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Abstract: Objective The aim of this study was to perform identification and bioinformatics and codon preference analysis of WRKY
gene family of Fraxinus chinensis. Methods Based on the full-length transcriptome data of F. chinensis, the WRKY gene family was
identified using bioinformatics methods and their physicochemical properties, phylogeny, conservative motifs were analyzed. Based
on the second generation transcriptome data, expression patterns of WRKY gene family were analyzed and verified by real time
fluorescence quantitative PCR. The codon bias was analyzed by CodonW and EMBOSS program, the optimal codon analysis, neutral
plotting, ENC plot and PR2 bias analysis were also performed. Results A total of 49 WRKY genes were identified, all of them

were acidic and hydrophilic proteins with an amino acid sequence varying from 426 to 2 175, molecular weight between 33 933.48
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and 179 137.94, an isoelectric point between 4.91 and 5.27, unstable proteins accounted for 65.31%, and all of them were located in

the nucleus. The phylogenetic tree showed that FcWRKY genes were assigned to I (11), I1 (30), III (7) three categories and two special
members (FCWRKY23 and FcWRKY37), the second category was divided into five subclass, including Ila (5), IIb (5), Ilc (8), IId (7)
and Ile (7); Conserved motif analysis showed that Motif 1 and Motif 2 were found in all WRKY transcriptional factors. A total of 16

significant differential expression WRKY genes in leaves and bark were identified, of which only FcWRKY11 was high expressed in

bark than in leaves. The results of codon bias analysis showed that the FCWRKY's prefered to use codons ending in A/U weak codon

usage. The optimal codons were identified, which were CUU, AGG and UAU; The results of neutrality plot analysis and ENC plot

analysis indicated that natural selection was the main factor affecting its codon bias, PR2 bias analysis indicated that mutation pressure

also had impact on codon preference. Conclusion It laid a theoretical foundation for the study of WRKY gene function in F. chinensis.
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Table 1 Information of primer sequences

R4 R E[54Y (5°-3) KI5 (5°-3)
FCWRKY6 GGGATCTACTAGCCCAAGAAGC CAAACTCTCACTCGCTCACTCC
FCWRKY9 TATGAAGGAACCCACAATCATCC ATTGAGCCGGAAAGGAGCAT
FCWRKY11 ACAGTTGAGAACGCTTTAACCG CTCTCCAATAGCAGCACCGAA
FCWRKY23 CAGCCAAAAAACAAGTGGAAAG GGTTCACTGAGCTCTTGATTTTG
FCWRKY25 AACAAGATATTAAGCAACGCTGTC CTTTTGGGTCTCGACTCGGA
FCWRKY34 TCTTTAGGCTTCATGGACATGTTG AAGAGGCTGTGGCTGTGACTGTA
FCWRKY46 GAGGAGGAGCCACTGTTGCC CTCACCCGCTTTAGTTCCTCAAT
FCWRKY48 TGCTTTTCAGACAAGAAGTCAGGT CTTGATGTGTGCAACGATAATAGCT
Actin GTGCTTCTAACTGAAGCGCCA TAGAGAAAGAACAGCCTGGATAGC
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3.2 B WRKYs EEREEBFIIBEMER  mIBREREHE N 426~2 175, M5 FHRE
vk 33 933.48~179 137.94; P 4.91~5.27,
HER WRKYs BRI FKREE TP EAMER 7> AR E A, SRR 241 0.75~0.948, 35K
Prai Rk 2 s, HER 49 &~ WRKY ¥xRH+  SFRKEH: ARE #%129.58~51.93, Kb 17 1M&E
x2 B WRKY ERREEE
Table 2 WRKY gene family information of F. chinensis

SR B WA TRE A Tt IR e 2t e 8 ioere KB E AU 90 R
FCWRKY1 1905 156 066 4.96 0.863 4335 1654 268 13.54 67.24 S A%
FCWRKY2 2175 179 138 491 0.817 39.86  12.00 3.03 9.93 75.03 a1 A%
FCWRKY3 1026 84 841 5.09 0.789 4436 1901 3.22 9.36 68.42 g f %
FCWRKY4 930 75 755 5.10 0.912 4894 3032 258 11.29 55.81 2 %
FCWRKY5 1548 127 249 4.98 0.851 4466 1008 271 13.57 73.64 a1 A%
FCWRKY6 948 77939 5.12 0.804 3836 2075 190 12.34 56.01 Y A%
FCWRKY7 975 80395 5.08 0.872 4745 2369  1.85 5.85 68.62 g B %
FCWRKY8 1665 138 207 4.99 0.792 4146 1298  2.86 12.98 71.18 Y A%
FCWRKY9 1530 126 433 4.97 0.894 4196 2784 314 9.02 60.00 Y A%
FCWRKY10 1590 132 418 4.95 0.948 4963 2849  3.02 9.25 59.25 g f %
FCWRKY11 1494 121978 5.01 0.813 4576 2008 3.1 12.25 64.66 g f %
FCWRKY12 1734 143 489 4.97 0.789 35.37 761 277 14.71 74.91 Y A%
FCWRKY13 1614 133793 4.96 0.890 4213 2584 279 10.41 60.97 g B %
FCWRKY14 966 79 769 5.10 0.782 4356 2081  2.80 9.01 67.39 2%
FCWRKY15 1011 82533 5.09 0.850 36.76 2404 475 9.79 61.42 a0 A%
FCWRKY16 1611 134 423 4.96 0.923 5159  27.37 261 8.75 61.27 Y A%
FCWRKY17 1683 139 135 4.97 0.864 4548 1266  3.03 10.87 73.44 il ar
FCWRKY18 1380 112 590 5.03 0.868 3951 1435 391 11.52 70.22 0%
FCWRKY19 1563 129575 4.96 0.901 4155 2821 250 9.21 60.08 Y A%
FCWRKY20 1035 85 080 5.08 0.804 36.10 2290 464 8.99 63.48 4H B A%
FCWRKY21 1344 109 171 5.04 0.813 3866 1629  3.12 13.84 66.74 il ar
FCWRKY22 1395 114283 5.00 0.799 4335 1054 344 13.12 72.90 Y A%
FCWRKY23 759 62 812 5.13 0.968 4263 2530  3.95 12.25 58.50 Y A%
FCWRKY24 1476 122 441 5.00 0.840 4775 1057  2.24 9.96 77.24 4 B A%
FCWRKY25 1167 94 935 5.07 0.897 3869 3033 180 12.08 55.78 Y A%
FCWRKY26 1248 103 859 5.01 0.890 4204 3173 4.09 11.78 52.40 Y A%
FCWRKY27 1389 115 191 5.01 0.883 4160 3089 3.4 8.64 57.24 4H B A%
FCWRKY28 1053 86 977 5.07 0.855 4430 1672 418 8.96 70.15 4H B A%
FCWRKY29 1038 84779 5.05 0.871 2958 1937 313 10.26 67.24 pitlianzA
FCWRKY30 1089 90 193 5.08 0.750 4084 1965 3.8 751 69.65 4 A%
FCWRKY31 1056 87 392 5.06 0.887 4751 1989 312 11.08 65.91 M
FCWRKY32 1023 84220 5.05 0.790 4415 1965  4.40 10.56 65.40 pitlianE
FCWRKY33 915 74715 5.10 0.899 4743 3148 230 10.82 55.41 4 A%
FCWRKY34 1002 82 631 5.07 0.857 4238 2365  2.69 9.58 64.07 4 f A%
FCWRKY35 1005 82 484 5.06 0.819 3932 2149 388 8.06 66.57 M
FCWRKY36 954 78 993 5.09 0.844 4357 2484 252 5.66 66.98 4 A%
FCWRKY37 858 70 165 5.10 0.852 3403 1783 280 10.49 68.88 4 f A%
FCWRKY38 903 75 145 5.10 0.866 3505 2691 199 6.98 64.12 M
FCWRKY39 876 71135 5.11 0.782 3556  11.64 240 7.19 78.77 pitlianE
FCWRKY40 942 78 415 5.11 0.764 35.86 2420 350 7.64 64.65 4 A%
FCWRKY41 948 78 274 5.08 0.888 4915 2089 411 8.54 66.46 4 f A%
FCWRKY42 822 67 301 5.13 0.858 4431 3066 255 12.04 54.74 M
FCWRKY43 966 79 831 5.09 0.864 5193 2085 272 9.37 67.07 i i 1%
FCWRKY44 939 77075 5.10 0.778 4003 1957 342 13.35 63.66 il
FCWRKY45 930 76 006 5.09 0.930 4662 2620  0.96 6.07 66.77 a1 A%
FCWRKY46 765 62 886 5.10 0.858 4927 3097 194 11.94 55.16 itlial2
FCWRKY47 795 64 901 5.16 0.851 3041 3057  3.02 12.45 53.96 4l i 1%
FCWRKY48 528 43340 5.23 0.855 3876 4091 398 15.34 39.77 a1 A%

FCWRKY49 426 33933 5.27 0.789 35.41 1479  6.34 17.61 61.27 M
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Fig.2 WRKY gene family phylogenetic tree of F. chinensis and A. thaliana
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# (frequency of optimal codons, FOP) [FJ*FI2{E 455 FEINE WK 4 PR, mRISEHETA 29 > (R
50.203 1.—0.079 F1—0.387 (£ 3). [ FeWRKYs  5), BE&mdiasts 1 I m R is i1 1 2 it
FRF ST RSCU M5 RN 4 . 20 4> &1, 405072 CUUL. AGG. 1 UAU.

+=3 BYEW FcWRKYs EEFFZR FAERRRITFES

Table 3 Codon composition and codon bias analysis of FcWRKYs gene sequence of F. chinensis

HRERLH T3s C3s A3 G3s CAl CBI Fop ENC GC3s GC GC1 GC2 GC3 GC12
FCWRKY1 0.451 0.1885 0.433 0.2134 0.204 -0.06 0.389 49.8 0.306 0.416 05259 0.4019 0.32 0.464
FCWRKY2  0.440 0.2190 0.338 0.2481 0.191 -0.09 0.38 541 0.369 0464 05331 0.4669 0.39 0.500
FCWRKY3  0.439 02416 0358 0.2719 0.211 -0.07 0.393 530 0.381 0.415 0.4461 0.3994 0.40 0.423
FCWRKY4 0393 0.2254 0426 0.2227 0.191 -0.06 0.392 550 0.347 0.427 04859 0.4295 0.36 0.458
FCWRKY5  0.427 0.2049 0.349 0.2823 0.196 -0.04 0.406 546 0.378 0.463 05377 0.4545 0.39 0.496
FCWRKY6  0.427 0.2075 0.470 0.2150 0.184 -0.13 0.354 475 0.312 0.384 0.4448 0.3754 0.33 0.410
FCWRKY7  0.419 02253 0.384 0.2586 0.208 -0.10 0.383 525 0.370 0.434 0.4908 0.4233 0.39 0.457
FCWRKY8  0.454 0.1723 0333 0.3029 0.210 -0.05 0.406 519 0.368 0.447 05048 0.4476 0.39 0.476
FCWRKY9  0.384 02412 0.402 0.2199 0.197 -0.06 0.395 543 0.366 0.451 05019 0.4574 0.39 0.480
FCWRKY10 0.369 0.2942 0.395 0.1858 0.191 -0.07 0.391 56.0 0.386 0.460 05131 0.4538 0.41 0.483
FCWRKY11 0.457 0.2032 0.338 0.2823 0.234 -0.02 0415 55.1 0.374 0439 05170 0.4128 0.39 0.465
FCWRKY12 0.463 0.2034 0.339 0.2398 0.198 -0.11 0.367 53.4 0.347 0.445 05147 0.4594 0.36 0.487
FCWRKY13 0.415 0.2506 0.364 0.2091 0.202 -0.07 0.388 53.7 0.367 0.455 05083 0.4657 0.39 0.487
FCWRKY14 0.433 0.2362 0.377 0.2523 0.228 -0.03 0.410 534 0.368 0.414 04551 0.4025 0.38 0.429
FCWRKY15 0.399 0.2205 0.389 0.2632 0.152 -0.15 0.339 55.4 0.373 0.427 0.4602 0.4336 0.39 0.447
FCWRKY16 0.422 0.2297 0.408 0.2052 0.204 -0.11 0.379 534 0.339 0.425 04703 0.4480 0.35 0.459
FCWRKY17 0.427 0.2013 0.384 0.2469 0.186 —0.12 0.374 53.0 0.348 0.436 0.4555 0.4875 0.36 0.472
FCWRKY18 0.438 0.1918 0.442 0.2117 0.208 -0.09 0.385 525 0.308 0.414 04816 0.4403 0.32 0.461
FCWRKY19 0.400 0.2500 0.382 0.2071 0.199 -0.06 0.392 54.8 0.365 0.458 05194 0.4621 0.39 0.491
FCWRKY20 0.454 0.2066 0.34 0.2857 0.167 —0.12 0.355 52.6 0.373 0.427 04798 0.4162 0.38 0.448
FCWRKY21 0.470 0.1696 0.376 0.2725 0.230 —0.06 0.404 544 0.338 0.425 0.4989 0.4209 0.35 0.460
FCWRKY22 0.424 0.2095 0.296 0.3218 0.199 -0.01 0.420 552 0.416 0474 05330 0.4606 0.43 0.497
FCWRKY23 0.409 0.2527 0.495 0.1802 0.207 -0.10 0.376 49.3 0.318 0.394 0.4646 0.3780 0.34 0.421
FCWRKY24 0.469 0.2268 0.361 0.2222 0.216 —0.07 0.403 50.7 0.346 0.424 0.4584 0.4422 0.37 0.450
FCWRKY25 0.413 0.2114 0.481 0.1917 0.186 -0.12 0.362 53.4 0.303 0.407 05000 0.3949 0.33 0.447
FCWRKY26 0.385 0.2593 0.377 0.2204 0.190 -0.10 0.369 52.7 0.381 0.449 0.4909 0.4475 0.40 0.469
FCWRKY27 0.409 0.2392 0.421 0.2006 0.195 —0.17 0.339 56.8 0.342 0.425 0.4763 0.4267 0.37 0.452
FCWRKY28 0.359 0.2454 0.223 0.4106 0.226 —0.03 0.410 57.8 0519 0508 05000 0.4911 0.53 0.496
FCWRKY29 0.393 0.2059 0.425 0.2591 0.184 -0.12 0.361 52.8 0.355 0.431 0.4915 0.4205 0.38 0.456
FCWRKY30 0.315 0.2584 0.315 0.3686 0.167 —0.08 0.389 57.7 0.491 0488 0.4755 0.4784 051 0.477
FCWRKY31 0.372 0.2379 0.420 0.2551 0.180 -0.12 0.362 54.0 0.377 0.430 0.4703 0.4136 0.40 0.442
FCWRKY32 0.348 0.2509 0.231 04240 0.222 -0.02 0.419 587 0.527 0506 0.4957 0.4812 0.54 0.488
FCWRKY33 0.417 0.2043 0.410 0.2456 0.190 -0.13 0.357 53.4 0.347 0.420 0.4723 0.4267 0.36 0.450
FCWRKY34 0.448 0.2101 0.354 0.2667 0.199 -0.04 0.409 528 0.365 0.444 0.4955 0.4478 0.39 0.472
FCWRKY35 0.396 0.2113 0.293 0.3494 0.209 -0.02 0.415 59.4 0440 0.48 05000 0.4821 0.46 0.491
FCWRKY36 0.422 0.2278 0.398 0.2568 0.222 -0.11 0.380 495 0.366 0.422 0.4545 0.4138 0.40 0.434
FCWRKY37 0.380 0.2902 0.364 0.2386 0.210 —0.05 0.408 55.0 0.412 0.462 0.4810 0.4567 0.44 0.469
FCWRKY38 0.493 0.2271 0.369 0.2462 0.250 -0.08 0.397 48.1 0.348 0.410 0.4669 0.3907 0.37 0.429
FCWRKY39 0.383 0.2170 0.359 0.2877 0.204 -0.06 0.404 57.6 0.397 0.479 05461 0.4812 0.41 0514
FCWRKY40 0.537 0.2073 0.387 0.1682 0.250 —0.03 0.422 457 0.282 0.394 0.4635 0.4190 0.30 0.441
FCWRKY41 0.389 0.2672 0.382 0.2546 0.217 -0.06 0.405 56.0 0.398 0.439 0.4826 0.4101 0.42 0.446
FCWRKY42 0.409 0.2207 0.393 0.2453 0.204 -0.09 0.386 557 0.364 0.415 0.4301 0.4337 0.38 0.432
FCWRKY43 0.493 0.1880 0.327 0.2282 0.213 -0.03 0.411 496 0.327 0.418 0.4398 0.4639 0.35 0.452
FCWRKY44 0.407 0.1940 0.443 0.2883 0.195 -0.15 0.355 455 0.352 0.402 0.4513 0.3864 0.37 0.419
FCWRKY45 0.427 0.1815 0.371 0.2870 0.222 -0.04 0.405 536 0.363 0.435 0.4858 0.4322 0.38 0.459
FCWRKY46 0.364 0.2273 0.425 0.2468 0.173 -0.12 0.354 558 0.367 0.430 0.4823 0.4277 0.38 0.455
FCWRKY47 0.418 0.2139 0.497 0.1875 0.201 -0.13 0.354 47.4 0.299 0370 0.4221 0.3688 0.32 0.395
FCWRKY48 0.485 0.1667 0.450 0.2149 0.216 -0.09 0.388 475 0.282 0.377 0.4438 0.3708 0.31 0.407
FCWRKY49 0.353 0.2931 0.418 0.2813 0.216 -0.04 0414 569 0421 0427 04667 0.3733 0.43 0.420
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F4 BEH FcWRKYs FXEBFHEMFERAE (RSCU) 717

Table 4 Relative synonymous codon usage value (RSCU) of synonymous codons from FcWRKYs of F. chinensis

R i i RSCU f& SR L o RSCU 1

Phe uuu 400 1.24 Asp GAU” 730 1.49
uuc 244 0.76 GAC 249 0.51

Leu UUA 182 0.90 Glu GAA 770 1.23
uuG* 300 1.48 GAG 482 0.77

cuu” 293 1.44 Pro ccu” 419 1.31

cuc 116 0.57 ccc 168 0.52

CUA 147 0.72 CCA" 485 1.51

CUG 179 0.88 CCG 211 0.66

le AUU" 374 1.46 Thr ACU” 388 1.33
AUC 198 0.77 ACC 230 0.79

AUA 195 0.76 ACA” 407 1.40

Met AUG 466 1.00 ACG 138 0.47
Val GUU” 383 1.53 Ala GCU” 401 1.43
GUC 174 0.69 GCC 231 0.83

GUA 183 0.73 GCA" 375 1.34

GUG 264 1.05 GCG 111 0.40

Tyr UAU" 340 1.25 Cys UGU 171 1.06
UAC 204 0.75 UGC 151 0.94

His CAU" 321 1.30 TER UGA 17 1.04
CAC 174 0.70 UAA" 26 1.59

Gln CAA 624 1.18 UAG 6 0.37
CAG 432 0.82 Gly GGU 312 1.12

Asn AAU 728 1.26 GGC 196 0.70
AAC 426 0.74 GGA* 393 1.41

Lys AAA 649 1.07 GGG 216 0.77
AAG 567 0.93 Trp UGG 110 1.00

Ser ucu” 608 1.60 Arg AGA* 386 2.37
ucc 259 0.68 AGG” 244 1.50

UCA” 547 1.44 CGU 93 0.57

UCG 224 0.59 CGC 50 0.31

AGU 369 0.97 CGA 121 0.74

AGC 280 0.73 CGG 85 0.52

Sy Y T

“indicates high frequency codon

3.7 w144 E. ENC-plot 271 PR2 RE D7
R

R E M S R WK 5 R, GCiv GCas
GC; M1 GC HIFEED AN 48.34%. 43.22%-
39.00% 1 43.44% . GCip 4> A Ju A 39.54% ~
51.36%. GCi245 GCs HIAHK RECN 0.491 1, [H]I4
FHECN 0265 7. SR FCWRKYs w343 JE Ry
XL AT, R B A T X ek by, R

ESRIEEE LN FCWRKYs H R 2500 1tV 1) 3
ENC-plot 7 #r 45 R anfd 6 fiow, /3oy 5
ARTERRE M2 B BB, e R0 o0 3 R 5 v it
N7, R EIRERE R0 F D T 1 ) 3
BRE, SHHLEM TSRS
PR2 i #ras Bt (& 7), PR2 “FIE T+ 4
AN XIS A ATANI 5T, R RALA T B 051
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Table 5 Statistics of codons in high and low expression genes of FcWRKYs in F. chinensis
P e IS BN P R RILHEF R IBEE
AR EET $= RSCU & RSCU ARSCU | AE®  EWT $&= RSCU #i& RSCU ARSCU
Phe Uuu 21 1.14 30 1.33 -0.19 Ser ucu 40 2.02 37 2.16 -0.14
uuc* 16 0.86 15 0.67 0.19 ucc” 14 0.71 8 0.47 0.24
Leu UUA 6 0.75 12 1.29 —0.54 UCA 23 1.16 23 1.34 -0.18
uuG 13 1.63 16 171 —-0.08 ucG” 20 1.01 9 0.52 0.49
cuu” 10 1.25 9 0.96 0.29 Pro CCuU 21 1.06 15 1.22 -0.16
cuc” 0.75 6 0.64 0.11 CCC 6 0.30 7 0.57 -0.27
CUA" 0.63 5 0.54 0.09 CCA 26 1.32 24 1.96 —0.64
CUG” 8 1.00 8 0.86 0.14 CCG” 26 1.32 3 0.24 1.08
lle AUU 18 1.29 23 1.57 -0.28 Thr ACU 18 1.13 18 1.26 -0.13
AUC” 18 1.29 12 0.82 0.47 ACC 12 0.75 11 0.77 -0.02
AUA 6 0.43 9 0.61 -0.18 ACA 14 0.88 24 1.68 -0.80
Met AUG 28 1.00 15 1.00 0 ACG” 20 1.25 4 0.28 0.97
Val GUU 22 1.29 21 1.79 -0.50 Ala GCU 20 1.13 15 1.46 -0.33
Guc” 11 0.65 6 0.51 0.14 (clolon 11 0.62 4 0.39 0.23
GUA 9 0.53 13 111 —0.58 GCA 18 1.01 21 2.05 -1.04
GUG” 26 1.53 7 0.60 0.93 GCG” 22 1.24 1 0.10 114
Tyr UAU" 17 131 16 0.97 0.34 Cys uGu 8 0.67 13 1.30 —0.63
UAC 9 0.69 17 1.03 -0.34 uGC” 16 1.33 7 0.70 0.63
TER UAA 0 0 2.00 —2.00 TER UGA* 3 3.00 1 1.00 2.00
UAG 0 0 0 0 Trp UGG 3 1.00 7 1.00 0.00
His CAU 19 141 19 1.46 -0.05 Arg CGU” 10 0.91 4 0.60 0.31
CAC 8 0.59 7 0.54 0.05 CGC” 5 0.45 2 0.30 0.15
Gln CAA 23 1.02 27 117 —-0.15 CGA 3 0.27 3 0.45 -0.18
CAG" 22 0.98 19 0.83 0.15 CGG" 14 1.27 0 0.00 1.27
Asn AAU 20 0.98 44 142 —0.44 Ser AGU 11 0.55 12 0.70 -0.15
AAC* 21 1.02 18 0.58 0.44 AGC 11 0.55 14 0.82 -0.27
Lys AAA 25 0.71 26 0.88 -0.17 Arg AGA 12 1.09 27 4.05 -2.96
AAG” 45 1.29 33 1.12 0.17 AGG" 22 2.00 4 0.60 1.40
Asp GAU 26 1.27 41 1.64 -0.37 Gly GGU” 19 1.19 8 0.76 0.43
GAC” 15 0.73 9 0.36 0.37 GGC” 14 0.88 3 0.29 0.59
Glu GAA 17 0.67 54 1.50 —-0.83 GGA 9 0.56 20 1.90 -1.34
GAG" 34 1.33 18 0.50 0.83 GGG" 22 1.38 11 1.05 0.33
R RIS ET
*indicates high expression codon
0.6
y=0.2657 x+0.355 4
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Fig. 5 Neutrality plot analysis of FceWRKYs
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Fig. 6 ENC-plot analysis of FcWRKYs



© 2492 »

FED 2025648 $56% BT7H  Chinese Traditional and Herbal Drugs 2025 April Vol. 56 No. 7

0.8

0.7
0.6} ..0.“ °
o0 P

_ 0a® &l
8] ?'o
+ 05 - %
5 . oF
2 @
O 04} ®

03}

0.2

0.2 04 0.6 0.8
As/(A3+Ts)

7 BYER FcWRKYs PR2 R

Fig. 7 PR2 bias analysis of Fraxinus chinensis FcWRKY's
IR ME— R & . KE 3BT 2 B 7

(G3>Cs, Ta>A3). K] FeWRKYs JE K #5001 hi
UFPERR 2 3 B AME BRI, B2 2 BT RA
LA
4 g

- SRR R P 91 i R A A, BRI T H 2

RIZHREIRE 7T . K FE SR P B AR e B3R 1S
mREEKE A, T RN FEREPHER S
H20), AT K L A, 6 SR
WRKY R FRIEAT 408, LS| 49 A~ WRKY
B[R ARAE ST AL SR WRKY BRI 5557
R332, HRRAHEE 11, 30 f1 74, "] I
KR AERE, G 62.5%. HIKES, 5 12
AMUFFIT WRKY #xH1, Hrh AtWRKY1
FcWRKY 1, AtWRKY32 Al FEWRKY 11.FcWRKY 11,
AtWRKY33 1 FcWRKY24 , AtWRKY26 #i
FcWRKY 17 HAFFEK R b K504, AtWRKY9
H FeWRKY25 HARVER R e K, (LEAEF
FcWRKY40 —/ WRKY . WRKY #5745 #435
() 25 5 & FF 4 WRKYGKK, WRKYGMK Al
WRKYGRK , 7E 4% #f RIWRKY R Rk A
WRKYGKK 1 WRKYGRK 2 #2855, HAME
ZILROFIA R8I WRKY Fe[H 5 e T 5 A8 e
5. K& GmWRKY6 Al GmWRKY21 K0 F 51
RAZH WRKYGKK, &k 5IAANER G/ W-box
M ERIRE ST, MM WRKY 5% K 5 ¥k
A HAEFHPY ., B WRKY B K 5K %
FcWRKY49 #0750 K AERAE N WRKYGKK,
MELATRETLIE S W-box 4TS A .

IR BEAC U 2 1 ) B B IR AR s 2 —
BEFTR AR WSS RAW™Y, EH
AR R E B EEZIFEBY WRKY K+
E 22 M A b T A R IR AU 7= D A= 0 6 1 )
FHF. FFZF 9 4 SmWRKY (SmWRKYI .
SmWRKY7. SmWRKY19. SmWRKY29. SmWRKY
45, SmWRKY52. SmWRKY56. SmWRKY 58 /I
SmWRKY68), WHEZ5 | FHZE AR N4V &
BB, X 9 ANER BT WRKY BB (Tlay
b, Hc fllle) 5EIZE; WFEIT AtWRKY23 5%
[R] - 3e8 a o)3 T IEE 11 Je 8 2 4 6 B T R 2 AR
RIEEAKANKER., RESNBNARARSHET
HEEREREY, R BLEE-CoA 6- LT 1

(NaF6’'H1) 72 45 B 75 N R AL R B 28 AR & i)
KEEREB, JHE NaWRKY70 5 NaF6’H1 JE 37
(1) W box AHZE &, WIS NaF6 HI FF 13R1X,
S0 R A R R B A P [T A PR
EH 0 FH Al B8 1) AR L 2 RO 1 A A B R T
ZE AT T RS e, IR AEY) =51
SRR EEL T H (https://www. omicstudio.
cn/tool/64) KRR 16 NN EE % WRKY
Rl FPKM B S54RI 2H 2% 0 A v 119 3 35 22 S ARl
YIZR B R AR B R IAT O b . 45 R I
EH] 8 ANEER 5% e R ZR e O3 A A G
M, Hh FeWRKY36. FcWRKYI10. FcWRKY9.
FcWRKY6. FcWRKYI3. FcWRKY37 Fl FcWRKY48
HREHPR, BROFEBEMMEK. FeWRKYI3 5
Z R F R AR REER K, ~-0.99729; 5FREL
AR R B R HISE R 2 FeWRKY9, #io RECN
-0.970 10, FcWRKYI1l 5% HFHEME L LEH R
EAHSG, AHOG R E5r N 0.947 66 10935 85. i
HASEIN 8 NI JE T WRKY KA IR AN,
IR (IIb 26 3 4~ Te 2K 2 4M). FIE (14D
AHAR (14, X5 CEIRIE )2 5720 F R
AWE ) WRKY FE DR SR YR 7 — BB, 2 iz H
FHZR K O F B R R E S, B T&
SRFWT, HAEDEBOSE AR 8T AR
PRI, Rk DL B R WRKY JERI KR 8 A
RS REHR, ZRORAGEREMSM, HE
HERBEHREMBE R OCENEME SR ER
BAREEN, R EIResir.

TEYPE R A FE R, BT IR T — €
() P 4 1, IR B b ORD 3 IR 22 /AL g



FED 2025F 48 $56% BT7H  Chinese Traditional and Herbal Drugs 2025 April Vol. 56 No. 7

* 2493 -

FcWRKYs & GC &8N 37.01%~50.79%, %
TE 3 AL B AL UL Gy C HELHI PSR 43
I 38.18%. 41.82%. 25.39%71 22.30%, ENC fH
f£ 45.52~59.44, RKYIAEER FeWRKY's i 4
LLA/U 45 RIERS T, JF HAWer A5 X5 HIE
RYH B, AU 16 ARAF BTN [ H 24B8WRKY #
KA HIWEFC A R 50 $IRF LA A/U 45 R 1 E Y
T MIZKREBIWRKY e [H 7t LA G/C 4f)%.
HE 2 3T Al ENC-plot 2 B4 i 34136 W] B AR
PRI FOWRKY's #0507 df LR 2R = . 1
4, PR2 fif 73 W3R B FCWRKYs JE K% i1 4F
PEBR S22 HARIEFERIFENT, TP 2 52 BT HE RAR K 7
I o IX 54RTAT WRKY 5 [H 50 % 0 1 4 14
20 R 2R AT T 45 SR — BB, i [ H 35BS L 22
B G PIWRKY e PR 13 1 i 4k 3 2 AL
IS JIHIFEE, AR WRKY H: R SR 05
(L SREREE-AT S E S5 7 Aot o

ASHIE TR TG R I Ry BB A e

SR PSSR, X Hr i) WRKY F: R 5K B A AT

U5E, 15549 A~ FeWRKY FEH, JExd T T8

WAEB T M R GEREAA | DR AT 3R 7 20 M R

Bt A dg- 2 73 A o i8I QRT-PCR J7¥2:%F 8 > WRKY

BRI RIEE AT TIRUE, S5 H T4 R EKE

A —F . Ay FER T WRKY FER D) g ik — B A

FAR UL IR AR -

RlBAR AR ERARAELEZFR

SE 3k

[ A%, B, AL, & SREREAGMHRER
RMFEEHRAA T ZHIT [J]. L2528, 2014,
29(5): 449-452.

[21 ERIEW, RAw, EEZE, & SR ook 5 oS
WKL E R Th R RME R LR [J].
i, 2023, 41(8): 690-697.

[3] Chang H C, Wang S W, Chen C Y, et al. Secoiridoid
glucosides and anti-inflammatory constituents from the
stem bark of Fraxinus chinensis [J]. Molecules, 2020,
25(24): 5911.

[4] SunXC,LiHR. Full-length transcriptome combined with
RNA sequence analysis of Fraxinus chinensis [J]. Genes
Genomics, 2023, 45(5): 553-567.

[5] Eulgem T, Rushton P J, Robatzek S, et al. The WRKY
superfamily of plant transcription factors [J]. Trends Plant
Sci, 2000, 5(5): 199-206.

[6] #o#E, ZWSE, HI5TS. S4R1E WRKY B F KNS
SESINREIT [J]. PUR R4 HARFIERR, 2023,

(71

(8]

[°]

[10]

[11]

[12]

[13]

[14]

[18]

[16]

[17]

[18]

[19]

45(7): 87-96.

Krishnamurthy P, Vishal B, Bhal A, et al. WRKY9
transcription factor regulates cytochrome P450 genes
CYP94B3 and CYP86B1 leading to increased root suberin
and salt tolerance in Arabidopsis [J]. Physiol Plant, 2021,
172(3): 1673-1687.

Rinerson C I, Scully E D, Palmer N A, et al. The WRKY
transcription factor family and senescence in switchgrass
[J]. BMC Genomics, 2015, 16: 912.

Chen C B, Xie F F, Shah K, et al. Genome-wide
identification of WRKY gene family in pitaya reveals the
involvement of HmoWRKY42 in betalain biosynthesis [J].
Int J Mol Sci, 2022, 23(18): 10568.

Guo X Q, Ullah A, Siuta D, et al. Role of WRKY
transcription factors in regulation of abiotic stress
responses in cotton [J]. Life, 2022, 12(9): 1410.

Song H, Cao Y P, Zhao L G, et al. Review: WRKY
transcription  factors:
divergence [J]. Plant Sci, 2023, 334: 111770.
Hussain R M F, Kim H K, Khurshid M,
Overexpression of AtWRKYS50 is
enhanced production of sinapic derivatives in Arabidopsis
[J]. Metabolomics, 2018, 14(3): 25.

Thakur V, Bains S, Kaur R, et al. Identification and
characterization of SIbHLH, SIDof and SIWRKY

transcription factors interacting with SIDPD gene involved

Understanding the functional
et al.

correlated with

in costunolide biosynthesis in Saussurea lappa [J]. Int J
Biol Macromol, 2021, 173: 146-159.

Zhou W, Yang S, Yang L,
identification of the Hypericum perforatum WRKY gene

et al. Genome-wide
family implicates Hp WRKY85 in drought resistance [J]. Int
J Mol Sci, 2022, 24(1): 352.

Li J, Yu HW, Liu M L, et al. Transcriptome-wide
identification of WRKY transcription factors and their
expression profiles in response to methyl jasmonate in
Platycodon grandiflorus [J]. Plant Signal Behav, 2022,
17(1): 2089473.

Qu R J, Cao Y W, Tang X Q, et al. ldentification and
expression analysis of the WRKY gene family in Isatis
indigotica [J]. Gene, 2021, 783: 145561.

MaJ C, LuJ, XuJ M, et al. Genome-wide identification
of WRKY genes in the desert poplar Populus euphratica
and adaptive evolution of the genes in response to salt
stress [J]. Evol Bioinform Online, 2015, 11(Suppl 1): 47-
55.

Parvathy S T, Udayasuriyan V, Bhadana V. Codon usage
bias [J]. Mol Biol Rep, 2022, 49(1): 539-565.

Angellotti M C, Bhuiyan S B, Chen G R, et al. CodonO:



- 2494 -

FED 2025648 $56% BT7H  Chinese Traditional and Herbal Drugs 2025 April Vol. 56 No. 7

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

Codon usage bias analysis within and across genomes [J].
Nucleic Acids Res, 2007, 35(Web Server issue): W132-
W136.

gk, FHEEVE, AT, 5. %90 WRKY #RHETFX
RS BEa i [J]. B4, 2022, 53(23): 7499-
7506.

PuE NI, B, S N2 PgWRKY22 R v b A
TEWEME R RIESHT [J]. " E 24, 2023, 54(13):
4286-4294.

SREEEH, XIBEH, PREEDE, & 2 5
) WRKY #3175 %58
2023, 54(18): 6055-6064.

XI5, FEEE &EIF, % MAR TR EEA
ER TS (7], PEAEAREERE R, 2023, 38(5):
102-109.

iR, 2N, BN, & KE HD-Zip BREKRE
WS IRaF i [1]. ZERAEMEAR, 2020, 402): 144-
153.

EHE, RTH, THE, 5 3 DM wox RE
FR I AL BB RS TR i 1 LB [3]. R ARl K22
AR HARFIARR, 2022, 46(2): 71-80.

Byrne A, Cole C, Volden R, ef al. Realizing the potential

==

KN BEA RIE
[J]. %%,

of full-length transcriptome sequencing [J]. Philos Trans R
Soc Lond B Biol Sci, 2019, 374(1786): 20190097.

Wang P J, Yue C, Chen D, er al. Genome-wide
identification of WRKY family genes and their response to
abiotic stresses in tea plant (Camellia sinensis) [J]. Genes
Genomics, 2019, 41(1): 17-33.

Chen X, Chen R H, Wang Y F, et al. Genome-wide
identification of WRKY transcription factors in Chinese
jujube (Ziziphus jujuba mill.) and their involvement in fruit
developing, ripening, and abiotic stress [J]. Genes, 2019,
10(5): 360.

Zhou QY, Tian A G, Zou H F, et al. Soybean WRKY-type
transcription factor genes, GmWRKY13, GmWRKY21, and
GmWRKY54, confer differential tolerance to abiotic

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

stresses in transgenic Arabidopsis plants [J]. Plant
Biotechnol J, 2008, 6(5): 486-503.

WA, REEFE, GKET. MR NRAAREEE (J]. T
B AMNE 55T Y22k, 2022, 38(11): 1467-1476.
YuH Z, Guo WL, Yang D F, et al. Transcriptional profiles
of SmWRKY family genes and their putative roles in the
biosynthesis of tanshinone and phenolic acids in Salvia
miltiorrhiza [J]. Int J Mol Sci, 2018, 19(6): 1593.
Grunewald W, De Smet I, Lewis D R, et al. Transcription
factor WRKY?23 assists auxin distribution patterns during
Arabidopsis root development through local control on
flavonol biosynthesis [J]. Proc Natl Acad Sci USA, 2012,
109(5): 1554-1559.

Sun H H, Wang L, Zhang B Q, et al. Scopoletin is a
phytoalexin against Alternaria alternata in wild tobacco
dependent on jasmonate signalling [J]. J Exp Bot, 2014,
65(15): 4305-4315.

Song N, Wu J S. NaWRKY70 is a key regulator of
Nicotiana attenuata resistance to Alternaria alternata
through regulation of phytohormones and phytoalexins
biosynthesis [J]. New Phytol, 2024, 242(3): 1289-1306.
Zegt g, T, sKEME, 55 HWESUHSE WRKY BREX
TR K AL B G AR AR B (0], ARk GE,
2013, 30(4): 42-45.

PO, AT E, KPR, S5, LR IF RIKRE B s R T
WRKY [f] SCF RS 5 H R i (3], PR oK 2
224, 2010, 28(1): 20-27.

AeH, ETOR, e, . ARA WRKY FUREER %
o7 A m a8 [J]. 2 FHEZE R, 2019, 17(5):
1503-1511.

Gao Y, Lu Y, Song Y, et al. Analysis of codon usage bias
of WRKY transcription factors in Helianthus annuus [J].
BMC Genom Data, 2022, 23(1): 46.

R, EMSK, S, 55 BEETE WRKY HxH
TN AE A G A (0] AR YRR R,
2015, 23(2): 203-212.

[Tt i 29]



