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Utilizing ML-GWAS to Elucidate the Genetic Basis of Kernel Moisture

Content Traits in Maize
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Abstract: Kernel moisture content (KMC) at maturity is a crucial factor affecting the mechanical harvesting of maize. By
utilizing multi-locus genome-wide association study (ML-GWAS), this study aims to explore significant genetic loci associated with
KMC and provide insights into the genetic basis, which can contribute to the breeding and genetic improvement of maize varieties for
appropriate harvesting. In this research, 205 maize inbred lines were used to measure the moisture content of kernels, husks, and cobs
at maturity in four different environments. Six ML-GWAS methods, including mrMLM, FASTmrMLM, FASTmrEMMA, PLARmEB,
PKWmEB, and ISIS EM-BLASSO, were applied in combination with 76,492 single nucleotide polymorphisms (SNPs) distributed
throughout the genome for association analysis. Candidate genes were identified and gene annotation was performed. Phenotypic
analysis showed that the coefficient of variation for KMC-related traits ranged from 10.47% to 33.90%, with a broad-sense heritability
ranging from 67.39% to 81.24%. A total of 26, 15, and 23 SNP loci were significantly associated with kernel moisture content, husk
moisture content, and cob moisture content, respectively. Among them, 14 significant SNP loci were identified by three or more
methods, with a phenotypic contribution ranging from 1.13% to 17.21%. pLARmMEB detected the most significant loci, while
FASTmrEMMA detected the fewest. Based on the detection by three or more methods with an average PVE (Proportion of Variance
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Explained) of >5%, significant Single Nucleotide Polymorphism (SNP) loci Chrl 9232728, Chr4 176596174, Chr8 57716249, and
Chr5_191021635 were identified. Around these loci, within a 220kb upstream and downstream range, a total of 17 candidate genes
were excavated. These genes were predominantly enriched in cellular anatomical entities, metabolic processes, and cellular processes
with catalytic activity. It is hypothesized that these genes may influence the moisture content of maize kernels, husks, and cobs by
modulating cellular metabolism and catalytic activity.
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Table 1 Descriptive statistical analysis of moisture content of kernel, husk and cob

PR 78 G B bR 2 i 6313 AR5 R HBU(%)
Trait Environment Range Mean+SD Skewness Kurtosis cr
MRS KE (%) 17BD 10.83~39.69 26.86+7.04 -0.22 -0.74 26.21
KMC 17XJ 17.63~48.57 38.01+4.80 -1.14 2.96 12.62
18BD 13.01~41.18 25.57+6.39 0.22 -0.56 24.98
18XJ 15.80~46.99 35.40+5.66 -0.87 0.97 15.98
BLUE 15.29~44.15 31.28+4.85 -0.26 0.29 15.51
g KE (%) 17BD 13.94~63.52 38.04+12.82 0.21 -1.00 33.70
HMC 17XJ 20.71~72.58 45.35+12.85 -0.02 -1.11 28.34
18BD 12.21~67.81 35.31£11.97 0.10 -0.69 33.90
18XJ 16.32~68.18 41.27+12.70 0.23 -0.66 30.76
BLUE 16.78~67.11 39.66+10.39 0.07 -0.64 26.20
Tl A K (%) 17BD 16.59~85.40 58.42+14.64 -0.78 0.05 25.06
CMC 17XJ 37.26~82.14 66.00+7.23 -0.69 1.53 10.95
18BD 15.57~78.28 54.03+13.60 -0.67 0.11 25.18
18X1J 41.05~81.28 65.39+6.85 -0.70 0.85 10.47
BLUE 28.57~87.32 60.87+8.46 -0.63 1.07 13.90

17BD: 2017 4R 5E; 17XJ: 2017 4-3¢4E; 18BD: 2018 4R E; 18XJ: 2018 -4, BLUE: ftE&METLMflivh: TH

17BD: 2017 Baoding; 17XJ: 2017 Xinji; 18BD: 2018 Baoding; 18XJ: 2018 Xinji; KMC: kernel moisture content; HMC: husk moisture content; CMC: cob



moisture content; BLUE: best linear unbiased estimation; The same as below
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Table 2 Joint analysis of variance for kernel, husk and cob moisture content

F {8 F-value
PR JTGEEZE (%)
X4 78 FEFR RREA x FHE
Trait Broad-sense heritability
Block  Environment Genotype GenotypexEnvironment
FFRLE /K KMC 2.09 465.46™ 6.10™ 1.52* 78.06
5K E HMC 0.70 60.99™* 8.06™ 1.71™ 81.24
Flifh FKE CMC 0.02 136.62" 577 2.00™ 67.39

e SSRIRIRLE 0.05 A1 0.01 KTF LEEREE, TH

* and ** indicate significant differences at the levels of 0.05 and 0.01, respectively, The same as below.
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The box plots, frequency distribution histograms, curve graphs and scatter plot for KMC, HMC, and CMC are as follows: The y-axis of the frequency distribution
curve graph represents the proportion of the data, while the x-axis represents the water content. In the scatter plots, both the x-axis and y-axis correspond to the
water content of the respective traits. The y-axis of the frequency distribution histogram represents the quantity, and the x-axis represents the water content. In the

box plot, the y-axis represents the water content
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Fig.1 Correlation analysis of BLUE values of kernel, husk and cob moisture content
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Fig. 2 Manhattan plot of kernel, husk and cob moisture content traits
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Fig. 3 Number of significant loci detected by different ML-GWAS method
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Table 3 Significant SNPs co-detected by three and more methods
LERN RIKALA RETTRE (%) ML-GWAS J57%
Bin LOD
Trait SNP Phenotypic variation explained ~ML-GWAS Method
FRLE K E KMC Chr10_2640900 10.01 3.87~4.70 2.35~4.09 1,2,5
Chrl 253390359 1.08 3.30~6.50 3.55~5.88 2,4,5
Chr4 176596174 4.07 3.33~8.80 3.37~13.09 1,2,3,6
Chr4 192913849 4.08 3.34~591 2.02~6.25 1,2,4,5
Chrl_62415898 1.04 3.33~9.18 1.65~4.79 1,2,3,4,5
Chr6_108012658 6.04 3.92~5.50 3.01~6.92 1,2,3,4,5
FE K E HMC Chr10_2640900 10.01 3.03~4.48 2.21~5.54 2,3,5,6
Chrl_9232728 1.01 3.06~7.09 3.52~9.40 1,2,3,4,5,6
LS KE CMC Chr10_84830865 10.03 3.33~4.54 1.13~4.14 2,4,5
Chr2 110828978 2.05 3.69~6.80 2.30~6.41 3,5,6
Chr6_152941834 6.05 3.03~5.95 1.90~4.86 1,2,5
Chr8 57716249 8.03 6.64~9.46 3.58~17.21 1,2,5,6
Chr5_191021635 5.05 4.11~5.27 1.22~11.42 1,4,5,6
Chr2 213305770 2.08 3.70~8.15 2.49~534 1,2,3,5

ML-GWAS J5ik%: 1:

ML-GWAS methods:

mrMLM; 2: FASTmrMLM; 3: ISIS EM-BLASSO; 4: FASTmrEMMA; 5: pLARmEB; 6: pPKWmEB
1: mrMLM; 2: FASTmrMLM,; 3: ISIS EM-BLASSO; 4: FASTmrEMMA; 5: pLARmEB; 6: pPKWmEB
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Fig.4 Analysis of phenotypic difference in different alleles of significant SNPs
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Fig.5 Enrichment and dynamic expression analysis of candidate genes

3R
3.1GWAS EfIZERHIELER

FORHFRLE 7K B 2 B R B VIR, OB AR FE R B 2% . ARRE T e 45 SR o, FPRL. G
S KR RIRINE] 26, 15 F1 23 MEFEA AL b, RIS KB A7 A Chrl0_2640900 525 S50 5 T ¥ KL
FOKE BT e AL B IR R J5 5 52 KK RL & /K & A X A7 £ Chrl0 3167875 £ 1 [A] — bin X 48;
Chrl_253390359 588 J5 5 46 KAFFRL & /K EAH AL &L Chrl 228555720 7 [F]— bin X3k, %55 /K &
FHORHIAL s Chrl_9232728 55K # 5% TFFRL I /K A0 78 56 1 5 7K B QTL A £{ gFwel-1 A2 T [A— bin [X
P4, A K AR SC AT 2 ChrS_191021635 4531 5 78 45 96 T 7 2K R A B 7 T 556 (R P 90 A 35 30 P R R 25
K& QTL {7 4 qKdr-5-1 X B, & & 25,

Ak, REVER . REER PR B P AR IS e 0 T R RL B K R AR S . A T R A G BT R R
R g K SE SRR B SR AAE RE AR . d il R i, RIUFFRL &K & 585K &
A 2 ML Chrl 253390359 A1 Chr10_2640900, #1407 7K & 588 5 /K EA 3 ANIEA7 A Chr2_110828978.
Chr2_213305770 #1 Chr6_108012658, i — 2 Mgt A& Jkfili b 15 BFFbL 2 7K & 5 A K & ARl & /K AR AE
RFEMINE, X5 zhang 55 5C TRORIARA 5 /K BRI TR 45 R — 3. Rl DSl st R R & 7K & 1
BRI E AR, W ORI R PR R B K R R AR U N
3.2 I ML-GWAS 753%89EE5

An 55 NTE TOKAEATEO0T 70 b R SR F T S04 R 247 15 GWAS 7R EAT R4, R I 2 A rUE A Ay
I S5 AL R 2 T ALY . T 2 R I A IR, A2 B 2 6 U A i DR ZH IR B R Y
WRA B EHRTHO, Zhang %27, Wen %281, Liu %0 £ Ff GWAS BB AT BRI, 200 SR FEAS
52 23 B0 TH R B B AR08 v P s U 28823 I DR HE A 12k

AT, RILASFE ML-GWAS J5 3220 T KRR 7 7K & AH SR A I %% 7147 7E %2 5% - pLARmEB £
MBI AL R %, T FASTmrEMMA A3 21 B A7 8 i/ 12 6 Ff GWAS 77751, mrMLM J7ik$g 1
R /N5 S BRI R BE T, AHT Re 2 B P04 0] RO, FASTmrMLM i S it e /) £ (51 A Sk gk 17
mrMLM )3 8L & 5] B30, FASTmrEMMA K F 3 AL B30 ok hnosk o8 550, 77 g 8t s — L8 5L IR ) QTN
pLARmEB 254 1 2 3R 5 7 T AN G DU 7 25, 4 1 7 AR S 5 IR OGIR i Rsr T 8 /127 pPKWmEB
GE T 2RO RGOS RBEMAR DI 7%, $&m 76 8 Ze MotRAH G BE BRI s (A I RE g, Fr
e AE AL FR U BLE i 4R 5 321, ISISEM-BLASSO 454 | L HAZ B ARG DU A B, X2 2 MR OG5k
DAL A BRI B 073 BN seB3, S5 &t ABETE R B, X FARFEMER, RE GWAS J7 248 (A s R 748



BRZE S 1 Xu KT EKIER BRI 72 R I FASTmrEMMA A6 £ (#1467 55 2, GEMMA &
MBI R fe /b o Zhang 555 K HUBMEIR GWAS #F 78 & I ISISEM-BLASSO J7 ¥ A i 21 1) 5t 25 A7 s e
202, EET NEMESER, KRG EKEMKMALRRZERE 1 SB, 5 50 6 S HMEKR, QTL &
P45 A GML. MLM %5 507 5 GWAS BRI 9 51 10 S 4tk b 5 eI & K AR S AL 2.
AL 6 Fi ML-GWAS J7 3Kl 21 5 /K S AHDCHERIFE 10 S5 e ik BXE 3 Aal4, Horpr 1 Shvtafk |2
FARBERL, N13A, 99, 10 SREME EFHIA 1 F 6 NMEEN . KR DAL T H
WM Z IR . XFIX 3 NS KEMAR pLARMEB 75 346 0 I 5 247 05, 7T LA JE ST 4 Fhrid
BB A PR DL A N AR PR 2 S B AT 0
3.3 {RIEEE

NI RAZIRAL s TSV, AWEFCIIE T B0 b 3 FhZ AL GWAS J7 ik St FRI B 1) 2 A, FRAR
i R T TTRR A >5% 0 — 2B I B mUS R B me T RRPRL . Al AR 5 K B R R o ZE R /K R
FA A5 Chr 9232728 Ml & I gm b e 78 5 B A 1K) Zm00001d027622 FEIK . R/i7 AN 5T 28 W 1% 5 1 1B N
RNA 4558 H, 16 mRNA LR BA WA TR, IS 5B EY R, WATEY AR 75,
Zm00001d027623 i (1) MYB2 #3x Bl 72 5HYR &  AEARB IR G 55 T DU R AR 2 ihia ke,
TERFRL S K B BB 5 Chrd 176596174 BT, KBS E3 iz R IEREEDIREF < Zm00001d052019 FE 45 4514
HMEGEEA . REEAFEMYAEKEE UL TR . B SR E 48 S A ia i B
¥ BB S, R AR A S K B G (0 S 35 07 5 Chr8 57716249 T, KL T 4wh I 45 & A AL I ] Y i
Rl Zm00001d009349, FEPRIFRIK J& 7 A 1RGP AU B e s B2 1 B SR 71577159 #E Chr5_191021635 BT ]
A1 15 5 T 4 B A 5 32 AR BRI Zm00001d017264 AHIK , 1 L5 I 2 A8 W0 240 B A A A0 A=y A A AR W0 i
(¥ L e B LA 00, R X BB PR AE I A K B PR AR R, BT R R KRR B K
HAANIE M AE R . S A0 AR THRRIR B Bl &SR s BE, RATXE 5 AVFPRLE 7K & 16k 2k 5k K Rk
BT T M. SRR, ERBERRIRE 0~38 KA, XEEREAFRNPNREELEHER. K
H1, Zm00001d052010 1E ¥ K JE FF KL R B I 5K 28 KRR B MG, JFRre 25 38 R, XK
Zm00001d052010 7] BE & 50 T K RL 5 1A B I A2 K B e pa 2k A

SE 30 Hk

[1] Zhang MY, Xiangchen C Y, Yan J Q, Chengxu Y J, Liu H, Zou C Y, Pan G T, Shen Y, Ma L L. Genome-Wide Association Study Reveals the Genetic Basis
of Kernel and Cob Moisture Changes in Maize at Physiological Maturity Stage. Plants, 2022, 11(15): 1989

[2] QianY L, Zhang X Q, Wang L F, Chen J, Chen BR, Lv G H, Wu Z C, Guo J, Wang J, Qi Y C, Li T C, Zhang W, Ruan L, Zuo X L. Detection of QTLs
controlling fast kernel dehydration in maize (Zea mays L.). Genetics and molecular research, 2016, DOI:10.4238/gmr.15038151

[3] Jiang S Q, Zhang H B, Ni P Z, Yu S, Dong H X, Zhang A, Cao H'Y, Zhang L J, Ruan Y'Y, Cui Z H. Genome-Wide Association Study Dissects the Genetic

Architecture of Maize Husk Tightness. Frontiers in Plant Science, 2020, DOI:10.3389/fpls.2020.00861



[4] Xu C C, Zhang P, Wang Y Y, Luo N, Tian B J, Liu X W, Wang P, Huang S B. Grain yield and grain moisture associations with leaf, stem and root
characteristics in maize. Journal of Integrative Agriculture, 2022, 21(7): 1941-1951
[5] Whu&FH. K SARBEKAR SR 1 4 FE BRI ZH SR A7, U T: DO ARk K2, 2021
Yao L X. Genome-wide association analysis of dehydration-related traits in maize ear spikes. Sichuan: Sichuan Agricultural University, 2021
[6] ZFiaie, Tkaw, AEEL SMERE, XMW, (B, EEM, EER. FANFRE/KEM MR QTL . LI fOlRHE, 2019, 47(9): 93-96
Li L L, Zhang L, Cui M, Deng D X, Liu HH, Ren J J, Li Z P, Yin Z T. QTL mapping of grain moisture content related traits of maize. Jiangsu Agricultural
Sciences, 2019, 47(9): 93-96
[7] EJRME. FARNPRL S /K& BAR SRR 4 FE R 2506 7. U1l DO 1k K, 2019
Lv C X. Genome Wide Association Study of Grain Water Content and Related Traits in Maize. Sichuan: Sichuan Agricultural University, 2019,
[8] FE4%4. FIF] GWAS fEHT K A B B DR RL I K PR 1 AR Btk JERH: JLPRAO K2, 2019
Dang D D. Analysis of Genetic Basis of Maize Kernel Dehydration Traits During Physiological Maturity Using GWAS. Shenyang: Shenyang Agricultural
University, 2019
[9] LiSF, Zhang C X, Lu M, Yang D G, Qian Y L, Yue Y H, Zhang Z J, Jin F X, Wang M, Liu XY, Liu W G, Li X H. QTL mapping and GWAS for field kernel
water content and kernel dehydration rate before physiological maturity in maize. Scientific Reports, 2020, 10(1): 13114
[10] Li S F, Zhang C X, Yang D G, Lu M, Qian Y L, Jin F X, Liu X Y, Wang Y, Liu W G, Li X H. Detection of QTNs for kernel moisture concentration and
kernel dehydration rate before physiological maturity in maize using multi-locus GWAS. Scientific Reports, 2021, 11(1): 1764
[11] Cui Y R, Zhang F, Zhou Y L. The Application of Multi-Locus GWAS for the Detection of Salt-Tolerance Loci in Rice. Frontiers in Plant Science, 2018,
DOI:10.3389/fpls.2018.01464
[12] Zhang Y L, Liu P, Zhang X X, Zheng Q, Chen M, Ge F, Li Z L, Sun W T, Guan Z R, Liang T H, Zheng Y, Tan X L, Zou C Y, Peng H W, Pan G T, Shen Y.
Multi-Locus Genome-Wide Association Study Reveals the Genetic Architecture of Stalk Lodging Resistance-Related Traits in Maize. Frontiers in Plant
Science, 2018, DOI:10.3389/fpls.2018.00611
[13] &3, XUSCHE, MM, SRS, BUKE:, TRWAE, MRsth, BUIHSL. RO oK B A2 RFPRE /K & 1 Podil e 7%, FiF, 2020, 39(9): 156-160
LiZ, Liu W T, Yang S, Guo JJ, Zhao Y F, Huang Y Q, Chen J T, Zhu L Y. Rapid Determination of Grain Water Content in Maize Inbred Lines at Mature
Stage. Seed, 2020,39(9): 156-160
[14] B4R, XK, KB, 38, 398, L. FORREIRIREL G R B A S T AT, Bk 224, 2023, 37(5): 944-956
Ma J, Liu J B, Zhu W H, Huang L, Ning T, Qiao J F. Genome-Wide Association Study and Prediction for Combining Ability of Maize Agronomic Traits.
JOURNAL OF NUCLEAR AGRICULTURAL SCIENCES, 2023, 37(5): 944-956
[15] Knapp S J, Stroup W W, Ross W M. Exact Confidence Intervals for Heritability on a Progeny Mean Basisl. Crop Science, 1985, 25(1): 7347
[16] &4, FIEMS, 0, $Roi-f, 4AM, FERES, Tk, BEE A, R, 58T IS BERART KRN AR SRR B BT & 0 09 43 F 3 A& L.
{EM 4R, 2022, 48(10): 2451-2462
Li T, Wang Y P, Dong Y, Guo R S, Li D M, Tang Y L, Zhang X H, Xue J Q, Xu S T. Dissecting the genetic basis of kernel size related traits and their
combining ability based on a hybrid population in maize. Acta Agronomica Sinica, 2022, 48(10): 2451-2462
[17] Allen G C, Flores-Vergara M A, Krasynanski S, Kumar S, Thompson W F. A modified protocol for rapid DNA isolation from plant tissues using
cetyltrimethylammonium bromide. Nature Protocols, 2006, 1(5): 2320-2325
[18] A=JE U, E0t, 455, AT, BOW, MR, MR, sk%E, BE 4 ST IS BER N 0K 8 R B E IR B A SR . o B Rk
Bl, 2022, 55(9): 1695-1710
LiZ S, Dong Y, Li T, Feng Z Q, Duan Y X, Yang M X, Xu S T, Zhang X H, Xue J Q. Genome-Wide Association Analysis of Yield and Combining Ability
Based on Maize Hybrid Population. Scientia Agricultura Sinica, 2022, 55(9): 1695-1710
[19] Zhang Y M, Jia Z Y, Dunwell J M. Editorial: The Applications of New Multi-Locus GWAS Methodologies in the Genetic Dissection of Complex Traits.
Frontiers in Plant Science, 2019, DOI:10.3389/fpls.2019.00100
[20] JREEM, HICBE, MM, IRINGR, BEE A BT AR A SRR TR AT TR N L 45 1. (EI244R, 2022, 48(2): 304-319.
QuJ Z, Feng W H, Zhang X H, Xu S T, Xue J Q. Dissecting the genetic architecture of maize kernel size based on genome-wide association study. Acta
Agronomica Sinica, 2022, 48(2): 304-319

[21] Chen J, Zeng B, Zhang M, Xie S J, Wang G K, Hauck A, Lai J S. Dynamic Transcriptome Landscape of Maize Embryo and Endosperm Development. Plant



Physiology, 2014, 166(1): 252-264
[22] 5t #ae, 5B, SEAT, EM, Mo, K, WE A, R FORAASPRERMOIR 9 4 R R 4 SR 4. b B RO R, 2022, 55(13):
2485-2499
Li T, Dong Y, Zhang J, Feng Z Q, Wang Y P, Hao Y C, Zhang X H, Xue J Q, Xu S T. Genome-Wide Association Study of Ear Related Traits in Maize
Hybrids. Scientia Agricultura Sinica, 2022, 55(13): 2485-2499
[23] A53CHR. FRNPRL /K B R L E BRI s B 2R . G e Rl R, 2017
Li W Q. Dissecting the Genetic Architecture of Maize Grain Moisture and the Dynamic Change. Wuhan: Huazhong Agricultural University, 2017
[24] TK#. FRAFRLBACH 2 QTL MIRIEE L. M B K, 2016
Zhang L. The QTL Analysis of Kernel Dehydration Rate in Maize. Yangzhou: Yangzhou University, 2016
[25] XU, EIRME, £, S, o TR AR B A BKGHE 2 QTL MBIEE . /FM24R, 2010, 36(1): 47-52
Liu X J, Wang Z H, Wang X, Li T F, Zhang L. Primary Mapping of QTL for Dehydration Rate of Maize Kernel after Physiological Maturing, 2010, 36(1):
47-52
[26] An Y X, Chen L, Li Y X, Li C H, Shi Y, Zhang D F, Li Y, Wang T Y. Genome-wide association studies and whole-genome prediction reveal the genetic
architecture of KRN in maize. BMC plant biology, 2020, 20(1): 490
[27] Zhang J, Feng JY,Ni Y L, Wen Y J, Niu Y, Tamba C L, Yue C, Song Q, Zhang Y M. pPLARmEB: integration of least angle regression with empirical Bayes
for multilocus genome-wide association studies. Heredity, 2017, 118(6): 517-524
[28] Wen Y J, Zhang H W, Ni Y L, Huang B, Zhang J, Feng J Y, Wang S B, Dunwell J M, Zhang Y M, Wu R L. Methodological implementation of mixed linear
models in multi-locus genome-wide association studies. Briefings in Bioinformatics, 2018, 19(4): 700-712
[29] Liu X L, Huang M, Fan B, Buckler E S, Zhang Z W. Iterative Usage of Fixed and Random Effect Models for Powerful and Efficient Genome-Wide
Association Studies. PLOS Genetics, 2016, DOI:10.1371/journal.pgen.1005767
[30] Wang S B, Feng J Y, Ren W L, Huang B, Zhou L, Wen Y J, Zhang J, Dunwell J M, Xu S, Zhang Y M. Improving power and accuracy of genome-wide
association studies via a multi-locus mixed linear model methodology. Scientific Reports, 2016, 6(1): 19444.
[31] Tamba C L, Zhang Y M. A fast mrMLM algorithm for multi-locus genome-wide association studies. bioRxiv, 2018: 341784.
[32] Ren W L, Wen Y J, Dunwell J M, Zhang Y M. pPKWmEB: integration of Kruskal-Wallis test with empirical Bayes under polygenic background control for
multi-locus genome-wide association study. Heredity, 2018, 120(3): 208-218.
[33] Tamba C L, Ni Y L, Zhang Y M. Iterative sure independence screening EM-Bayesian LASSO algorithm for multi-locus genome-wide association studies.
PLOS Computational Biology, 2017, 13(1): e1005357.
[34] Zhou G F, Zhu Q L, Mao Y X, Chen G Q, Xue L, Lu H H, Shi M L, Zhang Z L, Song X D, Zhang H M, Hao D R. Multi-Locus Genome-Wide Association
Study and Genomic Selection of Kernel Moisture Content at the Harvest Stage in Maize. Frontiers in Plant Science, 2021, DOI:10.3389/fpl1s.2021.697688
[35] Peng X J, Zhao Y, Cao J G, Zhang W, Jiang H Y, Li X Y, Ma Q, Zhu S W, Cheng B J. CCCH-Type Zinc Finger Family in Maize: Genome-Wide
Identification, Classification and Expression Profiling under Abscisic Acid and Drought Treatments. PLOS ONE, 2012, DOI: 10.1371/journal.pone.0040120
[36] Katiyar A, Smita S, Lenka S K, Rajwanshi R, Chinnusamy V, Bansal K C. Genome-wide classification and expression analysis of MYB transcription factor
families in rice and Arabidopsis. BMC Genomics, 2012, 13(1): 544
[37] Pratyusha D S, Sarada D V L. MYB transcription factors-master regulators of phenylpropanoid biosynthesis and diverse developmental and stress responses.
Plant Cell Reports, 2022, 41(12): 2245-2260
[38] Han G L, Qiao Z Q, Li Y X, Yang Z R, Wang C F, Zhang Y'Y, Liu L L, Wang B S. RING Zinc Finger Proteins in Plant Abiotic Stress Tolerance. Frontiers in
Plant Science, 2022, DOI: 10.3389/fpls.2022.877011
[39] Liu D, Li Y Y, Zhou Z C, Xiang X H, Liu X, Wang J, Hu Z R, Xiang S P, Li W, Xiao Q Z, Wang Y Y, Hu R S, Zhao Q. Tobacco transcription factor
bHLH123 improves salt tolerance by activating NADPH oxidase NtRbohE expression. Plant Physiology, 2021, 186(3): 1706-1720
[40] Liu X T, Wang Z C, Tian Y, Zhang S Y, Li D D, Dong W Q, Zhang C Q, Zhang Z. Characterization of wall-associated kinase/wall-associated kinase-like

(WAK/WAKL) family in rose (Rosa chinensis) reveals the role of ReWAK4 in Botrytis resistance. BMC plant biology, 2021, 21(1): 526



