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The Soybean Stamen-preferentially Expressed Gene GmARFAla
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emasculation is time-consuming and expensive. Large-scale hybrid seed production, based on a male sterile line as
the female parent and pollination by insects, provides an effective solution to the challenges. Unlocking the
function of the male sterility gene is a prerequisite for harnessing heterosis in soybean. Up to now, only a few loci
of male sterility had been reported in soybean, and progress in molecular cloning and functional characterization of
related genes lagged behind. Advances in biotechnology and soybean genetic transformation system enabled the
possibility to employ reverse genetics methodology for studying the male sterility genes. The transcriptomic data
indicated that the small G protein encoding gene GmARFAIa was regulated simultaneously by the male sterility
gene MSI (Male Sterile 1) and MS2; Data from the public library indicated that GmARFAIa expression was the
highest in unopened soybean flowers; qRT-PCR data demonstrated that GmARFAIa was preferentially expressed in
stamen before flowering. Functional analysis revealed that the Gmarfala mutants generated by CRISPR/Cas9
genome editing showed a significant reduction of pollen grain germination and seed setting rate. Collectively, this
study identified the GmARFAla gene and uncovered its function on male fertility. It will not only enhance our
understanding of the GmARFAIa and ARF gene families but also lay the foundation for further study the function
of GmARFAIa genes and the utilization of heterosis in soybean.
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REME Williams 82 (W82) HIJ "IN K270yt AL S HELAUE AT 7T b0 3, RARAK Gmarfala KX EFA:
W82 SR TN (2023 52 7 A& 11 ) o ABEFTHTHIE DHSa K AT 3 B2 25401 . EHA105 AT
PRS2 25 20 i 35 FR AR SIZ G 55 ) 45 FEORAT o FH T ZE IR R B 1) pY LCRISPR/Cas9. AtU3d+ AtU3b. AtU6-1. AtU6-29
gRNA 2 1 g A R SR E Be WG A 78 i FHl DNA $2 B/ & Nuclean Plant Genomic DNA Kit,
RNA $#2HUA] & MLtrapure RNA Kit 632 T BN 2 AR A R A A s B [FIGR I & Easy Pure® Quick
Gel Extraction Kit. FURLH2HUF A S PCR %2 5E ] (¥ 2 X Taq mix WK T ALt @ G EMHAA A ;
S 3R & Basy Pure® Plasmid Mini Prep Kit 3% F TaKaRa 2 7 ; F 4714 = 5 & DNA A Bt [¥] 2 X Phanta
Max Master Mix (Dye Plus) T43ET-&MERE; T B D) A2 I B % 3 DI &2 T4 DNA ligase 93K T NEB
AF]; HF 96 %E E PCR ) SYBR Green I Master JiJ % T Roche A ] .
1.2 K5, #EIFFARFAIEEBFFIEL 3

7F Phytozome (https:/phytozome-next.jgi.doe.gov/) W3l N F— AN RIE ) 15 44 K5 ARFAL F A
FP3 J% 6 AU FE I+ ARFAL S EFFS, FIH DNAMAN S {F3EAT 2502 5 41 LU Xt 73 #
1.3 GmARFAlaE KE FHIRIXRR
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) ) SI2 6 5 1) 3% s) 4 3080 LA K. Phytozome  Chttps://phytozome-next.jgi.doe.gov/) 72 FLdE 2 v K G #4 5%
BRI TBtools HEAT M2, Bk 1l ] WPS B 1EH 1) Excel IAEHEAT ZA AR B 2.
1.3.2 HREEPCR (qRT-PCR)

R =AM CR, B B G B 168 (TR, 0. RS MRS st
P ETEE 2 AR, S IRNATRIGAF S MLtrapure RNA Kitit B HBH2ERNA . BUR KA HIRNA, S
S A7) B RrimeScript™RT reagent Kit with gDNA Eraser (Perfect Real Time) ¥t W 5347 ;2 % 3% . qRT-PCR
) H AR B2 BSYBR Green I Master Mix it 45, S MNAKZ: SYBR Green I Master Mix 5 pL, ¢DNA 1 pL,

g-ARFA1-F/R (10 uM) 8F-box-F/R (10 uM) £50.3 uL, ddH,0 (RNA free) #ME10 uL. qRT-PCRZE KA

2MMCE ATV, AR T = EFEE .
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Table 1 Primers and sequences of gene editing targets of GmARFAla

B AR (5°-3Y) IEREIY (5°-3Y) JmE4 (5°-3%)

Name Target sequence (5°-3") Forward primer (5°-3") Reverse primer (5°-3")

ARFAIL-T1 GGTACAGCCCAAATAGGTGG gtcaCCACCTATTTGGGATGTACC 2aacGGTACAGCCCAAATAGGTGG
ARFA1-T2 CTCACACTTATTTCCGATTT gtcACTCACACTTATTTCCGATTT 2aacAAATCGGAAATAAGTGTGAG
ARFA1-T3 ~ GCACAAGAAACCAACCCTCC attgGGAGGGTTGGTTTCTTGTGC 2aacGCACAAGAAACCAACCCTCC

ARFA1-T4 CAGATAATGGGGTTGTCCTT attgCAGATAATGGGGTTGTCCTT 2aacAAGGACAACCCCATTATCTG

1.4.2 CRISPR/Cas9E hR#93E

UM S FE S 5 Ma S5 23R 5 2 P U5
1.4.3 ¥4k, THEEME

Fe 1.4 20 e B 7 W AL DHS o K AT 81 RS2 A5 200 ML, LA A0 AP R 5 25 DH S o K T AT 812552 285 240t £ P 3t
B4 . 18 2% Taq mix /2 51 #JCas9F/R (F2) BE4T B V& PCR A B i M Bt i HEL ik 48 52 , PCRAEFF I € S 2% Taq
mix (S5 EEBH M B VAT o RO B UE A R BT N VA, (RIS R IR T Y B, JFb S
SREUTURL,  BREUTURL I EL A0 B8 2 B TR BGA & U AY . SR I BORL S (L EHA 105 AT B K52 25 41 M,
HARFAL L RS BEHATOS A B A YA . 5 K5 HEAT B VEPCRAEE - BRI 2 1) BH A 20 e P 1 7%
BEATHRE, HRA A& ET IR AT -
1.4.4 BEEREHRETRREE

Sy S ST P P DR S I T R B A T AT K e B B R AR AR I, P AL AR A 5
G B 2Ry ACIR o A FH DN A $ZIGA T & 2 FXDNA , A48 522 DN A $2 B & Nuclean Plant Genomic DNA
Kitit B 45 FIFH2xTaq mix &2 SP1/SP3H L 4 € 514 (R2) #ATH Y€ . fEIkEal -, FIH2 X Phanta Max
Master Mix (Dye Plus) #5545 51 #/BDIC-ARF-T (82) X A [FI#E 534747 38 K 320 M7, de i i ide
i RARRAR I AT P ok .
*® 2 ARG HE514

Table 2 Primers used in this study

ElEvEp i FFH (5°-3Y)

Primer name Primer sequence (5'-3")

Cas9-F2 CAACACCGACCGCCACTC




Cas9-R2 TGCCGCTCTGCTTATCCC

SP1 CCCGACATAGATGCAATAACTTC
SP3 GTCGTGCTCCACATGTTGACCGG
BDJC-ARF-T12-F ACTTAAGAGAGGATTGTTTGATGC
BDJC-ARF-T12-R GGCCGTGTACTGGACTTGAT
BDJC-ARF-T34-F CTCCCACCTTAGCTGGTGTT
BDJC-ARF-T34-R CATCATGATCTTGCAAGAAG
q-ARFAIL-F AGGATGCTGAATGAGGACGAA
q-ARFA1-R GCTGGCGCAGAGAGTTTAGG
F-box-F ATGGTCGCCGTTTAGAACAC
F-box-R GGGATAACCAGTGCAGAAGC

1.5 Gmarfal s BEEEHEMENEE
1.5.1 Gmarfala¥s EEEKRERL-KIRE

S5 A 22 S ROVR B TR S 2715288 v, W M 1ORR W2 Gmarfala-15 Gmarfal a-2%%5 5 RE
ERREAE AN RBAE R, H7S%IRERIE2 WS, EARREAGE TS RIS, R IE T
v b TEARMRL L IN100 uL7% L-KIFR, (ER P25 I, #IRAem R Blt. WG, & bk
b, RETYOCRMEE (FOGEMD T, 105005 BB Mg i .
1.5.2 Gmarfala¥s B EE KL 5 & 018

E R0 8 A, DA MWS2. Gmarfala-1% Gmarfala-2 % SRR A Y RIFRUAAE . 25 BR4T
TEIIS, BB R IR AT TE B R B R0k b SR8 — A/ G, R POR R (AR %) It
MR . M RIGIRFERLJ7: CaCl: 0.55 g/L, KCl: 0.373 g/L, H3BOs: 10 mg/L, Sucrose: 100 g/L,
Agarose: 15 g/L.
1.6 Gmarfal s B R B RS E R SRIE R 5340

X T W82 Gmarfala-1 Gmarfala-2%5 1R FEAS AR, 43 204N B AR WEAT SE B 25 SR B e it
VHRAE SR (4 SR =R bRl B8 SRR TR o fR i3S GradPad Prism B F 2 AR, JF
X B BEAT B R R T ZE SR M
2 HRS7H
2.1 KE ARFAI ZEEREEEBEFIFHESD

FEREHE%E M 44 A ARF FE AU AR H P FURHE PP e A5 8 MBS, 43 Al a4 15 4
ARFAL1. 4 1~ ARFBI1. 2 /> ARF3. 4 /> ARFCI1. 9 /> SARAI. 6 /> ARLA1. 2 {~> ARLB1/GB1 (GTP-binding

protein 1) £ 2 /> ARLCI/TTNS (TITANS) el



2005 4£, Gebbie T %] 6 4> ARFAI 2EIH, EAERZ R B RE, HIXAS 51
MEHRE, HHREEN. AP RE ARFAL IZERRHE, AT 6 MU IT I 15 4N KRG ARFAL B
I IR T HIHEAT EEXS 20 M7 « 45 B 8o, 15 AN K ARFAT 45 04 5 7R 01 b [ Y5 3 6] 466 A 3 o A — 3,
HEA 1AM T N i A S 8 E AL A2 &5 (The myristoylation site) , i%/7 £ AT A AR N 3t T B R Jig 45 g

(E 1) o Bk, EF 4 DMMN 5G3H C oik kdr % NIV SR (GTP/GDP) 45445418, (GTP-binding
domains) . 2 5 GEF (guanine nucleotide exchange factors) HAFHIH4[X (Switch I and Switch II) LA 1

™5 GAP (GTPase-activating proteins) FARKIZi#:45 (GAP interaction domain) (& 1) .
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Glyma.09g030900 .
Glyma.18G139400 .
Glyma.19G219200 .
Glyma.10G145100 .
Glyma.01G029800 .
Glyma.10G010200 .
Glyma.19G006400 .
Glyma.05G006000 .
Glyma.02G009600

e

Glyma.20G094200 .
Glyma.02G035600 .
Glyma.08G285600 .

111
Lo LT PP 1 . ATAT 7 2 T MG T DAAGKG T LYK K1 GETUTT 17 R A I 7Y [E— | T [Ee——————— 56
Glyma.11G052400  +oovonooooi i By SELR YR RRRY SRSV T AL ST . | AR 52
Consensus a kemrilm fgldaag tilyklklgeivttiptd P
AtARFAla
AtARFAlL
AtARFALC
AtaRFAld

AtARFAle
AtARFALE
Glyma.09g030900
Glyma.18G139400
Glyma.19G219200
Glyma.10G145100
Glyma.01G029800
Glyma.10G010200
Glyma.19G

Glyma.02G035600
Glyma.08G2:
GLyma.16G060600  «vvveneoee. . TEFWKECYVLIBEVLTVEYKNSFT

Glyma. 116052400  «.eevuusnsaeoansed] KCl
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Fig.1 Amino acid sequence alignment of the ARFA1I gene family in soybean and Arabidopsis
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MS1/ms1 eZiHHFRIEZE T 5HT: D: GmARFALa 1R MS2/ms2 162 IFIEZ T Anl. An2 il An3 R =ANMEY¥EE, HEEFH
AAR N = IR E S TIME £ b2 FPKM: — Pl B T 2 3 SR 4 0 3 B o R TR Rk e (R, S R B TR TR 37 AN TR ik DR E S R 4 A | 1 v
i *REPALIE LA WEZEER (P<0.0D

A: Expression heat map of GmARFAIa and homologs in anthers of soybean MS1/ms1; B: Expression heat map of GmARFAIa and homologs in anthers of

soybean MS2/ms2; C: Expression analysis of GmARFAIa in anther of soybean MS1/msl s; D: Expression analysis of GmARFAIa in anthers of soybean MS2/ms2,;
Anl, An2 and An3 represent three biological replicates of anthers; the ordinate in the histogram is the average of three replicates + Standard deviation; FPKM:
fragments per kilobase of exon model per million mapped fragments, different colors and shades indicate the expression levels of different genes in different

tissues; ** represents a very significant difference between the two sets of data (P<0.01)

B 2 GmARFAla REEEBEE MSl/msl. MS2/ms2 T HRRRIESHT
Fig.2 Expression patterns of GmARFAIa and its homologs in anthers of MS1/ msl and MS2/ ms2
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A:GmARFAla £ K55 W82 RRIMA L [ RIEME . F-unopen: RFFHIIFE; F-open: FFMUKITE; L: Mls S: 255 ST: 254%; R: #R; RT: #R4R; LR:
IAR; N: H%; B: QRT-PCR 43 HT GmARFAla 16K W82 ARIFES B I =R 48 30, ES: FUU); BP: #MTT; PP: #KJ5: Se: f6%; Pe: f&
M Sta: HERS; Pi: MEES; L. M)y
A: Expression pattern of GmARFAla in different tissues of soybean W82. F-unopen: unopen flowers; F-open: open flowers; L: leaf; S: stem; ST: shoot tip; R: root;
RT: root tip; LR: lateral roots; N: nodule; S: stem; B: qRT-PCR analysis of spatiotemporal expression patterns of GmARFA1a in floral organs of soybean W82, ES:
Early stage; BP: Before pollination; PP: Post pollination; Se: Sepal; Pe: Petal; Sta: Stamen; Pi: pistil; L: Leaf

3 GmARFAla EXEHHRIEER
Fig. 3 Expression patterns of GmARFAla in Soybean

2.3 CRISPR/Cas9 EEFRBERAREIHI Gmarfala FTEE

NIRFEGmARFAI a5 % R G HEME B 1, MRYE HIE B e 20 Bt DU 7 48 1, JF A B CRISPR/Cas9
BRI R (R o BZEAE AR SRR ATWe2mH, I RS SR Tof R I BRI B P 7 o 0L S R0 45 1
TN, TIHE AR RCR AN B, T3NS RS KA G BE— 20X G S 3 AT (R 2 AR Tof AR R
T3 AT G, FETARIRAR 1 20 il B2k 1 H14 bp 25 A, XA R TE X F B H R EE N GmARFAla
FEBHERS 73 ) 2% 11T 5540 R 5539 AL IR TR R Ak o B, ASHIE FUAE T A0 IX W Mg 4 SN AT N, IR

AT RARAKR 53 1l i 44 N Gmarfal a-1F Gmarfala-2



T1 T2 T3 T4
5UTR, ey | | ey mamy | 3'UTR

1bp 3152 bp
1252 bp 1402 bp

1247-1268 bp

—

WT CAGATAATGGGGTTGTCCTTTGG
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Black boxes indicate the gene exon, gray boxes indicate untranslated regions, black lines indicate intron, T1, T2, T3 and T4 indicate the target locations.

4 KXE GmARFAla R K CRISPR/Cas9 EEHIFREHREE
Fig. 4 Diagram of soybean GmARFAIa genomic sequence and the target base editing in the CRISPR/Cas9 mutants of soybean
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Fig.5 The gemination rate of pollen grains was decreased in Gmarfala mutants
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Fig.6 Seed setting rate decreased in soybean Gmarfala mutants
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