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Comprehensive abstract 

Introduction 
Wheat (Triticum aestivum L.) is globally recognized as a crucial food crop. Due to the significant 

increase in human population in recent years, there is a need for food production to match population 

growth, especially for primary crops like wheat. Given the decline in wheat cultivation and yield 

caused by biotic and abiotic stresses, the cultivation of stress-resistant varieties is a cost-effective and 

fundamental strategy to mitigate their adverse impacts. Identifying resistance genes is essential for 

developing new resistant varieties using breeding programs. Strictosidine synthase-like (SSL) genes 

with a length of approximately 400 amino acids, play a role in plant immunity regulation and possess 

an extracellular structural domain resembling animal hemomyosin. Previous studies have shown that 

all categories of AtSSL genes exhibit a response to various biotic and abiotic stressors. At present, our 

major understanding of the SSL gene family in plants is primarily based on research conducted on 

Arabidopsis thaliana. In this study, bioinformatics tools were used to explore the evolutionary 

relationships and functional roles of the SSL gene family in wheat. 

Materials and methods 
In the first step, the sequence of SSL proteins from rice and Arabidopsis was used to identify genes 

encoding wheat SSL in the Ensembl Plants database by the PlastP algorithm. Next, phylogenetic 

relationships were analyzed by MEGA7, the exon-intron structure and intron phase using the Gene 

Structure view in TBtools-II, and conserved motifs with Multiple Em for Motif Elicitation. 

Additionally, cis-regulatory elements in the promoter region, gene duplication events, and selection 

pressure were investigated through PlantCare and the Simple Ka/Ks Calculator in TBtools-II. The 

expression profiles of TaSSL genes in response to abiotic stresses were analyzed using the expVIP 

server. All analyses were conducted using default parameters of the software and servers. 

Research findings 
This study identified 69 SSL genes in the wheat genome, exhibiting a non-unifom distribution 

across chromosomes. The evolutionary study of this family revealed two main phylogenetic groups in 

the SSLs of different organisms: The first group (I), encompassing exclusively wheat and rice SSLs 

genes, and the second group (II), containing genes from diverse organisms. Further subdivision of 

group II into three subgroups (A, B, and C) highlighted potential functional divergence among 

members. The analysis of conserved motifs, gene structure, and intron phase indicated a high degree 

of conservation for these genes. Furthermore, segmental duplication emerged as the primary driver of 

wheat SLL gene expansion, and these duplicated genes experiencing strong negative selection 

pressure. The presence of cis-regulatory elements responsive to hormones and stresses suggests 
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intricate regulation of TaSSL gene expression. Consistent with this notion, RNA-seq data revealed the 

inducible expression of TaSSL genes in response to abiotic stresses, including cold, heat, drought, and 

PEG.  

Conclusion 

The presence of a distinct evolutionary cluster of wheat SSL genes, characterized by features 

typically associated with stress-responsive genes such as a low number of introns, the application of 

negative selection pressure, the presence of regulatory elements responsive to stresses and hormones, 

as well as the expression patterns of TaSSL genes in response to abiotic stresses indicated their 

significant role in wheat's stress response mechanisms. Consequently, the findings of this study can 

provide valuable insights into the functions of TaSSL genes, facilitating the identification of potential 

candidates for producing stress-resistant wheat varieties in future breeding programs. 
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 )#41 -  7�� ��
���1 7���B�%���?�@ H�;_�,TaSSL  
Table 1. Physico-chemical characteristics of TaSSL gene family 

Gene stable ID Gene name Chromosome 
Gene 

start (bp) 

Gene 

end (bp) 
Strand Length 

Weight 

(kDA) 
pI 

TraesCS1A02G026500 TaSSL1 1A 12639162 12640199 + 346 37.72 8.28 

TraesCS1A02G203800 TaSSL2 1A 365536062 365536994 + 245 27.01 6.48 

TraesCS1A02G437900 TaSSL3 1A 587769449 587770204 + 187 20.62 9.52 

TraesCS2A02G078000 TaSSL4 2A 35582909 35584365 - 344 36.65 6.27 

TraesCS2A02G170200 TaSSL5 2A 125251161 125253229 - 397 42.4 5.33 

TraesCS2A02G170300 TaSSL6 2A 125457444 125459448 - 321 34.58 5.23 

TraesCS2A02G260200 TaSSL7 2A 409642762 409643864 + 347 37.68 9.47 

TraesCS3A02G256600 TaSSL8 3A 478662356 478666993 + 337 36.34 6.17 

TraesCS3A02G298200 TaSSL9 3A 532640354 532641654 + 318 34.81 7.24 

TraesCS3A02G496700 TaSSL10 3A 722394773 722396059 + 346 37.73 9.4 

TraesCS3A02G496900 TaSSL11 3A 722438264 722439476 - 351 38.18 9.28 

TraesCS4A02G089000 TaSSL12 4A 94979877 94981689 - 414 46.58 6.92 

TraesCS5A02G131200 TaSSL13 5A 295586795 295589905 + 254 27.17 5.18 

TraesCS5A02G188200 TaSSL14 5A 389724313 389726710 - 364 39.21 7.8 

TraesCS5A02G188300 TaSSL15 5A 389763146 389764957 - 378 40.58 8.39 

TraesCS5A02G390200 TaSSL16 5A 585489225 585491855 - 399 43.68 5.97 

TraesCS7A02G138300 TaSSL17 7A 90586924 90587553 + 210 23.02 8.63 

TraesCS7A02G138700 TaSSL18 7A 90663981 90664610 - 210 23.06 8.95 

TraesCS1B02G217600 TaSSL19 1B 394852348 394854665 + 368 39.31 5.13 

TraesCS2B02G092900 TaSSL20 2B 53519486 53520805 - 343 36.6 7.23 

TraesCS2B02G093000 TaSSL21 2B 53577415 53578743 + 344 36.65 6.43 

TraesCS2B02G196500 TaSSL22 2B 174591805 174593791 - 368 39.21 5.22 

TraesCS2B02G196600 TaSSL23 2B 174662494 174664338 - 366 39 5.42 

TraesCS2B02G281700 TaSSL24 2B 390113753 390115093 - 345 37.28 9.2 

TraesCS3B02G289800 TaSSL25 3B 465068549 465070005 + 337 36.4 6.27 

TraesCS3B02G338500 TaSSL26 3B 544923468 544924750 - 344 37.34 7.23 

TraesCS3B02G558800 TaSSL27 3B 793018848 793019713 + 210 22.98 8.95 

TraesCS3B02G559000 TaSSL28 3B 793045532 793046161 + 188 20.6 8.79 

TraesCS3B02G559100 TaSSL29 3B 793061658 793062881 + 346 37.63 9.11 

TraesCS4B02G215300 TaSSL30 4B 454923053 454924792 + 414 46.59 6.65 

TraesCS5B02G133600 TaSSL31 5B 249711888 249714643 - 375 40.87 6.18 

TraesCS5B02G195300 TaSSL32 5B 352577250 352579265 + 347 37.1 7.87 

TraesCS5B02G195400 TaSSL33 5B 353013738 353016479 + 365 39.22 6.39 

TraesCS5B02G330900 TaSSL34 5B 515187558 515188179 + 186 20.88 6.48 

TraesCS5B02G382800 TaSSL35 5B 561692255 561693729 - 342 36.93 7.79 

TraesCS5B02G383000 TaSSL36 5B 561712281 561713669 - 340 36.73 7.08 

TraesCS5B02G395100 TaSSL37 5B 572546647 572549222 - 400 43.83 5.91 

TraesCS7B02G040400 TaSSL38 7B 40346759 40352481 + 349 37.79 9.02 

TraesCS7B02G040900 TaSSL39 7B 40442512 40443808 - 349 37.8 9.13 

TraesCS2D02G076000 TaSSL40 2D 32520264 32521551 - 344 36.76 6.09 

TraesCS2D02G076200 TaSSL41 2D 32557965 32559316 + 344 36.73 6.54 

TraesCS2D02G076300 TaSSL42 2D 32594073 32595754 - 347 37.58 5.41 

TraesCS2D02G076400 TaSSL43 2D 32598127 32599584 + 344 36.84 7.23 

TraesCS2D02G177700 TaSSL44 2D 121059689 121061706 - 368 38.97 5.04 

TraesCS2D02G177900 TaSSL45 2D 121354288 121356255 - 323 34.77 5.6 

TraesCS3D02G256900 TaSSL46 3D 359092168 359093581 + 358 38.61 6.61 

TraesCS3D02G303900 TaSSL47 3D 418417313 418418550 - 321 34.87 6.83 

TraesCS3D02G503900 TaSSL48 3D 591624629 591625564 + 312 34.21 9.34 

TraesCS3D02G504000 TaSSL49 3D 591653654 591654892 - 346 37.71 9.33 

TraesCS4D02G215800 TaSSL50 4D 369668365 369670201 + 414 46.69 7.31 

TraesCS5D02G139700 TaSSL51 5D 223229427 223232332 + 374 40.8 6.51 

TraesCS5D02G202700 TaSSL52 5D 307967730 307969560 + 347 37.18 7.25 
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TraesCS5D02G202800 TaSSL53 5D 308217655 308221035 + 365 39.48 8.23 

TraesCS5D02G389100 TaSSL54 5D 458458282 458459667 - 356 38.37 6.53 

TraesCS5D02G400000 TaSSL55 5D 465200400 465203233 - 399 43.65 5.91 

TraesCS7D02G075900 TaSSL56 7D 45028549 45029902 - 346 37.66 8.27 

TraesCS7D02G076000 TaSSL57 7D 45056264 45057289 + 342 37.53 8.9 

TraesCS7D02G076300 TaSSL58 7D 45105633 45107975 - 362 39.6 8.31 

TraesCS7D02G076500 TaSSL59 7D 45192155 45192727 + 191 21.52 8.6 

TraesCS7D02G076600 TaSSL60 7D 45221301 45221930 + 210 23.25 8.02 

TraesCS7D02G139900 TaSSL61 7D 89486370 89487624 + 349 37.82 9.03 

TraesCS7D02G140000 TaSSL62 7D 89522303 89523349 + 349 37.75 9.13 

TraesCS7D02G140500 TaSSL63 7D 89730530 89731768 - 346 37.51 9.2 

TraesCS7D02G140600 TaSSL64 7D 89790365 89791410 - 308 33.19 8.53 

TraesCSU02G104000 TaSSL65 Un 91490467 91491513 + 349 37.76 9.08 

TraesCSU02G189700 TaSSL66 Un 285394503 285395933 - 344 36.84 7.23 

TraesCSU02G223800 TaSSL67 Un 330012358 330013691 + 346 37.71 8.28 

TraesCSU02G240600 TaSSL68 Un 358915197 358915768 + 190 21.23 9.32 

TraesCSU02G255900 TaSSL69 Un 396475176 396475747 + 190 21.12 9.19 
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Figure 1. Phylogenetic tree of the TaSSL gene family of Triticum aestivum (Ta), Oryza sativa (Os) and 

Arabidopsis thaliana (At), STR of Rauvolfia serpentine (Rs) and Catharanthus roseus (Cr), hemomucin of 

human and fruit fly. Genes related to each organism are shown with a different color). The tree was constructed 

using MEGA7 software using neighbor-joining (NJ) method with 1000 bootstraps. 
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Figure 2. The conserved motifs of the TaSSL proteins. Different motifs are presented in different colors. 
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Figure 3. The exon – intron structure of TaSSL in T. aestivum. UTR, exons and introns are presented by green 

and yellow boxes and black lines, respectively. 
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Table 2. Cis-regulatory elements in TaSSL genes promoters and their function 

Type Cis Elements Function Frequency 

Hormone  

ABRE2 cis-acting element involved in the abscisic acid responsiveness 1 

AT~ABRE ABA response 3 

SARE cis-acting element involved in salicylic acid responsiveness 3 

TATC-box cis-acting element involved in gibberellin-responsiveness 5 

AuxRR-core cis-acting regulatory element involved in auxin responsiveness 6 

CARE ABA response, GA response 10 

GARE-motif gibberellin-responsive 18 

ERE ethylene-responsive element 23 

P-box gibberellin-responsive element 23 

TCA-element cis-acting element involved in salicylic acid responsiveness 32 

TGA-element auxin-responsive element 34 

ABRE3a cis-acting element involved in the abscisic acid responsiveness 75 

ABRE4 cis-acting element involved in the abscisic acid responsiveness 75 

ABRE cis-acting element involved in the abscisic acid responsiveness 101 

Stress 

DRE dehydration-responsive 1 

AP-1 Cd response 2 

box S wounding and pathogen response 12 

DRE1 drought response 14 

TC-rich repeats cis-acting element involved in defense and stress responsiveness 16 

WUN-motif wound-responsive element 19 

MYB recognition site drought response 26 

GC-motif enhancer-like element involved in anoxic specific inducibility 26 

MBS MYB binding site involved in drought-inducibility 41 

W box elicitor responsive cis-element 44 

LTR cis-acting element involved in low-temperature responsiveness 48 

DRE core drought response 57 

WRE3 wounding 57 

ARE cis-acting regulatory element essential for the anaerobic induction 100 

MYC drought response 168 

MYB water response, drought response 256 
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Figure 4. Chromosomal locations of T. aestivum SSL genes. Each sub-genome chromosomes are represented by 

different colored boxes. Black curves connecting the genes indicate duplications. 
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 )#43 - ^"�g, ~��  /��?� ���@�� $O4 7�#% ��KTaSSL ^"�g,�#%  
Table 3. Selection pressure and the type of duplication of TaSSL gene pairs 

Gene 1 Gene 2 Ka Ks Ka\ Ks Selection Duplication 

TaSSL56 TaSSL1 0.01 0.17 0.07 Negative Segmental 

TaSSL57 TaSSL1 0.02 0.09 0.25 Negative Segmental 

TaSSL67 TaSSL1 0.01 0.00 3.01 Positive Segmental 

TaSSL10 TaSSL11 0.02 0.19 0.08 Negative Tandem 

TaSSL49 TaSSL11 0.01 0.19 0.07 Negative Segmental 

TaSSL37 TaSSL16 0.01 0.13 0.09 Negative Segmental 

TaSSL55 TaSSL16 0.00 0.12 0.04 Negative Segmental 

TaSSL17 TaSSL18 0.01 0.16 0.07 Negative Tandem 

TaSSL20 TaSSL21 0.03 0.13 0.20 Negative Tandem 

TaSSL4 TaSSL21 0.03 0.12 0.22 Negative Segmental 

TaSSL40 TaSSL21 0.03 0.13 0.23 Negative Segmental 

TaSSL41 TaSSL21 0.03 0.13 0.21 Negative Segmental 

TaSSL43 TaSSL21 0.03 0.10 0.25 Negative Segmental 

TaSSL8 TaSSL25 0.02 0.11 0.15 Negative Segmental 

TaSSL10 TaSSL29 0.02 0.12 0.21 Negative Segmental 

TaSSL11 TaSSL29 0.03 0.19 0.14 Negative Segmental 

TaSSL49 TaSSL29 0.02 0.13 0.16 Negative Segmental 

TaSSL12 TaSSL30 0.01 0.06 0.10 Negative Segmental 

TaSSL50 TaSSL30 0.01 0.07 0.08 Negative Segmental 

TaSSL14 TaSSL33 0.02 0.05 0.35 Negative Segmental 

TaSSL35 TaSSL36 0.01 0.15 0.09 Negative Tandem 

TaSSL8 TaSSL36 0.04 0.27 0.14 Negative Segmental 

TaSSL39 TaSSL38 0.01 0.05 0.17 Negative Tandem 

TaSSL20 TaSSL4 0.02 0.10 0.23 Negative Segmental 

TaSSL20 TaSSL40 0.02 0.09 0.18 Negative Segmental 

TaSSL4 TaSSL40 0.02 0.09 0.25 Negative Segmental 

TaSSL20 TaSSL41 0.01 0.12 0.09 Negative Segmental 

TaSSL4 TaSSL41 0.02 0.11 0.17 Negative Segmental 

TaSSL40 TaSSL41 0.02 0.12 0.16 Negative Segmental 

TaSSL43 TaSSL41 0.01 0.09 0.13 Negative Segmental 

TaSSL20 TaSSL43 0.02 0.12 0.14 Negative Segmental 

TaSSL4 TaSSL43 0.03 0.12 0.23 Negative Segmental 

TaSSL40 TaSSL43 0.02 0.11 0.23 Negative Segmental 

TaSSL22 TaSSL44 0.03 0.09 0.32 Negative Segmental 

TaSSL25 TaSSL46 0.01 0.07 0.21 Negative Segmental 

TaSSL8 TaSSL46 0.02 0.09 0.20 Negative Segmental 

TaSSL9 TaSSL47 0.02 0.19 0.12 Negative Segmental 

  

 )#43 - 0,
�
                                                                                                                        Table 3. Continued 

Gene 1 Gene 2 Ka Ks Ka\ Ks Selection Duplication 

TaSSL10 TaSSL49 0.02 0.13 0.14 Negative Segmental 

TaSSL44 TaSSL5 0.01 0.06 0.21 Negative Segmental 

TaSSL12 TaSSL50 0.00 0.06 0.03 Negative Segmental 

TaSSL31 TaSSL51 0.01 0.05 0.23 Negative Segmental 

TaSSL32 TaSSL52 0.01 0.07 0.17 Negative Segmental 

TaSSL14 TaSSL53 0.01 0.05 0.25 Negative Segmental 

TaSSL33 TaSSL53 0.02 0.05 0.37 Negative Segmental 

TaSSL35 TaSSL54 0.02 0.14 0.13 Negative Segmental 

TaSSL36 TaSSL54 0.02 0.15 0.11 Negative Segmental 

TaSSL37 TaSSL55 0.01 0.13 0.09 Negative Segmental 

TaSSL56 TaSSL57 0.03 0.16 0.16 Negative Tandem 

TaSSL68 TaSSL59 0.03 0.14 0.21 Negative Segmental 

TaSSL69 TaSSL59 0.03 0.14 0.20 Negative Segmental 

TaSSL45 TaSSL6 0.02 0.11 0.16 Negative Segmental 

TaSSL38 TaSSL61 0.02 0.11 0.17 Negative Segmental 

TaSSL39 TaSSL61 0.02 0.13 0.17 Negative Segmental 

TaSSL62 TaSSL61 0.01 0.10 0.12 Negative Tandem 
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 )#43 - 0,
�
                                                                                                                        Table 3. Continued 

TaSSL63 TaSSL61 0.03 0.16 0.20 Negative Tandem 

TaSSL65 TaSSL61 0.05 0.34 0.16 Negative Segmental 

TaSSL38 TaSSL62 0.02 0.14 0.10 Negative Segmental 

TaSSL39 TaSSL62 0.02 0.17 0.10 Negative Segmental 

TaSSL63 TaSSL62 0.03 0.15 0.17 Negative Tandem 

TaSSL65 TaSSL62 0.05 0.33 0.16 Negative Segmental 

TaSSL38 TaSSL63 0.04 0.17 0.22 Negative Segmental 

TaSSL39 TaSSL63 0.04 0.17 0.24 Negative Segmental 

TaSSL65 TaSSL63 0.03 0.25 0.11 Negative Segmental 

TaSSL38 TaSSL65 0.06 0.35 0.16 Negative Segmental 

TaSSL20 TaSSL66 0.02 0.12 0.14 Negative Segmental 

TaSSL21 TaSSL66 0.03 0.10 0.25 Negative Segmental 

TaSSL4 TaSSL66 0.03 0.12 0.23 Negative Segmental 

TaSSL40 TaSSL66 0.02 0.11 0.23 Negative Segmental 

TaSSL41 TaSSL66 0.01 0.09 0.13 Negative Segmental 

TaSSL43 TaSSL66 0.00 0.00 NaN nnnnn Segmental 

TaSSL56 TaSSL67 0.01 0.16 0.06 Negative Segmental 

TaSSL57 TaSSL67 0.02 0.09 0.18 Negative Segmental 

TaSSL69 TaSSL68 0.01 0.00 3.57 Positive Segmental 
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Figure 5. The expression pattern of TaSSL genes under diverse abiotic stresses. The color boxes indicate 

expression values. The heatmap was generated using Log��TPM � 1� values. 
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