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Identification of BZR Genes and Its Association with Grain
Traits in Sorghum
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Abstract: Brassinosteroids (BRs) are class of important hormones in plants, which play a role in regulating
plant growth and development and resisting various environmental stresses. BZR transcription factors are key
regulatory factors in the BRs signaling pathway and transmit BRs signals by regulating the expression of target
genes. To further study the biological characteristics and functions of BZR genes in sorghum, this study identified
10 BZR genes from the sorghum genome. The tissue-specific expression analysis showed that SbBZR3, SbBZR4,
and ShBZRI10 are highly expressed in multiple tissues as well as have high expression levels during the grain
development process. Meanwhile, based on the resequencing results and grain phenotype data of 340 sorghum
germplasm resources, the superior alleles of ShBZRs were identified. The results showed that the superior alleles
ShBZR3-SNP404 (T) was significantly associated with grain length, and ShbBZR10-SNP660 (A) was significantly
associated with grain length, grain width and 1000-grain weight. Both ShBZR3-SNP404 (T) and ShBZR10-SNP660

(A) were artificially selected during the evolutionary process. This study not only lays a foundation for revealing the
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action mechanism of BZR genes in sorghum, but also provides a reference for using excellent alleles to improve

grain size and promote the creation of new sorghum seeds with high yield.

Key words: sorghum; BZR genes; grain trait;allelic variation
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TERl e WA BaEAR . FERLR/INE S A EY) 7 1 1Y
HHERNERZ —, WA 5 QAR AN EEY
RIRT VR R/ I LR 24 32 40 e R S R A
S RNEEY S . = NP SN I B SREE K Y IVACE
RERS A e 5o B R B e v 3 i B Al

V=% 2 N TiE (BRs, brassinosteroids ) & 7F £E 45 H?
RIS BRI R ) IZ A TR (R
T 2B R R A AR KR B FHRPUIAMR
[l )RR RO AR AR AL
FRLE T BT & LU P  iEh if m
WO EAE A . BRs {55 H 40 M S IR R 1 32
{& BRIl (Brassinosteroid insensitive 1) A1 BAKI
(BRI associated protein kinase 1) & %l , BRIl 5
BSU1 (BR-suppressor 1) ff i il A EL 4 FH , I 300
BSU1 #§ FR il , filh % BIN2 (BR-insensitive 2) 2 fig
b, 2% 1% /9 BIN2 2 ff I @ #2 fk 7% 5% [+ BZR1
(Brassinazole resistant 1) A1 BES1 (BRI1-EMS-
Suppressor 1) 7E4HHIAZ rh AL &1, 1 1M 4 4% BRs 1 2
K238, BRs (WA G LG 51538 32 BHL 23 %)
FHYIFERL K B 38 52 I, W7NAZ BRs il 2R 98 48 K
Tad 11 FPFFREFEET A= BUAT > OKAS OsGSK2 13 Feik
ECFFRLAS NGE

BZR %% 53¢ [H 772 BRs {55 5 18 i i E 2R
¥, B N i B9 2% € A7 15 5 J¥ 51l (NLS, nuclear
localization sequence) . /5 & & 5 1) DNA 45 & ik
BES1 N, 22 % 1% W IR fb 07 58 & & Il &0 R (P,
proline) - & % M2 (E, glutamic acid) - 22 % /&2 (S,
serine ) - 24 ik (T, threonine ) i) PEST 741 & C ¥ 4%
PRS2 B, v 22 52 R ol TR Ak 57 5 7T 4 BIN2 1
BHHERR IS BEST N 53 ] LR k45 &
Ui 3 A JG 8 F X B E-box (CANNTG) B, BRRE
(CGTGT/CG) JT 4, 3 i & 4% BRs Ml i & [F] (1) 3=

kU7 BZRsHE M BRs {5 i AR M B ELAL S 1,
Z 5 YA R T KO HEAE Y3 e i 40
FJF BZR % 5% [ 7 AtBEH3 7] LAY B3 12 2364
Mg H P ARZF 1 W335 , 2 5 PR4E 0 I X 1535 1y
JH . ABA FIBRs i "' . AtBES1 5 RD26 HAE, 1
] P8 9 A P R R . /NFE TaBZR2 45 &
TaGST1 Ji& 2 X (1) E-box JCAF , BLTE TaGSTI W) 3%
ik P EA YT SRR AN, BZRs e AT AR
RE R REECEEMN . s RP], K& BESI/
BZR1i# 1 5 2C-1 BUEE B2 i PP2C-1 AHELAEH],
TR HEFERL R B . KRG BESI/BZRI J:H it £ 3k
BB 3G IokERL OB 2 B R L | e, oK
ZmBES1/BZR1-5 5 i & [ I 11 5 ZmCKIIB4
FER AR B 11 ZmFdx2 HAE , i 3L 45 & AP2/EREBP
FER G B 04 0 ) L 5) T ) 8 1R
IO st ek NAE TubHLHA489 S 3K AR, TR
FFEAL, 1 TaBZR1 AT L] TabHLH489 323k it
Bii o /T = A

T BZR %% 3 [ 1-1£ BRs {5 51 i X AE 1k
KA EEZMEZEIIARE, BZR N Z k%
T I RERFIE SRR AERT 75 52 &0 . BT, BZR
B Sk D CAERLEE T L RO s K
R NN g R R S, HE A
WIS 8 T S ) BZR JE TR S8 W il B2 10 {H vy 3
BZR G TSR PPN R R NI IR AR AR . A<
WFFEXT R 5 BZR R 3 A 7 7 F B 4, kil 1
SbBZRs TF BRs AL 3T Jz 1 5 AN [F] A 2Lk B I
(7235, 3F4F SbBZR3 F11 SbBZR 10 1 A IR ST 51K
RLSERTRIE AT 1GR3, Ay e Sk PR R/ MG
PER AL R s B s Rl gt T 2%,
1 MBS5RFZE
1.1 REERR

P kERr it /N2 e S AR L7 R
T 110 PG A ol A2 v SRS BT S B S b, SR AR IE
AR B AR 2R ok R R N
EAEMRIAE, LA TP AE I 5 d 10 dF 15 d BkERE, T
RV PR T-80 CUKAR , T I R 4 214 S 1k
ik, LA, FH 0.5 umol/L BRs X A TR M=
TE AR TR T v SR 400 1 A 7 I W it Ak 3L 3k
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ooy 3 WS, WEE A 8 4, B4R 10 bR |, 20 3 Ak
HJ50h.,05h.1h.2h.3h.6h 12 h.24 KU,
AR VR 5 RAE T —80 “CYKA , 46 SbBZRs 1
BRs4bH R I
1.2 SRBZREFELTE

M Phytozome (https://phytozome-next. jgi. doe.
gov/) Kt e T 35 S 85 A (Sorghum bicolor v3.1.1)
FP 91 e BRSO AR B i 4l o oK
FUKFF () BZR P IE B, 4w 38 7 91
177 BLAST (E-value<le™) , KR #7415 , fil
A CDD (https://www. ncbi. nlm. nih. gov/cdd) F
SMART (http://smart.embl-heidelberg.de/) 7£ £k 1. H:
Xof A 1k e 9 AT U 2 , I B AN €07 BEST_N 45 14 3
(2 191, HAT BEST N SE R4 b i 26 11 B
= 5 BZR W 5, T ik — 2 dr .
ExPASy (https : //web. expasy. org/protparam/) % % #i
Il SbBZRs £ [ Y55 Hi il (PD AR 1 73 11 (Mw)
FHLH SbBZRs HE N TE oy S Y (1R i 08 L i
114w 44 o AE & 5 2 g 5L 4 B4 P2 (hitp://
structuralbiology. cau. edu. cn/sorghum/pattern. php)
K% BZR BERITE R 3 25 W VB IR R JE
O3 A R AE 25 6 S 4 4L P ) RNA-seq 1 4%
(GSE50464)°",
1.3 REgHLSTH

fdi FH Clustal X B0 3 AR IT KRS /N2
I E K BZRs 3 F 24T Z2 5 5 51 LS 23 #r , 4

R1 FRSbBZRs EETLEEWMATASIH
Table 1 The primers were used in qRT-PCR of SbBZRs

P d5c R AR 2 7E MEGAT WP B RS i b L &
bootstrap {EL 1% & A 1000,
14 RBEEMEERLLEST

£ Phytozome (45 it A5 8 Ui 47 BZR SR 1 5
GEATR Y fh b 47 B A5 L A A MCScanX i {4
43 M SbBZRs T fri S 3 [ 41 PN 4 R B 42 AR B FE
S A, RT3 BT s 5 LR IT KR R i
FERAH IR M & Gt R TR R a] BZR JE K (1)
2 P BL DR X %5, A FH TBtools B %o a2k ik 2%
JEHEFT AT AAL D AR Y R EAS B AE RN
LA MELE I B T g (57 SbBZRs £ .
1.5 ERNARIEKKIEEEZPCR

FIFHAE Y A5 RNA P4 Bt & (b 2 =
Bz 5k RURHEE A BRZA WD) B BRGR SRAR 25 i /)
T € AR BRs A FE/50h 0.5 h . 1h.2h 3 h.6h,
12 h .24 h 9 R RNA, B 202 IR £ 56 B
45 . f# F EasyScript First-Strand ¢cDNA Synthesis
SuperMix Ji 7 sl & (AL 2R A U AR L6y
A PR F)) B 53 B M RNA #845 cDNAL R 3
SbBZRs 3£ X J7 9% 11 9¢ ' 7 it PCR (qQRT-PCR) 5|
Y1(F 1), UL SBEIF4a(Sobic.004G039400) 1 N 2 Ht
, f# FH} TransStart Top Green gPCR SuperMix i 5|
& (A e la R YR Bty A BR 23 w]) 78 ABI7500
PRI Tt PCRAH SERASIN . R4S S35 B 3 Uk
ARFA i 24 P MR Rk =

ElE Eqs EmAFEI(5-3") R FEsI(57-3")

Primer name Forward sequence(5'-3") Reverse sequence(5’'-3")
SbBZR1 ACAACATGTCCCACTCCGAC ATATCTGCAACCCCGTCAGC
SbBZR?2 TACTCCCAGACGTTGGTAGATCA AGCATTTAGCACCTGCCATACT
SbBZR3 GGCGTCATCCAGCTTCCC GAGACCGCGAAGAAGGGG
SbBZR4 AGCCCTACTTCCTCCTCATTCC TGGTTGCTTCGTCCCAGTCT
SbBZR6 ACTCCTCGGAAGTATGAATGGTC CAGTGCTGATTGCCGTAAATG
SbBZR7 TTCTCCTTCCAGACCTCCACC TCCTCGTCGGCGTTCTTCT
SbBZR9 TGCTTCTGCCTGGATGCTC TCGTCGGTGTTCTTGTCGTT
SbBZR10 ATCTGCTGGTCCTTCATCTCC CACTCCTCGTGTATCCGTTCC

16 ERFMERERE
S A I C 52 i 340 173 s SR B 5L A% EE
e AR, T g 3 ot Rl Ay 1L DG Al R~ g BRI 5 T

TRDRE SR AT AR AR A EEH A E R
P55 318 0 B AR (o i & &R 231 0 MRFF R
8743, 22 oy Jy W B, TS YR T L N SR
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W 5% AR 4 = 00 1y Zi 4l {5 FH PilotEdit #1174 £2 X
ShBZRs & [H i 78 X B i % 1 e 48 515 8., 2 it
ShBZRs F& H 9 A48 S 57 a5, FEAR AR 53007 5 22 5
ShBZRs 4y H AR BRLAEHY S5 4 340 173 iy SR P T 0%
JRAE 3 D FREE T (2022 45 11,2023 A< 11,2023 iz 31)
Bk RETE TR B g4 R (B R k), %
ShBZRs H IR AN [R) 855 A8 57 43 I A 33k S A4 ek o i o
e #EA T 58 153 8 o a3 B A FH Excel 2016 F
GraphPad Prism 5 #1452 i, I8 ] SPSS 20.0 %1 4
X B R T2 S A AT
1.7 KBRS HRT

SR 340 17 w2 e 5 B2 IR A RE IR S A 15 B A L
KK BTSN TR G A5 R, 454 ShBZRs FE A I
AN S L, I TASSEL 5 %54 ity — e 2k M At
RUXT ShBZRs FE IR () 5540 A48 S B PR MR R 47 O I¢
R2 SERBZRERERER

Table 2 Basic information of BZR genes in sorghum

3T AR R PAE /N 22 AH S M (P<0.05 Sy i 35 A
X, P<0.01 AR R 5 A )

2 HER55H

BRBIRZFEERETE

W U I+ KR AR K B9 BZR 26 1180 5
S AP AT AT, Xk & () 5 R4 T
L RE IR M, MM B AS £ 25 BES1 N 4544 38 /1) 7 471
I 4 AE oy M AR TR A v 50 R4S 10 1SS i BEST N
Sl R B A S TR R S R PR A R B 10 R
Ak 8 {F SR A 4 O SbBZR1~ShBZR10
(£2), XEEELR bt R/ MATEAR R 2 55, o
¥ 5 i JE L TR (SBBZRS ) ity 191 MR IEIR , 1751
K A IER (SBBZR6) Hifith 717 MR IEHR . WX $E 7R
FI BRI R 20 HT % X, SbBZRs 1943 Tt AR AL T ]
47 20.99 kDa(SbBZRS5)~80.40 kDa (SbBZR6) , &5 Hi,
JHiAE4.75(SbBZR2)~10.62(SbBZR7) Z ]

2.1

Frs SE A TR HEH IS efafk GULREGE(aa)  4rFik(kDa)  SEHILS et fhhLE (bp)
Number Gene name Sequence ID Chr. Amino acid number Mw PI Chr. location

1 SbBZR1 Sobic.001G511400 1 413 41.81 6.00 77886569~77891227 -
2 ShBZR2 Sobic.002G136200 2 597 66.99 4.75 20562012~20574672 +
3 ShBZR3 Sobic.002G353200 2 337 35.26 8.83 71635213~71637226 -
4 SbBZR4 Sobic.003G026300 3 349 36.55 8.61 2228808~2231971 +
5 SbBZR5 Sobic.003G046600 3 191 20.99 9.25 4267646~4268762 +
6 SbBZR6 Sobic.004G027800 4 717 80.40 7.94 2235984~2242049 +
7 SbBZR7 Sobic.004G102500 4 400 40.78 10.62 9584880~9586747 —
8 SbBZRS Sobic.004G102600 4 276 28.33 10.34 9610539~9611889 —
9 SbBZR9Y Sobic.004G102700 4 376 38.98 10.54 9632194~9633870 —
10 SbBZR10 Sobic.010G163900 10 357 37.65 8.08 48237054~48240678 +

RN L P T R AL R 2 P R A, — 27 Bk [ P 7T g S B R 4 v 52 i A

+ indicates the gene sequence is inserted in forward in sorghum genome, — indicates that the gene sequence is inserted in reverse in sorghum genome
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T WG BZR IR A HE AL 5C &, X 10 4~ 15 32
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M 114 E K BZR 8 1 5 20 1~/N4Z BZR 8 )51
AT R G0 (1) o MR SEZ O R i, K
X 55 ABZRE R 441, A~V 5 5 &
124 124 I3RS AN b, Hirp iy 5 BZRs 7241
Wt . bR BN, 5RREE LR K
I AR BRI ) ROK  HIRJE KA , 540 SbBZR6
5 ZmBZR1-5 Fll OsBZR3 7% %% 5 R BT , 1 25 4% %

FARAE 2 T AR A RS IT o
23 BRBZREAMEGEESHRELZESH
M\ Phytozome U4 72 Hh 25 4% 55 5 BZR JERTEAS
[ Ge R E R0 B S 8, 0 s 3 BZR F R T o
WEN(E2) . ShBZRs REH A1 = 5 5 5 9e
b H 45 ok o i 2 B 5 440,
253 YR A A AT 2 N 1SRN0 S
AR B oA 1A HAR Y AR A TN 3 BZR 5K
R, W] BZR BRI 2 S gL Ak AN 5] 43
Ao
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Fig. 1 Phylogenetic analysis of BZR proteins in sorghum (Sb), Arabidopsis (At), rice (Os), maize (Zm) and wheat (Ta)
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Fig.2 Chromosomes distribution and gene duplication of BZR genes in sorghum
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ShBZR10,ShBZR7 1 SbBZR10, L) J 14~ e Bk i 42 Jit
X} SbBZR7 .SbBZRS8 F SbBZR9, FH i Bt i 48 Fleh
W A SR S SHBZRs KL 11y = B A

R T i —3 [ B BZR F R AE A 4 v B kAR G
R0 1 B S AN WA 4 (0L R 7 R0 2 i ) 1

Eok

AN BT OK RS AN T oK) 43 S AT T He gk 4y
M, N 3 7R, e 3K e S /K ARG | e S -HA RS 5T
Fl e - T I 3 SIAELE 124 134 21 54 BZR
FEE DR A TR DRI XGT , b7 7 A v S PR R 9 4 T K
TR SEFE R 7 AN KRR S 2 A s SR R A 1
AR TFREE 34 AL R A 3 AN A, Sy
T 71N v -7 R K A TRV SR R X b o B4 R 5/
T B A1 IR B R £ | ik — 208 B BZR BL R A 201
WA Z 8] SR 2 C RO . Ak, SbBZR4 il
SbBZR10 7 H At 4 APy Fh v M A7 A SRR FE A i
XN I R T B AE At R PR RS 1

Maize

Sorhgum

hr3  Os=Chrd  Os=ChrS Os=CMf6 Os=Clr7 Os=Chrg Os=Ch9O3~-Chrl00s—Chrll Os—Chrl2
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Fig. 3 Synteny analysis of BZR gene among sorghum, maize, rice, Arabidopsis, and tomato
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R R .
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L A HEH L FAE LRI 74~ ShBZRs FEF I
F$ik5(Kl5), Hoib SbBZR 1 SbBZR6 .SbBZR7 F1SbBZR9
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1 g 20 30
| é- 1.5 * %(5) . %
®E 2'0 *
T 210 s b
< 0.5 1.0
~ 0.5
0 0 0 0
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225 : 2.0 x
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K e~ * 2.5 15 *
®E 15 2.0
EZ 10 1.5 1.0 . « W,
= E * 1.0 0.5
o 0.5 0.5 .
0

000.5123 6 1224

) (h) Time [5TH) (h) Time

0051 23 61224

000.512361224

000.512361224

#HI 3R FERAE P<0.05 F1 P<0.01 KF T HAT 2%, FH

* and ** indicated significant difference at P<0.05 and P<0.01 levels, respectively, the same as below
El4 SR BZRRHEEERT BRs BN
Fig. 4 Expression level of SbBZRs genes under BRs treatments
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Fig. 5 Heat map of expression profiles of SbBZRs genes in
different tissues
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Fig. 6 Expression level of BZR genes in different tissues and development stages of sorghum
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Table 3 Association analysis (P-value) of SbBZRs alleles and grain phenotype

7853 SbhBZR3-SNP404 ShBZR4-SNP1751 ShBZR10-SNP311
Environment RKGL  KYEGW THRETKW FiKGL RIEGW THRETKW KIKGL Fi%EGW THiE TKW
2022 4512022 Dongbai ~ 0.00098**  0.05777 0.62018 0.54706 0.56323 0.95023 0.41734  0.76019 0.75157
20233232023 Yuncheng  0.00132%* 0.03949%* 0.80204 0.24692 0.76431 0.91748 0.48803  0.53010 0.83634
2023 442023 Dongbai ~ 0.01184*  0.19217 0.59287 0.70159 0.80346 0.55609 0.29386  0.76323 0.66457
78" SbBZR10-SNP348 SbBZR10-SNP660 SbBZR10-SNP2662
Environment KK GL  H5EGW THRETKW RIKGL KIEGW THRETKW RKGL KIEGW TR HETKW
2022 %< 1 2022 Dongbai 0.41734  0.76019 0.75157 0.00144** 0.00383**  0.00330** 093514  0.89261 0.76837
2023232023 Yuncheng ~ 0.48803  0.53010 0.83634 0.00404** 0.00906**  0.00818**  0.16820  0.22856 0.75111
2023 %< 12023 Dongbai 0.29386  0.76323 0.66457 0.00132** 0.00027**  0.00173**  0.41202 0.37284 0.82488
GL: Grain length; GW: Grain width; TKW: 1000-grain weight
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Fig. 8 Comparative analysis of phenotypic traits among different allelic variants of SbBZR3 (A) and ShBZR10 (B)
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