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Abstract: Glycogen synthase kinase 3/SHAGGY-like kinase (GSK3) proteins play important roles in
regulating plant growth, development, and stress response. In order to reveal the characteristics of GSK family
members in the medicinal plant Senna tora L., in this study, we conducted the identification and expression
analyses of GSKs in S. fora based on its whole genome data, combined with bioinformatics and gene expression
research methods. The results showed that a total of nine S. tora GSK genes were identified, all of which contained
the GSK characteristic kinase domains. All members were distributed on six chromosomes, the encoding amino
acid length ranged from 465 to 943 aa, the protein molecular weight was from 33.57 to 88.83 kDa, and the average
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isoelectric point was 8.2. The StoSKs were divided into four evolutionary branches, and the StoSKs in the same

evolutionary branch shared the same exon/intron structure and conserved motifs. The expansion of the StoSKs gene

family was mainly due to segment duplication events, and there were 17, 11, 8 and 7 pairs of collinear genes with

Glycine max, Medicago truncatula, Arabidopsis thaliana and Oryza sativa, respectively. The promoter regions of

StoSKs mostly contained responses elements related to stress stimulation, growth and development, and hormone

induction. Transcriptome data analysis showed that StoSKs were expressed in different tissues, with the highest

expression level in roots. Quantitative real-time PCR (qRT-PCR) analysis indicated that StoSKs in different

evolutionary branches displayed a synergistic expression pattern response to light, and most of StoSKs could

rapidly respond to NaCl stress with significantly up-regulated expression. All the results provide a basis for further

analysis of the biological functions of the GSKs gene family in S. tora.
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Table 1 Primers used for quantitative real-time PCR (qRT-PCR) in this study. StoSKs: The glycogen synthase kinase 3/SHAGGY-like

kinase (GSK3) genes from S. tora (Sto)

Primer sequence (5'-3")

Gene Gene ID Forward Reverse Size/bp
StoSK1.1 Sto08g234550 AGCATGCGCACACTCCTT CGACACAACTCAGCGGGT 129
StoSK1.2 Sto08g235490 GCGTTGACAAGTTGCCCG AGTCTGCTTTGGCTGGCC 149
StoSK1.3 Sto08g250140 GGATGCCCCCAGAAGCAG AGCGTCCAAAGCTGTGCA 80
StoSK 1.4 Sto13g440710 CAGCACCCACACCACCTT CTGTTGCGCCATCTCCCA 114
StoSK2.1 Sto07g210470 TGCCCGACTTCCCAATGG TGACCACTCTGCCGCCTA 123
StoSK2.2 Sto13g424070 GCACACCAACTCGGGAGG CCGGGGGCATCCTTTTGT 114
StoSK3.1 Sto01g015100 AGCATGCGCACACTCCTT CGACACAACTCAGCGGGT 129
StoSK3.2 St009g286690 CGGCCGCTACCTGCTTTA ACTCCTCGCATGCTCAGG 108
StoSK4.1 St002g050930 TGCACTGCACTGGAAGCA GGCCGGCCATTAGGAAGG 80
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Table 2 Physical and chemical properties, subcellular localization and secondary structure of the deduced proteins of StoSKs genes. CDS:

Coding sequence; pl: Isoelectric point

Protein Gene ID CDS Protein Molecular ol Subcellular w-Helix/% Random Extended -Turn/%
length/bp length/aa mass/ku localization coil/% strand/%
StoSK1.1 Sto08g234550 1731 576 4607548  8.56  Cytoplasmic 36.63 39.11 18.07 6.19
StoSK1.2 Sto08g235490 1935 644 47 033.6 8.82  Cytoplasmic 35.73 41.25 16.07 6.95
StoSK 1.3 Sto08g250140 1458 485 33573.27  8.64  Nuclear 40.75 41.78 12.67 4.79
StoSK1.4 Sto13g440710 2031 676 88 827.43  6.38  Nuclear 32.66 40.97 19.48 4.89
StoSK2.1 Sto07g210470 1902 633 43763.65 886  Nuclear 35.16 41.67 15.89 7.29
StoSK2.2 Sto13g424070 2301 766 37 664.71 8.88  Nuclear 36.75 37.65 18.37 7.23
StoSK3.1 Sto01g015100 1518 505 37808.88  8.19  Nuclear 39.21 38.30 15.20 7.29
StoSK3.2 St009g286690 1398 465 5328296 73 Nuclear 37.84 43.34 13.32 5.50
StoSK4.1 St002g050930 2832 943 47928.14  8.19  Nuclear 35.22 40.66 17.02 7.09
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N terminal domain 3 0 20 =0
AtSK22 MASLPLGPQ..PHALAPPLOQLHDGDALKRRPELDSDKEMSA
AtSK23 MTSIPLGPPQPPSLAPQPPHLHGGDSLKRRPDIDNDKEMSA
BEOHR2.AL |« « = wrsowsiome 1 & 5 o smomirente 1 & % w vSESUE = © & @ GBS (& 1 % of UGS 4 (s S % ORI e & 6 & MBI (0 16 % WKW 8 8 8 9 HORIG % 2 AR & § & VLIS T 0 LQDMSA
SEoSK2:2 | ysmumn s i SO S R B S S P IR R S D TSR R B N B A S PN B N S I R B S D PR G I ORI S B O SN AR R 1 5 MSA
AtSK21
AtSK11l MASVGIAPNPGARDSTG....VDKLPEEMNDMKIR. ...... DDKEMEA
AtSK12 MASVGIEPSAAVRESTGNVTDADRLPEEMKDMKIQ....... DDKEMEA
StoSK1.1 MASVGVAP..... TSVREPSDVDRLPEEMNDMSIR. ...... DDKEMEA
StoSK1.2 MASAGVAPASGLRDVNTNTVGVDKLPEEMNDMKIK.......
StoSK1.4
AtSK13
StoSK1.3
AtSK41
AtSK42
StoSK4.1
StoSK3.1
StoSK3.2 IMNMMRRLKSTASGRTSISSDHGGDSNINRAKFDQQTEGKVNEATNSIEGSGTNMGRAVTALEETNVGISDVSMVDRSEKSGHDKLPKE LNEMKIRDDKGNNANVKD I EA
AtSK32 MNVVRRLTSIASGRNFVSSDNVGETETPRSKPNQNREETESTETTSYEKDSVSS . v v v ve vmieoviine e enns SENSDHLPKEIREVGLGDDK....... DMDC
AtSK31 MNVMRRLKSIASGRTSISSDPGGDYALKRAKLDQENDNLCVDPMQVDQNSSCFEMKADVLSQESVAGTSN. . VPAVSEKPVDDQLPDVMIEMKIRDERNANREDKDMET
Kinase domain | I 11 \

40 50 60 100 110 129 140
AtSK22 AVIEGNDAVTGHIISTTIGGKNGEPK EVATIKKVLODRIRYKNRE L QMUIRAYD HiZ
AtSK23 AVIEGNDAVIGHIISTTIGGKNGEPK
StoSK2.1 TVIEGNDAVTGHIISTTIGGKNGEPK
StoSK2.2 SVVNGNESLTSHIISTTIGGKNGEPK
AtSK21 AVVDGHDQVTGHIISTTIGGKNGEPK
AtSK11l TVVDGNGTETGHIIVTTIGGRNGQPK
AtSK12 TIVNGNVTETGHIIVTITIGGRNGQPK
StoSKl.1 TVVDGNGTEAGHIIVTTIGGRNGQPK
StoSK1.2 TVVDGNGTETGHIIVTTIGGKNGQPKQTI
StoSK1.4 TVVDGNGTEAGHIIVTTIGGKNDQPKQTI
AtSK13 AVVDGNGTETGHIIVTTIGGKNGQPKOQTI
SEOSKL:E sazsiaunis o nasnsEarsad KQTI
AtSK41 DIIDGAGAEPGHVIRTTLRGRNGQSRQT v
AtSK42 DIIDGVGAEPGHVITTTLPGRNGQSRQ
StoSK4.1 DIIDGVGAETCHVIRT‘;IGGRN(‘QSKQNT

StoSK3.2 AIVKGNGTETGQVITTAIGGRDGQPKQTI
AtSK32 GIIKGNGTESGRIITTKKKGLNDQKDKTI
AtSK31 TVVNGSGTETGQVITTTVGGRDGKPKQTI

150 160 1790 s 249
AtSK22 PRTLYRVLRHYTSSNQRMPIFYVKLYTY(Q| MCDFCSAKWYLISIGE|INMS Y I CSR}MYRAPELIF GARNE Y[
AtSK23 PRTLYRVLKHYTSSNQRMPIFYVKLYTYQMFIAGLANTEITAP Clv[ebsdnfvigs. . . . . . . MCDFCSAKWYLISGEIANMS Y I CSRMYRAPELIF GANE Yl
StoSK2.1 PRITMYRVLKHYSSMNQRMPLIYVKLYTYOMFIEGLAMIET VP EvEtAnvieds. . .. ... McorcSAKYLISIGENNMS Y ICSRIYRAPEL I FGAJNE Y
StoSK2.2 SPSMYQFLIKIFVG .. MKMFRGLAMTETVPEVEERIVILISES . . . . ... MCDFCSAKWYLIANGEINNMS Y I CSRIFYRAPELIF GANE Yl
AtSK21 PRISLYRVLKHYSSANQRMPLVYVKLYMYQ|
AtSK11l PRTVHRVIKHYNKLNQRMPLIYVKLYTYQMFIAALSHTEIRC I Clv[ehBAD TpSs. . . . . . . MCDFCSAKYLISNGE|INMS Y ICSRMYRAPELIF GANE Y jiliy
AtSK12 PRITVHRVIKHYNKLNOQRMPLVYVKLYTYOMFIASLSHMTERCIEvIRRIDITIRAS. . . . ... MCDFCSAKYLISNGEANMS Y I CSRIYRAPELIF GAJNE Y
StoSK1.1 PRITVHRVIKHYNKLNORMPLIYVKLYTYOMFIIALSHIEIRC I{Ev/ERRADITIQRS. . .. ... MSYICSRMYRAPELIFGAMNE Y[R
StoSK1.2 PETVHRVIRHYNKMNQRMPLIYVKLYSYQ MCDFCSAKWYLESNGE|INMS Y I CSRMYRAPELIFGANE Y[R
StoSK1.4 PRITLHRVIRYYNKMNQRMPLIYVKLYFYQMCIIALAPIEINS I{v(ebRAn|Tjggel. . . . . . . MCDFCSAKYLISNGE|INMS Y I CSRMYRAPELIF GANE Y jliy
AtSK13 PRITVYRVSKHYSRANQRMPIIYVKLYTYOMCIALAMIEGGV VRSN TIRAS. . . . ... MCDFCSAKYLISNGEINMS Y I CSRIYRAPELIF GAJNE Y
StoSK1.3 PRITVYRVVKHYSKANQRMPLIYVKLYTYQMCRALAMIEIGCVEV/ERSInITIdd. . .. ... MCDFCSAKYLISNGE|INMS Y I CSRMYRAPELIF GANE Yl
AtSK41 PRITVNRVARSYSRTNQLMPLIYVKLYTYQ|
AtSK42 PRITVNRTARSYSRMNQLMPLIYVKLYTYOQMCIAGLANLEINCCEILGBRAD TR Ss. . . . . . . MsYICSRMYRAPELIFGARE vl
StoSK4.1 PRITVNRIARNYSRINQRMPLIYVKLYTYORMCEALAMIEINC I{GT(GRADITISRS. . . ... . MSYICSREMYRAPELIFGAME Yl
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Figure 1 Sequence alignment of conserved kinase domains of GSK proteins from S. fora (StoSKs) and 4. thaliana (AtSKs)
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Figure 2 Phylogenetic analyses of GSK gene family from A.
thaliana (At), O. sativa (Os), L. japonicus (Lj), G. max (Gm), S.

tuberosum (St), H. vulgare (Hv) and S. tora (Sto)
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Figure 3 Gene structure analyses of GSKs from 4. thaliana (At), O. sativa (Os), and S. tora (Sto). Scale markers represent gene length (bp)
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Figure 4 Conserved motif analyses of GSK proteins from S. tora (Sto), A. thaliana (At), O. sativa (Os), L. japonicus (Lj) and G. max

(Gm). Scale markers represent protein sequence length (aa)
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Figure 6

Segmental duplication analysis of GSK genes in S.
tora. Pink link represents the StoSK gene pair of tandem repeats;

blue curves represent StoSK gene pairs with segmental duplication
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Figure 7 Synteny analyses of GSK gene families of S. tora and
A. thaliana, O. sativa, M. truncatula and G. max. A: S. tora and A.
thaliana, O. sativa; B: S. tora and M. truncatula, G. max. The
cyan, blue, pink, green and orange rectangles represent the
chromosomes of O. sativa, A. thaliana, G. max, M. truncatula and
S. tora, respectively. The pink and blue curves represent the
collinear gene pairs of O. sativa and S. tora, A. thaliana and S.
tora, respectively. The red and cyan curves represent the collinear
gene pairs of G. max and S. tora, M. truncatula and S. tora,

respectively
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Figure 8 Heatmap of StoSKs expression in different tissues,

growth and development stages of S. tora
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Figure 9 Expression analyses of StoSKs in response to 200 mmol-L™" salinity treatment (A) and in response to light and dark treatment (B).
Data are presented as the mean + standard error (SE), which were calculated from biological replicate (n = 3) and technical replicate (n = 3)
mRNA. Asterisks above the bars indicate significant differences (P < 0.05 in A represents comparison between control and treatment at the
same time point. P < 0.05 in B represents comparison between light and dark conditions)
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