible roles in drought tolerance. However, deeper studies using RNAseq data are needed to shed
light on the contribution of WOX gene family in drought tolerance in sesame
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N F 5-GCTTTTGGGCACATTGAGGG-3 138
R 5-GAAGAGTAGCGGTGGAGTCG-3
. F 5-TCCTCTCTCTCTCTCTCTCTC-3
SiFOX36 R 5-ATTTGCTTGCTGCTGCTG-3 239
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Table 2. List of 36 identified WOX genes in sesame, their sequence features, and subcellular localization

_ , 035 - - _
el T3 s Jb S dp toked +omih Lo
. . _ . . 5 L
TS N A - B < S (eBHS (d Fns
(sl ) A
Gene  Linkage Start Length - I (Asp+ (Arg+ Subcellular
name  group and End (aa) MW P Glu) Lys) localization
(kDa)
SIWOX0I LGOl  9307691-9310369 221 24777  6.02 31 28 nucl: 14
SIWOX02 LGOl 11869357-11862772 845 92378 596 87 77 chlo: 8, extr: 5, cyto: 1
SIWOX03 LGOl 13966545-13969909 351 39789 62 ) 37 nucl: 13, plas: 1
SiWOX04 LGOl 15178310-15180598 364 40149  4.99 57 44 nucl: 13, pero: 1
SIWOX05 LGOl  16506768-16504182 304 33976 846 37 40 nucl: 13, pero: 1
SIWOX06 LGOl  9234035-9236969 352 40375 9.1l 38 47 nucl: 12, cyto: 2
SIWOX07 LG02 — 6568743-6567130 247  27.804 925 28 34 nucl: 12, cyto: 1, plas: 1
SIWOX08 LGO2 10738439-10740913 257 28091 581 2 21 nucl: 12, chlo: 1, vacu: 1
SIWOX09 LGO2 10444538-10445549 231 25740 891 37 4 nucl: 13, pero: 1
SIWOX10 LGO2 15181435-15184279 331 37718 9. 37 46 nuck: 14
SIWOXI1 LG02 15262273-15264616 212 24006  8.74 27 31 nuck: 14
SiIWOX12 LGO3  8290214-8296829 840 92258 628 87 79 DuckS,chlo: 4’Va‘1’“1 2, cysk: 2, cyto:
SIWOX13 LGO3 16326391-16324701 269 29915 871 37 4 nucl: 13, pero: 1
SIWOX14 LGO3 21851589-21849882 237 27238  8.52 33 36 nucl: 7, cyto: 4, mito: 1, plas: 1, extr: 1
SIWOXIS LGO4  367287-365616 325 36157  7.58 43 44 nucl: 13, pero: 1
SIWOXI6 LGO4 13103515-13104874 175 20113 843 2 24 nucl: 13, chlo: 1
SiIWOX17 1G04 15028495-15015420 835 91678  5.86 86 74 cyto: 8, nuc: 2’““{“ 2, chlo: 1, vacu:
SIWOXIS LGO4 17235642-17233986 248 28295 8.7 2 25 mucl: 12, chlo: 1, vacu: 1
SIWOX19 LGOS 16670030-16672793 263 28425 597 2 23 nucl: 9, chlo: 4, plas: 1
SIWOX20 LGO6 11199920-11201843 307 34140  8.15 40 4 nucl: 13, pero: 1
SIWOX21 LGO6 17019333-17013344 841 92750 6 88 78 cyto: 10, nucl: 2, chlo: 1, vacu: 1
SiWOX22 LG0T — 8255794-8239690 831 91822 599 87 74 Dk 5’°yt°:41":;"s‘1‘;21’ chlo: 1, mito:
SiWOX23 LGOS~ 273987-280075 847 93117  6.18 90 82 chlo: 8, nucl: 3, cysk: 2, mito: 1
SiWOX24 LGOS 7910735-7913800 391 42430  6.86 31 30 nuc: 75’“”??‘(‘:‘;11{05.’1“‘“": 4, cyto:
SiWOX25 LGOS 7910735-7913800 364 39766  7.77 28 29 ek 9'5’°yt°—““°11: 3.5, mito: 3, chlo:
chlo: 8, nucl: 3, cysk: 2, mito:
SIWOX26 LGO9  2178059-2170825 838  91.785 6 87 75 1 similar to seq At5g60690.1 of class
nucl
SIWOX27 LGO9  2705372-2707186 207 24187 934 16 24 nucl: 8, cyto: 2, plas: 2, mito: 1, extr: 1
chlo: 4, nucl: 4, plas: 3, mito: 1, ER.: 1,
SIWOX28 LGO9  5519865-5528848 839 91852 581 88 74 golg: 1 similar to seq At5g60690.1 of
class nucl
SIWOX29 LGO9  5038479-5035598 181  21.025  9.56 14 24 nucl: 8, cyto: 2, plas: 2, mito: 1, extr: 1
SIWOX30 LGll  2731873-2728727 315 35432 864 40 45 nucl: 13, pero: 1
SIWOX31 LGl 5681389-5679695 373 41055  5.89 s3 49 nucl: 13, pero: 1
SIWOX32 LGI2  45803594577201 385 42718 671 33 2 nucl: 10, mito: 3, cysk: 1
SIWOX33 LGI2  5562726-5556645 853 93518 5585 89 78 chlo: 8.5, chlo mito: 5, nucl: 3, cysk: 2
SIWOX34 LGIS — 44392304441002 269 29917 805 38 40 nucl: 13, pero: 1
SIWOX35 LGIS — 7639150-7635656 270 30229 5.6l 34 28 nucl: 12, extr: 1, cysk: 1
SIWOX36 LGIS — 7208064-7210107 284 31881 646 32 30 nucl: 14

3l JLLN slalul s o Sse le.a;m:i}ﬁ &S sls olis WoLF PSORT )lj_élpj S @L:J é[,\):J\: kS kDa ‘MT el aa
$LS s2e (pero) 335515 (plas) LS slis (cysk) Jshe ISl (cyto) o s (chlo) wud 5 IS (nucl) aes o

(ER.) oamdly 5T 4S5 5 (gO1g) (5318 ol (Vacu) 55515 (extr) J shur sl (slab (mito)

aa; amino acids; kDa: Kilo dalton. WoLF PSORT prediction results showed multiple possible subcellular localizations including
nucleus (nucl), chloroplast (chlo), cytoplasm (cyto), cytoskeleton (cysk), plasma membrane (plas), peroxisome (pero), mitochondrion
(mito), extracellular space (extr), vacuole (vacu), Golgi apparatus (golg), and endoplasmic reticulum (E.R.).
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Figure 1. Subcellular Localization of WOX proteins in sesame. The color intensity ranges from blue to red,
indicating an increasing likelihood of protein presence in the respective cellular compartment; red color signifies
a higher probability and greater accumulation of the protein in that organelle or cellular region.
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Figure 2. Phylogenetic tree of WOX proteins in sesame and Arabidopsis. This phylogenetic tree was constructed
based on the full-length amino acid sequences of 36 WOX proteins from sesame and 15 WOX proteins from
Arabidopsis, using the Maximum Likelihood method in MEGA version 7.0 with 1,000 bootstrap replicates.

Different WOX gene subfamilies are indicated by distinct background colors next to the gene names. The tree
illustrates the evolutionary relationships among members of the WOX family and highlights their classification
into distinct clusters.
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Figure 3. Cis-regulatory elements in the promoter regions of WOX genes in sesame. This diagram shows the
distribution of cis-regulatory elements within the 2000 base pairs upstream of the translation start site of WOX
genes. Each color represents a specific type of regulatory element, such as those responsive to hormones, abiotic
stresses, light, and others.
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Figure 4. Phylogenetic tree (A? and exon-intron structure (B) of WOX genes in Sesame. (A) An unrooted
phylogenetic tree based on the full-length amino acid sequences of WOX genes in sesame was constructed using
the Neighbor-Joining method with 1000 bootstrap replicates in MEGA software. Distinct colors indicate
different WOX cglene subfamilies. (B) The exon-intron structure of WOX genes, drawn based on genomic
positions obtained from public data. Red boxes represent exons, black lines indicate introns, and blue boxes

denote untranslated regions (UTRs). Numbers 0, 1, and 2 indicate splice phases. The relative lengths of exons
and introns can be estimated using the scale below the figure.
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Figure 7. Expression patterns of three genes, SiWOX9, SiWOX16, and SiWOX36, in two sesame genotypes,
Sardari (S) and Dashtestan (D), under drought stress induced by polyethylene glycol (PEG 6000). Error bars
represent the standard error of the mean (SE) based on three biological replicates. Asterisks indicate statistically
significant differences compared with the control treatment (*P < 0.05, **P < 0.01).
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