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Functional Analysis of Transcription Factor GmPTF1 for Facilitating Nodulation
and Nitrogen-fixation in Soybean
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Abstract: Soybean nodule formation and nitrogen-fixation are energy-consuming processes, which need a high demand of
phosphorus nutrition. Low phosphorus stress could significantly affect the nodule initiation, development and nitrogen-fixation
in soybean. bHLH transcription factor GmPTF1 has been demonstrated to improve the ability of tolerance for phosphorus
starvation in soybean, while its role in nodule development and nitrogen-fixation remains unclear. In view of this, the
GmPTF1 was cloned in soybean nodule, and its upstream promoter regulation elements was analyzed. And also, the gene
expression and function in the process of nodule formation and nitrogen fixation under different phosphorus conditions were
studied. The results showed that several nodule-specific expression elements were found in the promoter of GmPTFI, and a
predominant expression of GmPTFI was demonstrated in nodules via qRT-PCR. Moreover, the relative higher expression
levels of GmPTFI under low phosphorus condition were observed than that under normal phosphorus condition, which implied
that GmPTFI could respond to phosphorus deficiency and might play an important function in nodules. Further analysis
showed that the over-expression of GmPTFI in soybean complex plants significantly increased the nodule number (32.3% ) ,
fresh weight (31.6% ), nitrogenase activity (32.2% ) and phosphorus content (36.6% ) under low phosphorus condition,
while RNAI plants showed significant decrease on these related traits with nodule number (27.4% ) , fresh weight (36.7% ),
nitrogenase activity (24.3% ) and phosphorus content (29.0% ) , respectively. In addition, the significant higher expressions
of related genes containing E-box (binding motif of transcription factor GmPTF1) were found in the over-expressed transgenic
nodules, suggesting that the promotion of GmPTF1 for nodulation and nitrogen-fixation might due to the regulation of these
E-box containing related genes in soybean. Thus, the function of transcription factor GmPTF1 for facilitating nodulation and
nitrogen-fixation is dissected in this study, which provides gene resource for nitrogen-fixation genetic improvement in soybean.

Keywords: soybean; GmPTF1 ; transcription factor; low phosphorus stress; nodulation and nitrogen-fixation
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CANNTG-3") & 45 A/E ™M . Yi & K3, /K 4
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PCR &, 1% 5L N7 K G AR R 2 AR BE han i F %
ik, HAEMHERE S A 8 15 sy m e Tk
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L ORIURE VR B S R, AR, Yang S50 R BR,
GmPTFI FER MR h P 3ideik | 2 u hn i 5
HE— 00T R B, GmPTF1 3 5o 45 & 1 2 25 1 4 1
N GmEXPB2 JE 311X E-box MM FE K ik,
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T R PR B R AT BRA W), R ARARFF 1R KS99 Jk 3z
AW BT M A R R A BR A ] RNA 42 B
FW LV 2 A A P A RS F 5 cDNA R
#5407 £ .2 x SYBR qRT- PCR 4} DNA %4
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1.2 REigt
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FRE—E ST GmPTFI A W5 Rl kb B 25 24
XK G & B S E AN IIRE, 4> I H#AT GFP
FOREMAE GUS 19 RNAL 804K, 40 KT 2 A
PRERAR I FP MR B, GFP % M R G 5L N &
HHMEEIRM, GUS LA 55 5F RNAI 55 3K &2 G4
PRTEARAR , K 4% 3 TR B ARMR B9 GmPTFI 3k &,
IE5r W S B AR RAE AN [ B b 3 25 A O AR At
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ML EAE CmPTF1 Rk K SRR B S
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B J K BT K W B 22 OD gy M 0. 08 5 FHVE S 2545
BIWAERD TH R 7 d 09 K G AR AR AR AR, 4 ik 42 b
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TER GRS 10,17 F128 d(HRE R BV
1 ARG 3 R LA O d DXt R RS
e 15 MRS H— B ET TIR 2R (0 d) BUARYE
(10,17 F128 d) B 3 FATHEFHRIEI T 28 d AR R |
ZEFF M R FNAR R AT HURE WA VR, BT - 80 C
UKFRARAT o
1.3.2  GmPTFI &3 F 53 5 &k & 4 #
GmPTFI J& 3l ¥ 7 ) 73 H . F) A8 ) ik PR 2 9 il
Phytozome ( https : //phytozome-next. jgi. doe. gov/) I
I GmPTF1 ( Glyma. 19G143900) J7 515 B, , 1| F %
K5 317207 3% PLACE (hitps://www. dna. affrc.
go. jp/PLACE/action = newplace ) X} GmPTFI I iiff
2 000 bpJa s 7P HN #1704

GmPTFI 3k 5317« 3 531 4 WU b il 2= 4 2
ZAF F 2R USDAL10 MY T 0,10,17 F128 d AYK
R DA AL TR 28 d AR 2K R JE RNA | S
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CFX96 Real-Time PCR 1%, >k H 2 x SYBR@ 4Lk} ik
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1 L, BG4 1 pl,H,0 7 wL; OB FEFF
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Polymerase 1 7% 7 V5, " B T2 % 7:98 °C 3 min;
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W WiFh 2k K43 ) 5 K599 JEZ A 4R &, vkis
10 min, WAL 4 min,37 CHGLALFR 4 min, A
TEHREEMEIEE LB B 55,28 C 15
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BAES R Bl R 3 TR & A E-box; Al FHACER
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SN R B 15 7EHVETE USDAL10 AR [a] i)
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R IRHE GmPTFI FJE S E-box KK FRIA )
BT FFH AT IR AR 15 18 R IR 5 GmPTFI K AR,
KA qRT-PCR 7% bl A% 14 Ui 58 R v A3 S
WRPIRGE 5 GmPTFI 716 LBy 3 4 3k
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Table 1

Primers used in the present study

EIE7 A

Primer name

SIMFFI(5'-3")

Primer sequence (5'—3")

Fi&

Usage

PTFI-Xba | -GFP
PTF1-Kpn | -GFP
PTFI-RNAil-Kpn |
PTFI-RNAil-BamH |
PTFI-RNAi2-Spe 1

PTFI1-RNAi2-Sac |

AAAGTCGACATGGACCAAGCTCCGGGA

GCGTCTAGAGAGCTCCATCTTCAATTGA

ATAGTCGACGCCTAATTGCCATGTCAGCG

ATAGGATCCCGGCTCGTTCTTCACTCTGT

CACACTAGTGCCTAATTGCCATGTCAGCG

ATAGAGCTCCGGCTCGTTCTTCACTCTGT

PeamBE-GmPTFI A H Mt
PeamBE-GmPTFI K Mt
PTCK303-GmPTFI RNAi 2 1Ay
PTCK303-GmPTFI RNAi 2 {4+
PTCK303-GmPTFI RNAi # kMg

PTCK303-GmPTFI RNAi #Aci £l

EXPB2-RT-F TTGAATCAGGCGAAGGCTGT GmEXPB2 Fik mkril
EXPB2-RT-R AGCATTGCGTAGCTTCTCGT GCmEXPB2 ik ikl
EXLBI-RT-F AATGGAGCATACCTGGTGGC GmEXLBI &3k 5
EXLBI-RT-R GACATTGCCGGTGTATGTGC GmEXLBI ik A
SPX8-RT-F TTAAGGGTTCGCGGGAAGAG GmSPX8 ek &
SPX8-RT-R GCCCTGTATAGTTGAGGGCAC GmSPX8 F& ik A
PTFI-RT-F GCCTAATTGCCATGTCAGCG GmPTFI ik w Al
PTFI-RT-R CGGCTCGTTCTTCACTCTGT GmPTFI1 Rk #A
Actinl I-RT-F ATCTTGACTGAGCGTGGTTATTCC e =
Actinl1-RT-R GCTGGTCCTGGCTGTCTCC NEE S
1.4 HHESH R EE AN GmPTFI Fik AT AN K 7 22

FIF 2742 C Xt GmPTFI K R R 4 gRT-
PCR BAEHEAT /00 3 FIFH GraphPad Prism8 X} %% 3k

GIHIT X HREE RS MR S R AR (] SR R
AT Z T 2 MR B AP
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2.1 GmPTF] EXRERERHIRIESH

X GmPTFI L2 000 bp 3 81790 1504 4%
SANE 1A FroR, B & A A 8 i R 3R Gk Y A
IO (41 TATA-box , CAAT-box ) FHL 386 )i 25 €
4 (i CURECORECR , DOFCOREZM ) DA Ab, if & 4
PR K AR 3R A 9 Jo 4 [ 40 OSE1IROOTNODULE
(AAAGAT) #il OSE2ROOTNODULE ( CTCTT) ] 45, It5
ARHTRES S R UM R FME R LR, 556 TE
=) P /2 AR £ 73 7 NS T I A 0
(GNATATNC ) st 4, 5 i 3 0 58 T 4E i © UF 52
iz B 5 A 4 ey A i DR K S A B g ) Y 4
AT

GmPTFI TEAR A AL BT A AR 3 28 d YK
TR ZERT R ORI 0 2 s 0 G 2R A
K 1B Fin, HAE LR B A —E RSB, HAF

GmPTF1 FEANFIBEANEE T (1) R G AR R AR I
RIS [T B[] 1) 2 36 o 43 B 45 S AN 18] 1C TR, 42 b
0 ~10 d, GmPTFI 33k 5t 6 4% 1 W) 6] 42 B3 i
POMTEAERG 10 ~28 d, GmPTFI 31k B b4 it
[ 25 A AN 5 3F H R IR, GmPTFI 7ERHE AL 3T Y
RABAERG —H& TIERW UG, A7 D%
225, W7 HOPT RETE PR AL AR T 4 5 KGR
RA MEAEA K,

2.2 GmPTF] EWRBEESERPHINES

ZREACR G 6 AE R T R O 12 P A 98 O 3R
37 pCamBE-GmPTFI #8 3 ik 2 M55 3 I & A 1 bk
TARA(F 24) , {5 B GUS Yo% 5E | 3575 T RNAI
AR PTCK303-GmPTFI 5532 A AR BIRAR ([
2B), ArHIRHI PR BARIR GmPTFI FRik i, 555
AT HEAH EL 8 IR L SE B ARAR Y GmPTFI =
KR T 93% , 1 RNAL BARMR A GmPTFI 33k

TERZE 25 I VAR PRIk s BT T 69% (K 2C)
A
i ATG
| , I
2kb @ ® 6 100 ® 600 6 T *F ]
5°UTR
® ROOTMOTIFTAPOXI1 OSEIROOTNODULE OSE2ROOTNODULE
® PIBS @® CURECORECR DOFCOREZM
B C _
[} [
5 5
P g 1 g 2.0 -e. OP
® 8 ®E LS
) =8
B, =, 1.0
- -
= = 0.5
‘E 8 ‘E 2
& §g ob— .
& BOZx o R N 0 10 17 28
5 Root Stem Leaf Nodule 5 BRI A

Days after inoculation/d

A GmPTFI A3 TI0F0 4T s B. GmPTFI FEREARSSE BRIE T C. GmPTFI TEHF R GARE R A
[ i} (5] Y 2 35 4 04 s OP L IE W B AL B P R WAL B, * fR3R 0. 05 AR 3F, "~ AL 0. 01 KFEEFBE,

T,

Note: A. Promoter analysis of GmPTF1; B. Expressions of GmPTFI in different soybean organs; C. Expressions of

GmPTF1I at different time-points after inoculation of soybean rhizobia; OP: Optimum phosphorus; LP: Low phosphorus.

* indicates significant difference at 0.05 level, **

B 1
Fig. 1

indicates significant difference at 0. 01 level. The same below.

GmPTFI REF U4 EREHRIEEX S

Analysis of GmPTF] promoter and expressions in soybean nodules
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EV OX RNAIi

WT

GmPTFI1 MY FEikE

GmPTFI relative expression level
[\S)

TE A R RIAFEZE DI BN GFP 45 B. RNAI BARMR GUS JL @4 ; C. MR LA RNAL 2 I TR AR

GmPTFI FiAAEAGM

Note: A. GFP identification of transgenic hairy roots with over-expressed GmPTFI; B. GUS identification of

transgenic hairy roots with RNAi-GmPTF1 ; C. Expression analysis of GmPTF1 in overexpressed- and RNAI transgenic

hairy roots.

B2 #BFRIZS RNAi % GmPTF] XKEERIRWETE

Fig.2 Identification of transgenic soybean hairy roots with overexpressed- and RNAi-GmPTF ]

XiF EE A3 BT 76 IE 5 Il Ak B A% 1 T AR A
KABOL LB, 5 57 A R B AR L, 8 Rk 3L I &
A HE AR AR R B i S 24, 6% F1 32, 3% T
RNAi FERARIEE ) 23 5 AR 14. 9% F127. 4% (& 3A
FIE 3B) ;A 7k 5 A A PR B R AR R fF 2 43 591 4 e
17.0% F131.6% ,1ii RNAi A FE 43 BIFEAK 21. 0%
MM36.7% (KE13C) o Zrbrib s B AR BEAL B4 T
AR TR 1 RS 1 22 B L B 3R R T B IR S Al AR 1Y

OP

LP
B = EV OX = RNAi
*k
.L% 40 1 2=, ****
5 ~F
8 30 |
55Tz

= o
%g 20 r %
K =
ﬂ%g 10 f

o

o

Z 0

(0)3 LP

LR [ 20t 3% 1k 43 0 4 v 140 1% T 32.2% , T
RNAi A2 K #2988 W 43 01 B AIK 17. 3% F1 24.3% (&
3D) ;I H 35 2 G AR AR B 1 4 i) 42
34.3% F1 36. 6% , T RNAi 48 kA2 98 ) 43 5] B fi%
21.9% F129.0% (181 3E) . HA] WL, bHLH %% 5% A
FHH emPTF1 A7 A [F 8% 28 A B 441~ K
AR R A M AR E AR TR

EV RNAIi

bar=2 cm
C = mm EV 1 OX == RNAi
=]
=020 [ _**
" 8 il Hk
= 0.15 | _kx
i35
= 2 010 |
K3
# & 0.05 |
]
B
) 0
Z
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= EVCO OX == RNAi

o

*k

4000 [ ns_ *%

3000 ¢

H4.g-1 .h-])

= 2000

1000 ¢

IEi U
Nitrogenase activity/

(nmol C

MBS &
Nodule P content/(g-kg™)

TE AL SRR BT B IR AN RNAG P DIARTET ;B ~ C. A [RIBRAL BT B4 KA RNAL 5%
SRR RO AN T ARAE ;D ~ B R [RIBRAEEE T AR 20 RNAG 5 56 )RR o] 20 At 1 A e

AL

i

Note: A. Phenotypes of nodules in hairy roots with overexpressed- and RNAi-GmPTFI; B-C.

Differences of nodule number and fresh weight in soybean hairy roots with overexpressed- and RNAi-

GmPTFI; D-E. Differences of nitrogenase activity and phosphorus content in soybean hairy roots with

overexpressed- and RNAi-GmPTF1I.

B3 GmPTFl ZEXERBLAESERITEHNINES T

Fig.3 Functional analysis of GmPTF1 in soybean nodulation and nitrogen fixation

2.3 GmPTF1 i&id E-box i1 KX 5 45 & B | %
BERERIE

X H AT CHE B R GRS & E S AU OGS
B B0 8 F E-box 37 HEAT /T 9 25 S an 4k 2
Fis o RS AT O A R RIBEL BT R
AR AN E K B B S B DEA T R B A BT Y
g mE 4 s, 8 AN (GmEXLBI .GmEXPB2 |
GmSPX8 . GmSPX5 . GmBEHLI . GmYUC2a . GmMAX2
1 GmPTS) &4 E-box J¥5I HAE R GARIE h HA
AR, Ui B AT BE 32 GmPTFL 5% 5% H 7 I 2
T ) R MR B R A

e Lk 8 NFEFE H, GmEXLBI . GmEXPB2 Fl

GmSPX8 LB SCHk ™ UESE S GmPTF1 7 5R [ 117
EHAERR, W, A58 — 2 % H qRT-PCR
RATHTIX 3 AFE B Fe k5,3 A I AR R Tk F
GmPTF1 Z A M P R IE WA S FroR , 76
WAL FE T, 5B A RIS IR AR HE 3 AN S R Y 0k
YT GmPTFI i 338 1 52 BT} i a3, Horp
3 AL TEAR B AL B AT A 28 35 a5 A ARk
YRR 4.4,18.1 F1 3.8 % FEIE W BEALFR 414 F
P % A o A A BT RE 2 S 4t e 23.8,17. 1 F1 5.0
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FLIY FLAE AR rh 23K 1 P T S0
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Table 2 E-box containing genes related with soybean nodulation and nitrogen-fixation

He N AR HP 1D E-box #ht E-box fi# HHSEICHR
Gene name Gene 1D E-box number E-box position Related references
GmEXLBI Glyma. 17G147500 2 5'UTR-645; Pro-873 [22]
GmEXPB2 Glyma. 106122300 2 Pro-130; Pro-137 [20]
GmSPX8 Glyma. 17G114700 1 Pro-977 [21]
Pro-90/-226/-408/453/
GmSPX5 Glyma. 106261900 7 [23]
-532/-567/-596
GmBEHLI Glyma. 01 G178000 4 5'UTR-109; Pro-223/-723/-908 [24]
5'UTR-122/-154/
GmPTS Glyma. 106036800 5 [25]
-719/-808 ; Pro-65
GmYUC2a Glyma. 086038600 1 5'UTR-294 [26]
GmMAX2 Glyma. 12128600 2 5'UTR-271; Pro-309 [27]

7 E-box 7 B DL HAEFRE A F 37 5" UTR FE 80 F B0 B R

Note ; E-box position was presented as its position of gene upstream 5'UTR and promoter.
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Fig.4 Expressions of E-box containing genes in soybean nodule developmental stages
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