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1.1 # #

PERLE TE (Medicago truncatula) A17, R AR K
& Agrobacterium rhizogenes MSU440, B 18 P
FERRIE R Sinorhizobium meliloti 1021 ¥k G grh
ARy R AR AR W) 2 1R 5 e S92 0 2 A ) [T R
% a8 T A 8Lk 2 52 7 2 /& DX218G-mCherry,
IR AR pLjU6-sGFP, CRISPR #% /& pBluescript-
LjU6 Fil pPCAMBIA1300-sGEP-Cas9 3£ [ 4 4 Ml K
AN A W 7 T G T S 3 W 1 R R R A
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P2 JoURL K AR W6 19 2 A A T R AE
il f e T R R A0 R DR L AR R K A = 100 mL B
A = RO FEELA 2 %0 M AR A L R R T —
FAM 3~5 min, Xf A R T KR L 5 2 MR IR S
B L 24405 1, 5 2 W, TG TR K e AR 10 WKL TH
I ol 2 1D IR TR 1 % B 5 B S R D T R K M IR
FfF, BT 4 CORFRRS A F AL 2~3 d 5K WK i) ol
THE FM AR AR E E 28 CRREA T 10~
12 hy Wl Rl E 2K B2 1 em BIRAR SR 5 6 &
EFP TR B S T Y AR FL T, A i AT A
FUARNEETR 2 FhAb B ; 422 5 4 o0 3 D6 0 TG A8 R W
(nitrogen-free nutrient solution, NFS) Fl 1 #§ JC &
B F2 M (low phosphate nitrogen-free nutrient solu-
tion, LP-NFS), H b JC A & % | & 136 mg/L
KH, PO, . KB LA E F W& 0.68 mg/L KH,PO, ;
AN HE TR A 0 5l R #E Hoagland & 3% ) AE #% Hoag-
land & 3% Wk (LP-Hoagland) , H:tf Hoagland & 3% ¥
136 mg/L KH, PO, K2 # 2% [CE IR %0.68
mg/L KH,PO,, 4 ¥ it & T O %E (16 h L
25°C,8 h JBHE 21 CHRE 5.
1.3 #E#HHETE DNA #1 RNA JEE

KR MR 2 A A Y DNA 32 Bt 7 & (Plant
DNA mini kit) & & 4 416 DNA, SR H3CFEE A
AR Y B RNA 2 B H] & (TRIpure Reagent) 2
B4 HAS RNA,
1.4 RT-PCR ##f

PR ICE] ) RNA SR U o 8 24 W M-MLV
(H-) [ 55§ 355 4% cDNA; #% B 3 3% A 5] PCR iR
7 £: (qPCR SYBR Green Master Mix) #4172 [R %
KT, LA SEAE M T EF-1a fE AN S RN, L
514 : ACTGGTGGTTTTGAAGCTGGT, F 519
TGGTGGACCTCTCAATCATGT; H i 3% [l MtPAP3
B E3E 519 : TGGTGGAAAGGGAGCTTCGT, Fi#5]
¥ GCTGCATAAACCTTCCCCAC,
156 B FRERAAREIEMHEEHE

M NCBI #1 phytozom v 11.0 Chttp://phyto-
zome.jgi. doe. gov/pz/portal. html) ¥ & & 3| M-
PAP3 451X (medtr6g013050) F{iF 986 bp 15 3l
TR A B & Pst 1 F1 Sal 1 BEEI07 50 1
FUFS 8 LR B0 AL B 7 d AR R4 DNA
VE R BNHEAT PCR P71, 5190 T -

%39 %
MtPAP3ProF:
AACTGCAGTTTGTTATTTCGTTGCTTCCAAATAC
MtPAP3ProR:

GCGTCGACTGTGTTGAATTGGATCCTCTAATGA,

i Pst 1 1 Sal 1 XY MtPAP3 Ja 8 +
PCR =¥, B B, JF i 46 8] Pse 1 A1 Sal 1 XL
VIt (95 3h F 41 20 17 ik DX218G-mCherry, 1§
MtPAP3 Ja 8+ R B E T GUS 53N N ¥,
1.6 MPAP3 IR EERBRIZHEHWE

M NCBI #¢ #i# & o & ] 3| MPAP3
(medtr6g013050)1 689 bp Ay 4t X ¥ 41 , 3B Be it &
A XbalF Asc TV 509 B FiE 5190, LR oD-
NA 1 M B HEAT PCR 34, 51900 °F .

MtPAP3OEF:

GCTCTAGAATGAAAATATGCAATTTTTGCA;

MtPAP3OER:

TTGGCGCGCCTTAATCCTTAAATCTAATCTGATTTAC,

F XbalF Asc IXUE§Y] MtPAP3 4% X PCR 7=
Wy TSR B FE 42 3 Xba TR Asc IXUEEI 3t 4 68 6
B pLiU6-sGFP . ¥ MtPAP 3 4ihd X & T H ik
Wz R IE ¥ C i,
1.7 sgRNA 5| 41 /% 51 i% it & CRISPR/Cas9 &f i
g

TE CRISPR-P 2.0 Chttp://crispr. hzau. edu. cn/
CRISPR2/) Wi i 22 MitPAP3 (1) sgRNA JF 31, 4K
i X 3 B 48 14 A7 057 IX 8 GC P d T O R R LA B
LEAARAT L 3 AR AT 5 T sgRNA P41 .

MtPAP3 gRNAL:

TTTGACTCATCACTGCGAAGAGG;

MtPAP3 gRNA2.

ACTTGCCTATGACTCATCCAAGG;

MtPAP3 gRNA3:

GACATGATGAATAATACCAGAGG,

CRISPR/Cas9 il BR # AR M DL PTG 1E A5
B, 3513 tRNA-gRNA £l ¥, i i3 Gibson $f 4%
Hp a2k & pBluescript SK(4-)-LjU6 &, i o &
3] pPCAMBIA1300-sGFP-Cas9 &1,
18 EERHBEEREN

DR Ab 38 . B 18 & A R R E 220K
AR 5 min, 57 W, G 228 7K Uk
FlF 8 YK, e T RE SEF K s W PP B AT L B 4 °C
Hb 2~3 d R WK 1 Fh T8 2= FM B R85 57
B 28 CHEZE 10~12 h, WHT A FRK 125 1 cm
MR ZE i H
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H ¥R Bk A &K R AR K Ag. rhizogenes MSU440
WV, BT FM 89858 B3R5 7 d R G R C W F
ARTIOIBRAR ARG A R PR AR B 4 i # &
HRE B {RR; 73k FAR 10~15 d; 78X 56 B i3
BE Nl GEP 5% 1 FH AR K

3) MR TR 2 A 2R . S I PR A 1 R IR
Peie 1 ds PR 4 i % 0 2 A oW v iy Bk
BelE LP-NFS H IR . il BEOG R F- A 4 i B K
3~5dJa AEMMIEE S, meliloti 1021,3~4 J&)5
WL Geit Az A,

19 HALANZFHRE

120 mL GUS Z¢ 8 TAE I & . K 14.6 mL
50 mmol/L PBS % M . 400 pL 0.5 mmol/L ED-
TA.1 mL 10 mg/mL X-Gluc.20 pL Triton X-100,
4 mL FEELL K 0.084 4 g K,[Fe(CN), JIRA .
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2.2 {EESEMEXT MIPAP3 EE R
AT WAE MtPAP3 75 2 5 44 Yy N X3 K 85 b
SENEE RST E A= F - S A Rl O 2 Al IR & 7]

A GUS 3L, 37 CHEE 1% . 5 J5 F PBS 28 i i
YER TG, BT Ok B T,

2 HRESMH

MIPAP3 EHRFII N MM AL L EMME

F A NCBI #1 Uniprot U4 2 0 87 o] F0, 25 3
15 B P B g 3L ) MrPAP 3 (medtr6g013050) 4>
£ 4 132 bp, Hitp A% X 1 689 bp. 4ifih 587 I~ & %
PR 5% HE 1 25 1 BT, 4 F A 66,16 ku, PI{H R
6.14 55 HEE 0BT s MtPAPS S H S A5 51
G e W TR Tl 23 A S5 L B AT ol ST DI R A O 67 R
1 MtPAP3 8 [ 57 51 5 8l Jr . K 5L T8 W R
KAE T PAP 8 (A7 50 HE47 7 51 Ee X R R £k 2 4T
WERGE W (B 1), 4558 B, MtPAP3 5
GmPAP31 [F] J§ 7 &% & . ik 8 77. 680, Fil I
MtPAP3Y GmPAP31 H A MBI IIGE. \Tae2 5
AR Jotp 30 AR R b A A

2.1

CaPAP10

MtPAP3 % 4 it 1k 3
Phylogenetic analysis of MtPAP3 with other PAPs

HRALHER 7 d R AR BB AL B 21 d 5 YRR R RE
K, EL RNA, # 4T RT-PCR 43 #r. 258 B R
M:PAP3TEAR#E (5 pmol/L KH,PO,) i3 4 i
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Tk R B R AR Y 14.68 £ (B 2A) ;5 Ik
AN MtPAP3 7 LP-NFS &b # 5 AR i il 3£ 35 3 2
NFS(% 1 mol/L KH,PO,) kb3 J5 MR i 15.48
5 (& 2B) » 12 5k PR AE AR W6 360 19 A RIAR 98 rh R a6 it
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Hoagland LP-Hoagland

HoaglandE 5+ ¢ iHoagland 75k

PN X — S5 R W R AR B0 R L O i
AR AR P R RS ZS R W) K R A MPAP3 Ky
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THEE F IR R R
NFS LP-NFS

A Treatment

A:MtPAP3 7E LP(0.68 mg/l. KH,PO,) f1 HP (% # Hongland & #£ ¥, 136 mg/L. KH,PO,) 4 B N AR i i F 3k & B: MtPAP3 %
LP(0.68 mg/L KH,PO,) Fl HP(B#E JC A S 3 W . 136 mg/L KH, PO, ) 23 T ARG b g 25k &, * TR 23 M Student” 1-test 2007, ik
B 20 50 BRA AT G 1 25 9 (P <T0.001) , iR 22 2R AR R P 4 (8 £ A ofl 22 B0 2 3 IREE AR E R W3 {H . A: Transcript levels of M¢PAP3 in

roots after LP and HP treatments; B: Transcript levels of M¢tPAP 3 in nodules after LP and HP treatments. Asterisk (* * * ) represents sig-

nificant differences compared with control treatments (Student” z-test) (P<C0.001). Error bars represent means= SD. Data are the averages

of three technical replicates.

B2 {EBEOET MIPAP3 EHRMIBERHERKE

Fig.2 Transcrip levels of MtPAP3 in uninoculated roots after LP treatment for

7 d and inoculated nodules after LP treatment for 21 d

2.3 MtPAP3 AR KX E i

R TR Mt PAP 3 56 PR 7E MR B AR IR Hh 9 2 58
AL KT MiPAP3pro ++ GUS fZHZ 3k E N
AR, R GUS 45 FL K MiPAP3 fE#EZE
TE AR AN TR RO i ik . 25 R . MtPAP3 75
LP-NFS(% 5 pmol/L KH,PO,) & F 28 d J5 1y #
A FIAR 4 v K o 24 4 2 3K (1B 3ALB) L H 7 M3 U3 4k
B MR SR A B 2 A R b s B R Gk
(K 3C.D), ixX 2 3% 3k 2 i 19 &5 2R iF — 2 3=k B
MtPAP35HUIE ¥ & Al & & ok #2 b 19 8 1% 18 43 il
K,
2.4  MtPAP3 3t 4t 4 B & B 821

KT R MiPAP3 TRt A [ A i )
.40 0l Ky 7 T 3k COE) Ml B (CRISPR/
Cas9) B, 3 13 53 5 7T B AR T4 Ak 3R AT A D 1 7 3
PRI Pk . D LP-NFS & F2 W . 221 28 d J5 40 il
T 2 4R Bk A e A B R R AL, MiPAP3 £
IRGE L WK B R IR R A B T AR R A
KH%E MR HERE (E D,

Xof A Ak 45 9 R ARV GE T 45 SR R L R RS HE iR M
b o R R TE ARRE ECE RAR R e T Y T
23 AR IR 2H R bR (IR 5) L BRI B B A 5 F R,
MtPAP 3 $& (1)1 i R IR RE A SEAR TR I e M & &

P [ RS i — R B AR K

MtPAP3 $&H i bk 45 3 BoR » MtPAP 3 @ B
KR b b A A g 22, MR MR A L AR R A/l
(| 6),

Xof A PR 225 9 e B 48 11 45 B R L Mt PAP 3 iR
Ak 4 e R [ R 90 XY I 3 R L AR R B
R R 5 ot i e AT W 2= S (B 7, Uk MtPAP3
e FRT 1 i 83 2 ) 810 AR 5 AR b g 1 O 5 4 L R
SO IR R Gt e T [ GRS T RR HE T R AR R
K.

KT IR MtPAP3 EH SHEENEE
A BEALPE e 3 28 d J5 =S | AR Ak . MPAP3
R R IA AR MtPAP 3 @ BR A AR AR 5~10 R
L FAA 88 AT a3 D) R s e (o, B
TR B T (E 8., Z5RER. 5%
R R RER R AT EL L A 2 8 R MR AR R I 401X A B A
M £ H AT BIF(K 8 BLE) ;1 MtPAP3 R4 A4
PRAR TR PN 75 TR 40 L A D, gy R X FR Y R SE AR I A
TR, F A XN TR R R E AL JES
AN o A A R B S A A L LR B 2 ) K (8
C.F) . &KW MtPAP3 JE[H (1) M8 3% 15 48 i 36 A= R AR
TR R E S T HE R ) R B3 0 ) T A 9 LA P i A7
FIBE TR MR s AR AT .
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AB.C I DK MtPAP3 #3518 28 d 5 M AR 0 3 2h A 8U3R 3K %E . A.B.C and D are histochemical location of MtPAP 3 in roots

and nodules.

B 3 MIPAP3 EEZEFERERHNHERIE

Fig.3 Temporal and spatial expression of MtPAP3 in roots and nodules

= 1\ i { Y A
A LB 435y 25 o BRAE RR (Z2) Fl MePAP 3-OE B3R A A bR ) R 85 C D 43 5l Sy X IRF AR R A M BR 25 He AR R B, Figure AL B are
phenotype of control (left) and overexpression (right) transgenic plants. Figure C and D are basic appearance of nodules on control and over-
expression transgenic plants, separately.
4 MIPAP3 BRIZEHRNLEERE

Fig.4 Phenotype of MtPAP 3-overexpression transgenic plants
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AT = =2
4% o g =
HE =8 5+
= 0.0 y = 0 .
e X B HEIE Xt Bt 3N
Control MtPAP3-OE Control MtPAP3-OE
AbBE Treatment
= 100p 0.020¢
= % = *
o 80f ) B}
5 05 0.015F
B 5 o =
9 60 D ‘ﬁ =
CEE g = 5 0.010F
2 40r Eﬂ; B
S =2 0.005¢
= 20f =3 2
2 Z.
z 0 ; 0.000 .
xof Bt S X} IR IR
Control MtPAP3-OE Control MtPAP3-OE

AbBE Treatment
A bR B B AR CAHRUREG DA EE TR, BUE R 3 KB AREE M FHME (=9 BT IEB XS Student” ¢-test X EE
Lk R %o EARL A (8] A9 B R AT G811 0 T (% . P<<0.05) , iR ZLRACE I £ 45 EZ ., A. Shoot fresh weight per plant; B. Nitrogenase ac-
tivity as determined by an acetylene reduction assay in transgenic control and MtPAP 3-OFE nodules; C. Nodulec number per plant; D. Nod-

ule fresh weight. Data are the averages of three technical replicates (n =9). The statistical significance of differences between transgenic con-

trol and MtPAP 3-OF plants was determined using an unpaired two-tailed Student” ¢-test ( ¥ ; P<C0.05). Error bars represent means= SD.
B 5 MPAP3 BRIZF X RAE ket £ KRB E
Fig.5 Symbiotic phenotype of MtPAP 3-overexpressen(OE) transgenic plants

A ) |
A FI B 43510 25 3 0 B Bk (Z2) Rl MePAP3-CRISPR/Cas9 A 4k (F7) B2 A 8, C F1 D 43 51 o %5 2R 4% X Bt control F1 MtPAP 3-
CRISPR/Cas9 tE kM FHB 2RI A . Figure A, B are basic phenotype of control (left) and CRISPR/Cas9 (right) transgenic plants. Fig-
ure C and D are basic appearance of nodules on control and CRISPR/Cas9 plants.
6 MtPAP3-CRISPR/Cas9 ##k K 45 R B
Fig.6 Phenotype of MtPAP3-CRISPR/Cas9 transgenic plants
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£ 0.00 ; = 0 =
ol MtPAP3E R Xt 1t M1PAP3#
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_ 40-
8 0.005¢
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,:553 20 @-ﬁ 0.003F
c 2t D i 5
* = g5 0002
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2 10k ™ =
3 2 0.001F
S z
0 _ 0.000 '
o MtPAP3FE Ko Bt MtPAP3
Control ~ MtPAP3-CRISPR/Cas9 Control ~ MtPAP3-CRISPR/Cas9

AbFE Treatment

Al LSS B R MET; C MU HG Do ARVE 6 B, HO R 3 AR ER WP E (=9 @3 E R X Student” 7-test X
CRISPR/Cas9 A8 #k F1 %F FEAR A% 18] 09 B8 SEAT G 0 A (¢ % . P<<0.01; ns: WA R EMER) IRELNREZTVHMHE LR, A, Shoot
fresh weight per plant; B. Nitrogenase activity as determined by an acetylene reduction assay in transgenic control and MtPAP 3-CRISPR/
Cas9 nodules; C. Nodulec number per plant; D. Nodule fresh weight.Data are the averages of three technical replicates (n=9). The statisti-
cal significance of differences between transgenic control and MtPAP 3-CRISPR/Cas9 plants was determined using an unpaired two-tailed
Student” z-test ( ¥ % . P<C0.01; ns: No significant difference). Error bars represent means= SD.

7 MPAP3-CRISPR/Cas9 % B8 #8 #k 3k & R BV &
Fig.7 Symbiotic phenotype of MtPAP3-CRISPR/Cas9 transgenic plants

Control MtPAP3-OE MtPAP3-CRISPR/Cas9

P
A e
= 7100 mm

A7 AR B IR 28 dpi RN YI Y] 5 BRI B 28 dpi BB HDIY) A5 C:CRISPR/Cas9 fi#k 28 dpi AU HYIY) Jv 5 D.E I F 43
A AB A C A X B RO s B mer Fnar A5 X, infz KRR YL X, fixz R B %X . A.Longitudinal section of a control 28 dpi
nodule; B. Longitudinal section of a MtPAP 3-overexpressed 28 dpi nodule. C.Longitudinal section of a M¢PAP 3-CRISPR/Cas9 28 dpi nod-
ule. Figure D.E.and F are magnification of fixz in figure A.B and C separately. mer: Meristem; infz:Infection zone; fixz: Nitrogen fixation
zone.

8 MIPAP3 #8 33k 1 CRISPR/Cas) ¥R E A 1 K
Fig.8 Nodules of MtPAP 3-overexpression and CRISPR/Cas9 in transgenic plants
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K AEHFE P AYE S S & EHE T (Fe'' |
AP (Ca™" ) B BUME LA gk A 4 W W R 1) 4 D i TR
bR g B S R AL T ZAREEY .
TR IS AR K IR BRI R SR A 1L
HVF 22 i i MRS PN B R S A TR W L TR M R R RS
e E E A R 2 — . RGN OR
MtPAP3 5 {8518 A% h i 5 £ K19 GmPAP31
KWL i F 5235 OsPAP23 Il CaPAP15a H
8 s B Rl R, ot GmPAP31 & GmPAP % i
I B W aa AR R i S L SR A e R R AL
OsPAP23F1 CaPAP15a HEBE LIRS %1k i i %
B, BEAN ARBF I LB MePAP S ZE AR B 30 1
HRFIAR IR rh 253 20 3% 5 2 A, HL 32 B 7 AR RN AR 97 1Y)
Y4 RH LN SRR 1 4 AE DR G X b 3R 58, U
Wiz i AN S 5 AR B 19 43 T 18 2 5 w0 T
WCRIH . MePAP3 3 PR 3% 35 T a4 bk 4 A 3%
RGN 8 8 T8 R BE M b R SR A AR T A
s HARR 2 B B AF, 38 W% R G M B 38 i
1350 22 B B i 2 A 9 45 21 40 1% AR, R AR
FEN BB FAZS . T MtPAP3 B At bk i b 38 K 34
A2 TR UG B R AR, HE WK A& 5w dbd
R R 22, ) o 2 (] 3 K, % B MtPAP3 5 2 fiff 1%
P 0 AN =T AR P AR 0 B i s % E
MR ) PiFe Zn S50 o & K, L2 T
FRARTE UL B T i K o0 R JC i B R, 5 3

AR A K LB FH 25 m A [ A R M-
PAP3 75 I ¥ AR 8E Wh30 2% 1 T AR e i A3 O 1 &
HEEEH., BEWLIR T MPAP3 7 ALHE P
TE AR P S A e R H R HLR Y A F L R A
E— 2 HE5E .
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Symbiotic function of purple acid phosphatase gene
MtPAP3 in Medicago truncatula

CUI Zhigiang, XIE Liping,LI Youguo, LIN Hui

State Key Laboratory of Agricultural Microbiology/College of Life Science and

Technology s Huazhong Agricultural University ,Wuhan 430070,China

Abstract

This study investigated symbiotic function of purple acid phosphatase gene MtPAP3 in

Medicago truncatula with MtPAP3Pro : : GUS histochemical location, over-expression and CRISPR/

Cas9 gene knock-out. The results showed that MtPAP 3 was mainly located in vascular bundle of roots

and nodules,and meristem and infection zone of nodules. The transcription levels of MtPAP3 were en-

hanced in roots and nodules under Pi deficiency conditions. The numbers and nitrogenase activity of nod-

ules were increased in transgenic overexpression plants. The knock-out of MtPAP 3 significantly inhibi-

ted the development and nitrogenase activity of nodules. It is indicated that MtPAP 3 involves in phos-

phorus metabolism and symbiotic nitrogen fixation in nodules under low phosphorus stress.
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