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Functional identification of the role of soybean gene GmPP2C28 in the nitrogen—
fixation process of Lotus japonicus

KE Dan-xia , HOU Shi-bo, ZHOU Zhao-yuan, MA Yun-hao, CHEN Zhi-jie, SONG Xiao-li, LIN Jia-nuo
College of Life Sciences, Xinyang Normal University, Xinyang 464000, China

Abstract: Protein phosphatase 2C (PP2C) is a crucial serine/threonine protein phosphatase in plants. These
enzymes are encoded by a large gene family, and they play key roles in plant development and various stress
responses. However, there is relatively little research on the role of PP2Cs in the formation of nodules in the
symbiotic relationship between leguminous plants and rhizobia. Previously, a soybean (Glycine max) PP2C family
gene GmPP2C28 was cloned and its expression was confirmed to be induced by rhizobia. In this study, we
constructed a plant overexpression vector p1302G-GmPP2C28 and obtained transgenic Lotus japonicus plants using
Agrobacterium tumefaciens 1LLBA1334-mediated transformation of hairy roots. The transgenic GmPP2C28-
expressing plants formed significantly more nodules than did those transformed with the empty vector, and the
transcript level of the nodule indicator gene also tended to be higher in the transgenic plants than in the empty vector
control plants. Methylamine blue staining of nodule slices revealed that overexpression of GmPP2CZ28 significantly
increased the number of bacteroids in the infected area of the nodules. Analyses of nodule nitrogenase activity

revealed that overexpression of GmPP2CZ8 significantly increased nitrogenase activity in mature and senescent
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nodules. Together, these results show that heterologous expression of GmPP2C28 in L. japonicus significantly
increased the numbers of nodules and filamentous bacteria in the root nodules. In addition, overexpression of
GmPP2C28 significantly increased nitrogenase activity in mature and decaying nodules, thereby greatly delaying
nodule aging. The findings of this study identify a new candidate gene for creating excellent varieties of L. japonicus
and other legume species with strong biological nitrogen fixation.
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JE R 26 C, R T K. 4~5d)a TR IREAE K K G ARFBA 202 T K B AR B (BXYD3) &b, 1~2h)5#
AL, 28 °C ORI (16 h/8 h) 4k L 35 77 o 0] M) Wt 4R 42 b i 1) K S ARAE X BR 35 FP /S 1.3.7.14.21.28
d AR PL M 14.21.28.35.42 .49 d AR W A HR 5 O/ A TR UK A o 2023 4F 3— 6 F S8 iUl kE T4E i 0 8
B3 o BRI Hh S TR BH W K 2 A A Bl A 2 B

NER-=d
HEN. 1 ATRBHERON
1.3 Hpid Rk S hag M Table 1 The primers used in this study
it 8% F-OX #1 R-OX(3# 1), 5] A EcoR 1/ 5|9 4 FK Primer name 519751 Sequence of primer (5" —3")
Sma VHF¥I 7 15 4% GmPP2C28 #H ( Glyma. 0650509 F-OX GGAATTCATGGGTATCTGC
00) ?Elii A )FE % i‘i % ﬁ ?Fj(“ Mi p1302G rl—, , ;F/LJ g E éﬁ B\% *_TZ R-OX TCCCCCGGGTTAGTTACCAAG
p1302G-GmPP2C28, T Ff 1E 7 J5 5 A % 4 4 #F F-GUS GTCGCGCAAGACTGTAACCA
R-GUS CGGCGAAATTCCATACCTG
LBA1334 45 o 20234F 7 H %€ .
i F-NIN-rt AACTCACTGGAAACAGGTGCTTTC
1.4 B WAR Y & AR EE AL o -
R-NIN-rt CTATTGCGGAATGTATTAGCTAGA
— . e T e Ve /5 i
T BICAR 5 (MG 20) 75 0 b L 22 DS 1 i F-ENOD40-1-1t GGAGGTATGCTCAAACATTC
ARBRJE A VIO ZE R K R K . S OOk R-ENOD40- 11t GTAACTTCTCAAGAGAAGACC
[ 18] 7 il £ A Wk AR AN AR I 47 BARAR Fe 4k . H F-ENOD40-2-1t CAAAACTCGTTATGTTGCGG
.l R R Ak VR % 4 BTk p1302G- R-ENOD40-2-1t CACCTCAAAGGAAGAAGAACA
GmPP2C28 L) & 25 # 1k % B8 &6 A % M & FF 14 F-GmPP2C28-rt TTGCAACGGTCGTGTATTTGCG
LBAL334 H1. 51 & 47 10 S A F Wl 8 e T R-GmPP2C28-rt TGGGTAACCACACTCTCTGGATG
BB 30 mins JC 1 0 4T T4 b 2 T 0% F-UBI TTCACCTTGTGCTCCGTCTTC
R-UBI AACAACAGCACACACAGACAATC

WG B A 200 TEME ) MS A b, 1 5% 9% 3~5 d;
W SME RS A 300 mg- L' Sk A MS 85 37 3 R
By - 1. KREEJCE AR (10X,1 L) KNO,,1 g, MgSO,-
7H,0,3.7 g,NH,NO,,16. 5 g, KH,PO,,1.7 g, CaCl,-
2H,0,4. 4 g; 2. E IR B (1000 X, 100 mL) ,MnSO,-4H,0,2. 23 g,H,BO,,0. 62 g,ZnS0O,* 7H,0,0. 86 g,KI,
83 mg, CuSO,-5H,0, 2. 5 mg, Na,MoO,-2H,0, 25 mg( F. M % it J5 IR &) , CoCl,- 6H,0, 2. 5 mg; 3. £k h (200 X,
100 mL) ,Na,»EDTA, 746 mg, FeCl,»6H,0, 54 mg, in 45 % ;4. 44 3 XA A HLY (100 X, 100 mL) , H 2 /R
(glycine) , 20 mg, #H fi£ (nicotinic acid) , 5 mg, ¥ MR i M 2 (VB1, thiamine-HCI) , 4 mg, & & Mt % 3 (VB6,
pyridoxin-HCI) , 5 mg, L (M-inositol) , 1000 mg. TF BAIRMAK 2 3~4 cm I, ALl GUS e i %6 5E B M BIR AR .
Bl B B 78 23 BE 1 B R AR I GUS B GmPP2C28 BE R R IR E UL . 2023 4F 8— 10 J 5 i b, il 40 8 42 3¢
1.5 ZokARe 45 A R IR

T R A HOTR A — B0 B B R KRR Bk 8 AR S 4 405 9 T AR R B (MAFF 303099) B & i P, 1~2 h =
oAk A & B A M Ak b, 22 °CL 06 IR /B (16 h/8 h) , Hi Al el RS FR W . #5750 28 d U, H Ml bR AR S0 0 11
Yo, Gt SR B HIF AR n=15. 20234F 11 H —2024 45 A 5¢ l R B Ge 1], il g6 B2 31K .
1.6 %KZEZPCRAHH

B A e 1K K P il FH R AR 28 W) 90 5 ik PCRARGRI & AT R I, JF 3B 45 R (27 EA KR £ R 12 K UBI
(Polyubiquitin, XM_057568040)1F g N Z 36 P, 51 H W& 1. 346 45 2R 70 7 8 H] Excel 2007 #0/4F . 2024 4 6 J] 58
B A 3K

T R DX RV 3z 55 51

Note: The underline region indicates the restriction enzyme cutting sites.
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AR X RE fl I RE 9 M e T B, WO ARBE A i B BEE . 2024 4F 5— 8 A Sk, IR E & 3.
~(0.0002X + 111. 66)x 8
2 % 28.06 X 1000 X FW

Rate

1.8 #H#HELH

B 14 S Y (E A1 SE 2 38 138 Microsoft Excel 2007 #4132 . i A Microsoft Excel 2007 H1 (1 Student 25 I
IR I A IR 2 ] 22 H
2 ERE545H
2.1 GmPP2C287%& & # £ 12 B 3 5 #7

GmPP2C28(Glyma. 06g050900) f& K & PP2C f KWK % E H i — > il 51, % GmPP2C28 & 1 i ¥ 41 # 47
PR ST 45 #3805 B, A B0 L ELAT S A () PP2C R P14 /3 (IR TA) o 2R FH TRIIR B85 4 5, %F GmPP2C 28 75 H
J3 4 AT 3D 25 F TN e K A, & 1B TR L 7E GmPP2C28 85 1110 = 4E 45 #y vh |, o W22 JIK B b T 45 44 40 FL , T B
2 40 B = W36 45 48 (B-sand wich )/ 4 i AL 30 A7 Ab T 85 44 o B85 LT il — Y " F R R, DURIE B 5 R 9
A REM . X GmPP2C28 £ [ i 3 81 347 B FR Ak 7 2 20 A1, & BLAE GmPP2C28 2 [ W A7 78 21> 1l fig 1)
R A G i A o5, Feop , 22 % R (serine, Ser) 7] B8 & 4B B B2 AL B 1 15 5 22, B 204>, 1 & 1R (threonine , Thr) Fl §&
Z MR (tyrosine, Tyr) 43 54 10 1 24>, Ul B 1% 85 A vl 68 %2 BB fR fL &1 , IF 7615 5 5 o B2 b & 95 V8 ¥ 4E
(B 1C).
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) 5

Query sequence FEREAL A AR

e \ A A
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5 % UL L Specific hits
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22 5 % Serine — BRZ L Tyrosine
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A R DA
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J¥ %43 # Sequence position

Bl GmPP2C28EBHEMEEZS

Fig. 1 Bioinformatics analysis of GmPP2C28 protein

A: GmPP2C28 H M PRATE5 B3 BT . B: GmPP2C28 3 11 3D 45 M Bl . C: GmPP2C28 8 1 B M AL 4 7 72 BT . A+ Conservative domain
analysis of GmPP2C28 protein; B: 3D structure prediction of GmPP2C28 protein; C: Phosphorylation site analysis of GmPP2C28 protein.

2.2 GmPP2C28 % A # &K K F 5 #r
43 S AL £ 2 b KR 88 TR I AN T) st 30 R DG AR LA AR R AL 2R S P AR I GmPP2C28 R R 1 ik K - . R4 Fb
I E RS, GmPP2C28 3R BB ZE 18 A%, M 28 d i, RIK K NXTBAY 1615, S LR,
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TERE TS G R, GmPP2C28 3 A 1 38 ik /K 7 52 ¥ 12 g
P Th i TR AR 1 e 3 7E B2 RS 28 d B 3k 5 06 (H B 14 b B

JE 195 B3 Fh LK 7 (8 2) . 259 W] GmPP2C28 12 F

B DR A AR B SRR KO B I AT e S 5 A
EWREAET
2.3 3 GmPP2C28K W B WAk B RA G 5%
W MW 1 3 35 B K GmPP2C28-p1302G 5 A K i g
. &
AT R LBAL334, 1T A DR B 3 3 16 o Xk B oIR AR R B Different samples
BEAT GUS Bt 2 AN SA PR Bk AR MR @2 Gmpp2c2s 3B 767 B R A K AR A0 AR o 0 3R ik
BH M B ARAR o BEBLPK 3R 4 BH 1 B AR AR ¥ 47 PCR & Fig. 2 Expression levels of GmPP2C28 gene in soybean roots
M, 755 GmPP2C28 Fa A L) R 25 ﬁﬁi%‘}l}\ v 2 46 ) and nodules at different stages
. " | AR AR AL P AT R AR 2121 . dNAR B A [F) R A iy AR 21 81
B GUS K 335, 1M B 2 A0k B e B A7 Hh B H 09 2 ok f F P<<0.01, F [ . dR represents root tissues inoculated for

4 (E 3B), — X B B AR AR 347 RT-PCR ¥ s different days. dN represents nodule tissues inoculated for different days.
o) /[,-I* fri{: GmPP2C28 ¥ H % ’U\ R EF' i"j fe KJ\ NS ** represents P<C0.01. The same below.
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Fig.3 Molecular biology detection of positive hairy roots in composite L. japonicus

A BRI GUS B 8], 35 3 B 7m J B E i FHPEB R AR . B: PCRAGIBARM P GUSEER #FRIL . C: RT-PCRGI BRI GmPP2C28
Wik, ZBEE (UBD ENMBIEE . W TF/AEM, Ev: 28 &% . M:DNA Marker Il . Bars=5 mm. A: The GUS staining image of the
root tip of the hair root, the dark blue positive hair root indicated by the arrow. B: PCR detection of GUS gene expression in transgenic and control hairy
roots. C: RT-PCR was used to detect the expression level of GmPP2C28 in transgenic and control hairy roots. Polyubiquitin as an internal reference

gene. Wt: Wild-type. Ev: Empty vector control. M: DNA Marker Il molecular weight standard.
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GmPP2C28 K& [H (/) F 3k , i B A5 AU A1 23 444 T R A 8 oK th B0 H 1y IR 45 (&1 3C) o DL B85 R W] GmPP2C28
BB & T Fak T A A E TR B 2E B ARAR
2.4 iRk GmPP2C28 ¥ ho & WAkt 25 5 % B

Xif B P AR R B 28 d JiE 1) P B DR RR 2R AT 25 9 R RV GE 3 R B GmPP2C28 JE PR IR 0 41 1) Bk ST 3 S5 R HCK
18. 94, 1 & @ T 28 R X B4 19 10. 14 (B 4A,B) o 98 % fit PCR K I % 55 DR IR AR v &5 98 46 7 2k
LjNIN .L;ENOD40-1 1 LJENOD40-2 ] % 5% K-, & B HAE 5 GmPP2C28 3 K B AR b 1y B K58 (K1 4C) .
SER R GmPP2C28 He R B AR Hh 14 57 5 2 38 RE A% 35 1 R 205 8 435 /1% 5 TR 1 323, DA T 398 e 45 R 7 Bk AR 114
SIEEH .

OEv
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EmE e 1 5
= o= 15 108
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Fig. 4 Effect of overexpression GmPP2C28 gene on nodulation in composite L. japonicus

A JEFAUR T 28 dJE R G MR IR I S5 R AL . B BARRIR S AR 9 A RECE o C: PO i PCRIN iR G 1A 1 TR 6 RAR v 25 988 48 75 ik 1K)
1 F kKT . GmPP2C28-OX: Wik GmPP2C28 it & WAtitk . Ev: 25 #fkxf 8. T . Bars=10 mm. n=15, A: The nodulation phenotype of
complex plants after 28 days of inoculation with rhizobia. B: The average number of nodules in a single composite plant. C: Fluorescence quantitative
PCR was used to detect the expression levels of nodule indicator genes in the hairy roots of complex L. japonicus. GmPP2C28-OX: Over-expressing

GmPP2C28 complex plants. Ev: Empty vector control. The same below.

2.5 it kA GmPP2C28 ¥ ik g Pz e m A oy &

Xof 422 PRI TR 28 o i 1 B i R R R AR U0 R AT e L SR R B, A6 AR e IX B b 3B AL, GmPP2C28-OX X 5
2H 1 R G 20 M HE 2 T8 A T S A8 A R A AR G A M HE A B RA B (L SA~D) o it 2@ 43 At kB, 5 0 BEAE LE
1t RIK GmPP2C28 W 334 1 HAL T AR A 1= 4% 44 A A4 £t (P<<0. 05, K 5E) .

2.6 itk ik GmPP2C28 3% F Ak v B R B & 1

o3 SIS i B R A KR 32 R0 28 FN 49 d AR YRS , 38 3 £ B JiE 3k I 2 AN (] B 1A AR R [ UG S 1k . 1R 6 4 R
R 3R 28 d I, GmPP2C28-OX 21 AR 97 Y [ 20l 16 P ) 35 i T X B 41 (P<<0. 05) ; #% #h 49 d i}, GmPP2C28-
OX ZH 1T HECZH AL 98 1 1 220 6 356 1 00 32 ) 0 799 228 T B3I, {0 GmPP2C 28-OX 4 AR I8 11 151 40 i 7% 475 b 3%
i TR R (P<<0. 01) , R Bl K3k GmPP2C28 B 3% H v 1 130 LA K e 1 S AR I8 10 [ S 07 A, DA T R R At 42
T AR E AR IE = .

3 it

CLTE 2R ) R b %58 8 PP2C S A % FR 46 1V 5L AT 3 B DR SF I 25 B RRAE . R 9 PP2C B 11
C A uity FLAT DR 57 14 R T 45 A8 J5, N 3ty 28 A XK (9 S RIS 7 17 PP2C R R T fig™ . PP2C RIGE H £ & T
20 B SRCFT 200 M A, T DARE S M G 25 A 22 RO A T AT 25 i R AR B A AR T . AR 5l TMHMM-2. 0 8144 X
GmPP2C28 £ [ J5t J7 41| #F 47 5 JI5E 45 4 1l 43 Br , o e B4 11 JB U 40 vl A 7 85 235 4 B8, 4 s 108 1 ] e AP AE T 2
i S5 B 40 A% v 3X 5 SCERL 27 1R iE — B
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Fig.5 Section staining analysis of the transgenic nodules

ALB 535 A PR B 28 d I X IR (Ev) Al GmPP2C28-OX MU Y B VT T R el e (I o C. D 350000 AR B9 s A5 BOR P 1o PEAE SR 40 08
R E o i RPN . wi: E R YA, E: %A AR 28 d Bt Ev Al GmPP2C28-OX AR Y1 A 8 4 1 A2 e 40 i i 4 B o 4R & P<<0.05,
Bars=200 pm (A,B),50 pum(C,D). n=20, A,B: Cross sectional images of Ev and GmPP2C28-OX nodules stained with toluidine blue after 28 days
of inoculation with rhizobia, respectively. C, D: High magnification images of A and B respectively. The black box indicates the enlarged position. ic:
Infecting cells. ui: Non invasive cells. E: The number of infected cells per unit area in Ev and GmPP2C28-OX nodule sections after 28 days of inoculation

with rhizobia. * represents P<<0.05.
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PP2C & E@ﬁ?%'ﬁl@%{%%ﬁ%*ﬁﬁf/ﬁfﬁ , I [F E Fig. 6 Determination of nitrogenase activity in transgenic
U5 X 1A A B R BFSE  BLK A (Oryza root nodules at different stages

sativa) PP2C 3& OsBIPP2C1 1r % 3 AT

(Nicotiana tabacum) F #3322 35 AT LA 5 J5 1A 8% 2t O 33 5 AR A= W i 22 . GmPP2C3a & K& PP2C HE %K
TR B4 I8 5L, B 6 5 S — T B A% 40 o i S A AL 4 BRSO BIFSE SR B, PP 2Cs B R 4 1 B 40 R
IF (Arabidopsis thaliana) v i 22 23 J5035 A6 8 1 E8E (MAPK )38 B, DK b 40 14 88 6 28 11 fi % B9 MAPK 3 %
MAPK & n] g2 5 @ e R B AR S &R I MAPK & 23 N 2 — MeTD Y 1 285 3iE B 5 M98 1 w7 56, -
TR K F . AP L (Lupinus albus) T, HE8 E 7T LL#E MAPK J& K SIMK fl SAMK , SIMK F1 SAMK
14 2 A8 PRI R T AR B AR L 7E R B, GMIK B 8 % 9 MAPK [ I Y, H R k15 B A8 2k MR8 B
USDAT10 {4 57, | KR LiPP2C 0l L)L 5 MPK6 il B A 2 5 s A A, s segh & W], PP2C 1l
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VLS5 R AR S A R SR, I — 25 BB 5 6 75 4 I B ) S AR ML B e E B

AR5 38 3 7E T KR P S UR 28 GmPP2C28 3, i 3 3 0 1 i A 1A ET IKORR A A 45 9 40 B DA ROAR R T 2K TR
R ECE . AL, i R IE GmPP2C28 3§ 5 1 U DL K s T UM R 1Y) (o] 60 i 0% P DT DR KA 2 1 AR R 119
FEE . M GmPP2C28 1 B o 25 8 R 1k I 1 AR 988 58 M 56 B (A vh v AT AR A i i s T, Rk, R
— L A] DLGE 2o B XU 32 BER B 3 GmPP2C28 M BAE TR 1 R R Z H E 455 5 1L a8 i B8 vh 9 & B HAREBL
WA, AT LAGE 1 7 KR B E 5 AR R AT GmPP2C28 3L 1Y 3t 23k bkt 10K HE— 25 BB 122 35 IR (0 A ) 2 Th g
45 A 85 7 AE 7 AR R o L R 7 5 A KRB S 10 A 0 A b R
4 it

ARG K 26 1RSI AL GmPP2C28 Jy %t 4, 6 7T KR oo 268 5 1% 5 1 6 84 0 7 K AR 4560 i 1 O 4
GEHURI 56 , W] GmPP2C28 3 IR TF Ja 17 TR 10 2580 1 i 8 . AR 4 75 2 0 L9 6 1 0 o 4
{8 SR R 0, 2 [R5 LB A B 9 7B LA TR
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