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)t BRAIL R L 43520 e P B R 2 0~ A
SR . RIS AR MHESE R R X 4 e S
FF TR, fERERN R ES B Rk
T EBAE. MRS R s AR OC i) R AL
COPTH#izfE M. PpBlATPHE. 7> FHHA. ZIPH;iziE
G AR BRI 25D,

4B %12 ATPlff(heavy metal transporting AT-
Pase, HMA)J&—Flil i 7K fiff ATP S iz 1% 7 4 Jm BH 25
FHEizEH, B TP-ATPase KEH I — 3.
HMA P g IESE 5 4 8 s A DG, Al ARtk
W AT 3 B A 0 2B K R T AT B 4 R B T (Cu
Cu’". Zn” FICo™ ) FI—LLAR T i T 48 B 7-(Cd™ AN
Po’ O HHT, XSRS (Arabidopsis thaliana, At). 7K
T (Oryza sativa, Os)F1tE JK(Cucumis sativus, Cs)5 )
FHMAZ RN HEAT T 825, Xt apbmy b
FIFEHMASTE N HYP-type  ATPasefIF 5 fif A 1A, [A]
i, GRMEYHE B R RWITAZ I, 52
HLARGHY A RERI]. A S0 2 i R 1 o B8
Bl A~ 55 il i R A 45 A G RYHMAS BRI, AR F
5% BRI SRS A 95 22 1 5 T HMA S BE PR A A 5 %t
4, EIERNAT G Fk Kb e (7 3 70 HAE
A 2 B DI RE TR AP A, R AR T
BHE YA T A4 B Rl iz KoF A PIL R 28
Fefih.

1 MRS ik

(1) Y F AP, VIBEREE 18 (Medicago trun-
catula, MOAVTHFEYIR B}, VEBCIRE B4 a9 R FHHk
TRIRAL 10 min, JCRIZKIHPE. 30%MIU A RN 2
JUFh 8 min, JCRI/KIE LG 28°CREIRIEE 3 h. AT
BHAE KRR S IR I, 28°CRAMEHA & 48 h. $ & ZFAYFh
TR TCE I P (A BB A=2:1). L8R &34,
SR IMAGRIR S E LR 0. 5071200 me/kgfry). %R
B — RG34, FEFHRR B Sinorhizobium  meliloti
1021(Ag00=0.1) T4 H E I A Ll BT AR BB,

(1) R ETEHMASEE N RGER T T, W52
1 PP HMAS I A A G P E AT SR i R G
B, RGEKRE PR YIRCN: B IT (Arabidopsis
thaliana, At). #%j(Vitis vinifera, Vv). /KFE(Oryza
sativa, Os)s T J\(Cucumis sativus, Cs)s FAd(Lyco-
phyte selaginella, Ls). EXAg(Populus trichocarpa,
Pt). = 352(Sorghum bicolor, Sb).
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(i) RNAMFRIO I EE . IR B 15510
B RARTRRR 7 0.25 g, B TRAVEL™ 5 AR, —80°C TR
f£. ffifiTaKaRa MiniBEST Universal RNA Extraction
Kitid5f| & TRNASZ L. 45K AIRNA, fif FHHiScript
II Q Select RT SuperMix/% 5% stfEEAT R 5%5%, 45
cDNA.

(Iv) ZERETEHMASIER IR 0. il Ae e
5. 10, 18. 23F128 d/5#2HL501200 mg/kg i R4 4b
PRI 42 R MR 42 T 22 2 5 1 IARNA. i HISYBR
Green Real-time PCR Master Mix(Takara)i#f{1qRT-
PCR. FTHBI¥IH: MTR 8g079250-F: ACTGTTGTTT-
TCTGCGTTATGG. MTR_82079250-R: CAATGGCG-
TCACGTATGCT. MTR 8g012390-F: TGGTTTAGCT-
TTAGAGGAGG. MTR_8g012390-R: AGACACCAA-
GACATTAGCATC. MTR_5g010420-F: AGTTGGTG-
CATCTCAGGGTG. MTR_5g010420-R: GCTAGTG-
GATGTTCGCTGTTC. 7ETEFPCRE HKIKINALO pL
SYBR Greenl Master Mix(Takara), 0.8 uL P1. 0.8 pL
P2. 2 uL cDNABHR, FddH,O#MZE20 pL. FHMA:
HATY . S—2: 95°CINIR10 min, #4T—PEIF; 55
5 95°CHNEA1S s, 60°CHN#AT min, FEFT40 MG, I
fif 126 60 °C_L- FHF1]90°C, 3% 40.5°C/s. X AE M5
Frn R B3R E R, DI RIERRTE. DAEREE 1S 0 F
FIEH ActinfE NS, FERFIRAKFEE X BB
Ko me)r ) i FISPSS 19.08k 442 4.

(V) MTR_8g079250FL R 25 Fe3h 7 #r. i1 i
S, WIEMTR 82079250 W58 % 4. @it qRT-
PCRIEARKGIMMTR 8g0792501E 5 MR 51T
HFRIkZES, BURERTRHEERIS0. 3. 5. 7. 104 15
25 d. RHERG28 dEERE H R ZEA. MR MU A
FIER IR, FEBRNA S S35 cDNAJS, Kl
ZHE TR RE B s AN R A AU ) FRIR T L.

(Vi) MTR_8g0792503% R 7 24 0 4 i 7 o7 ]
LMD WY EMTR 8g0792503LH 2K F5): 5|
Y1l C50-F: ACTCTAGAGGATCTCGAGATGGGTCG-
TAAAAAGTTTG; TG RHC50-: CATGG-
TACCCCGCTCGAGTTCAATTTGAATACCATTCAHA
PRCHE T TR S BARFER, T, ZEMSHAINXho T
YL f# FHClonExpress® Il —25 v B 57 & (Vazyme,
A BB S 1 B B o A 38 YA 20 T A i v 3 A
o, A BMTR 89079250-GFP. MTR 8g079250-GFPAET:
24 3% iz 4 it v e 3 (5 R AR R I PDS-1000/He b+



it 32

&35 2 5t (Bio-Rad) 17 3L ARG (L B 223k, VEZ
Rz MM 4% NaCILbFS min, 25°CHEGIEE 24~48 h
J 37 B HEA T 8 A AR

(Vil) MTR_8g079250 it 7 A e for. AR H
(5L R Y B HE B 11 TS 1Y 50-F(CTAGTCTA-
GAATGGGTCGTAAAAAGTTTG) M Y50-R
(TCCCCCCGGGTTCAATTTGAATACCATTC)Y 14 H
(B, TE8ARXba 1 R Xma T 157 553647 WL - 1] 0
P, T4 B e et A 2 AR i e BL i T 3%
$E, H#Ep35S::MTR_8g079250::eGFP#AA. p35S::
MTR_8g079250::eGFPi# i A& FT B Wi i Ah 72 1 5 A 22
W I J, TG IS A AR B R S 5724 Wi 5% A\ 58D
MR FRAR B R 2~5 d, I R YT 1 emx 1 emiE S5 9
M, SRR, BTG IR AR WU T S TR,

(Vi) J& 3Rl FRk K. i HPromoterScani {4
XTMTR_1g0833803 4753, Tl fE 2+ 541, fdi FHPri-
mer Premier 5.0FIT5 ), & MTR_8g079250%
RHTHI-2001-1)F%1: PR50-F, CTTGGCTGCAGGTC-
GACGGATATTCCGGTGACTTTAAT; PR50-R, TT4-
GAATTCCCGGGGATCTAATATCAATAATTGTTCCT.
PRI T E A1TIDNA AR, §4% H 9 R B, alad
[ 5 T 2H B I pMTR . 8g079250::GUSHl & 35 4R4%,
Jr Rl (V). B EE2H R A TR FH FRLS 18 TR N R AR AR
FFIAESZ A5 Arqua l J5 17 R ARG Ak, BRI YR 14 5
7 A EALRERE T TGUS Y (B )5,  ADG2% BB AT
B RIBFAL.

(iX) RNATHLERpgF . il 4K {4 Premer Pre-
mier 5.07 B AYFEFE A9 5 53 i A I — 41519
RNAi-1F, 5'-GGGGACAAGTTTGTACAAAAAAG-
CAGGCTTCTGCGTTATGGGAATGA-3'; RNAI-1R, 5'-
GGGGACCACTTTGTACAAGAAAGCTGGGTGTTG-
GAGGAGCAAGAAGTAC-3"; RNAi-2F, 5'-GGGGA-
CAAGTTTGTACAAAAAAGCAGGCTTTGACCTTG-
CAAAGAAAACT-3"; RNAi-2R, 5-GGGGACCACTTT-
GTACAAGAAAGCTGGGTTCATCTCCAAGTTGTTA-
AGC-3'. RNAi-1 T#H A BENHEHFNCDSH
169~448 bp; RNAi-2 T4 B A H A3 K CDSIY
2731~2965 bp. 43 HIAE b N UES |40 0 PR S il attB 1
attB25 wi P AN (ARMAFRIR), #fr B B9 AT LITE
BP i ERFIIE T 53R R AN SR T A AR
Gateway BP clonasef Uil 55 2 A TBP e E 4,
FyEpMTR_1g083380-RNAiZkA. FIH THL 4k iy

AL Xba | FiXho 1, {53 HIBR A4 A VDT 53 5 %) B
BRI T B DI S

(X) ERIRERARAE G, e RO A (o 2R B
HEITEN B AP35 130 AT, HARMRAAT
TEZ 25 Arqua 1 41 4G T BH A s B

(X1) BEREETE KA E . BRI B
EITES L (R ETEFM) (https:/www.noble.org/
medicago-handbook/). BUER7 dJ5 ALK, WK i
VERRAR, BRZATEHCE TOUST A iR gL (4,
37°CHUN B3R, FE70%0 LEErh AT, EEIF]
PEXTIRAA R AU A B0, B R (lac ZFRid)7 d
JE AR RR: 0.1 mol/LIYBEIRERZE v 1 E 1 h, 28
MREILPELS min, B MR, X-galfe (A rEAG I -2
FUBEH BTGV, JuWi BT, PRI 0F T = IRA
WKH B G, FH0.1 mol/LIX W RE: 22 i e AR
10 min, & 3YK; ddH,OMES min, 27K, F10%F)
BRI A ~3 min, ddH,OM{E3IX.

2 4%

2.1 HMASZSERE P

HMAH 1P B IE 52 5 T 4 (9 5% i 4 o101
UG I FIK A 40 3 55 45 8 FI9NP 5-ATPase 5 ik A
B WF R A A ST AP HMA SRR T
BB IT TR E M. HPAtHMASZ 5Cu
AR B 2L Az LA BRI i ' X i 1
T HMART A M LT R BT R R AR T
B, B B RE E TE HMAS SR A OCHE. L H AT 42
WA T HMA S5 AR, (AR EMEGASG6, Hf
KASREM R G L BRI (EN). 550 RHMALRE R
FIXF ot B0, B EE T IMTR_8g079250.
MTR_5g010420FIMTR_8g0123905 HAb#Fh T HMAS
KGN BRAE—E, WX IEF R TS
HMASZ .

2.2 PAENITEHMASKE R A B

PRI T AT CDNA, NI K Actin,
i ik g RT-PCRK M 4 W A& 3 & 4T
MTR_8g079250. MTR 5g010420FIMTR 8g0123901F
R 22 5, L3R AEFEFR Hh 3452 2R [H
BEMRIES. Ho, MTR 83079250 F FArtbA-wiiz
ik, TEHEE)ES d(5 dpi, days post-inoculation) 55 515

3721


https://www.noble.org/medicago-handbook/
https://www.noble.org/medicago-handbook/

M43 8 & 2021FE108 $£66% 5282

CsHMA5.1
MTR 89079250

97

* %

MTR 59010420
AtHMAS

97

100

100

OsHMAS
SbHMAS 1
% SbHMAS 2
OsHMA4

100

MTR 89012390
PtHMAS 4 %
7 WWHMAS 4
SmHMAS

OsHMAT
97 & AtHMA7
10— MTR 49094695
T MTR 2g035840

00— MTR 49094232

L AtHMAG

100

| OsHMAS
MTR 3g105190
100 AtHMAS
9 MTR 49094985
100 AtHMA1
OsHMA1
0sHMA3
MTR 29036380

MTR 49127580

63 AtHMA3
& = AtHMA2
o AtHMA4

0.2

1

HMAS RS0 K BT, * W B g TP I HMASFRIE N . RGE L E 4 sb R PFh: $ R IF (Arabidopsis thaliana, At) /KFE(Oryza sativa,

Os). #J\(Cucumis sativus, Cs) EFRA(Populus trichocarpa, Pt). Hi%i(Vitis vinifera, Vv). #i5&(Sorghum bicolor, Sb). ¥AA(Lycophyte
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Figure 1 Phylogenetic analysis of HMAS. * is the homologous gene of HMAS in Medicago truncatula. Species selected for phylogenetic analysis:
Arabidopsis thaliana (At), Oryza sativa (Os), Cucumis sativus (Cs), Populus trichocarpa (Pt), Vitis vinifera (Vv), Sorghum bicolor (Sb), and Lycophyte

selaginella (Ls)

S (E2(a)); MTR 5010420754 i B rh #iR 32 51) 12
FIMR 0 B35S, 28 dpideikfEdm (K2(b));
MTR_8g0123907E A RIS Rk A, 7E28
dpisZ FIsR AN, (ARSI A ] 5 AR o) REAR LE
BWHRKKZR(E2(c)). MTR _5g0104207F
MTR 807925035 A 5 ikt BRI R, HEMH 54t

HRAEHISCI BT, RH R Cu™ (50 mg/kg)fEHEET
T LR KRS A 508 . Bk Cu® (200 mg/kg) bl AE
PRIER SHETE AL, PRIk B R B X e 2 1
T HEATAL R, qQRT-PCRIGINAN R Cu® e i b FR T B4 1
MW THMTR 8079250, MTR 50104207
MTR 8012390/ FX L. TENNERET, MTR_ 82079250
TESTIL0 dpifZRikE N, [H7E200 me/kg i e i,
MTR_8g0792507E 4598 e Wik FiR(2(d)); Toinfik
W B IR U BEAR AL ], MTR 5g0104203%3K¥ R
(E12(e)); MGk EARALFRRT, MTR 8012390133k 5%F
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PR e A I X, OB b B R
MTR 8g012390F3KTE10528 dpi N, 7823 dpifi fir I
PAEI2(6). XU, 7Ese BB T AR S e, 342k
PRITE AN [vi] e 2 ] 5 - g i 17 H P R A 4506 AN TR E H,
HAMTR 8g0792507] REFIK I (L5983 Je 90)adt B4l Jiana
M. S5 AR, BEMTR 8079250 5T
() H L.

2.3 MTR_8g0792505E AN E {7

TECaMV35SJa 3l By T Fib 4k A0 1
(GEPYFRICHIMTR 8g079250. i it REPIAHE {128 ok
B NTPEZFR . GFPZS 4R AARAE X HR. #E 965 GFPhR
ICHIMTR_8g0792500 4, LR A2 F 2N INAELH
MU AN A% L (K13(a)); 7EZEIAGFP:MTR_8g079250
(AR FCAR R R vt & B T 2R 25 58 (513 (b)), 1A
HEIEFMTR 820792503 B {57 F 40 i A 41 2,
HAEHT R 5P 018 B A5 SR AR
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Figure 2 The Medicago truncatula HMAS gene expression level. (a)—(c) The expression level of HMAS gene in Medicago truncatula under
symbiotic and non-symbiotic conditions. (d)—(f) The expression level of HMAS gene in Medicago truncatula under different Cu concentrations. NJ
means no inoculation of rhizobia, JO means inoculation of rhizobia without Cu treatment, J5S0 means inoculation of rhizobia with 50 mg/kg Cu treatment,

and J200 means inoculation of rhizobia with 200 mg/kg Cu treatment

2.4 MTR 83079250081 %ik

FIMTR_820792501% A B i 3l % H:GUSH 4 3
(K, P Eml G FaR g, W KRG AR 1
HRHE, BUCRERP AR B8 5 28 AR AR AR AR S AR RS e (00
8¢, TEREMR AL . BUCARIE B T oA XL Ry
X KA R R AU AT DL . WEARAR . AR
FRAS DA KR R X A5, BARE A R R e e
B (E4). RILHEIMTR 820792502 S5AR M 251
TEYEE H V) SO R R 5% i

2.5 MTR 820792501 3t :vpityshfiesrbr

T WFIEMTR_8g0792504F 3 E 485 vh Ve, %

FHRNAHMAH H L, HHERNATHE A TR AL
HRAHT R Arqual, ZAREALSERE . KillGUSEEIN1E
FEALAERRAR S 205, UFF4 LY. RT-PCRFIQRT-
PCREGIN, Z5H5XFIEA L, THOAERRARES B i 5L
Bk T IH40%(ES1).
BRI S AR ER S Fis 1 TR A B F 3 i
#£3 dJ5$Flac ZARICHIARIRI A, 7 dIG Yetmss, Zhr
1RYAFOLES). 50T BRI AR EL, T PR AR 46 i A
(RYLRIA 225, KRR YRR R AR A 1S 2. W
FALTA 528 A LAk, R IIRNAI- VR PR 5 %) B AH
FLICHA 25 5%, RNAI-2FHRMIRE 2, HIRHRZ Hik
ARK, BUEERR. RNA-IERE . B, S E AR
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GFPZS #ARMENT I, F7) 4950 um. (b) GFP:MTR_8g079250fl & 4 11
FEARELI R A0 P T AR e A, GFPZS 8RN IR, A5 50 pm.
ik TR b AR

Figure 3 (Color online) Subcellular localization of the GFP::
MTR_8g079250. (a) Subcellular localization of GFP::MTR_8G079250
in onion epidermal cells. GFP empty vector is as control with a scale of
50 um. (b) Subcellular localization of GFP::MTR_8G079250 in tobacco

leaf cells. GFP empty vector is as control with a scale of 50 pm. The
arrow points to the nucleus
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SRR H A IO 25 5, RNAL-2 7R 5 AR 2L
H A prsghn, {022 53508 83 (&S2).

FETE28 A AR i R A b, 45 7R, RNA
YA AT R 4 AR R 432 e 200 23 5 % A AR A
HJCH B 2% 5 (JS3). qRT-PCRAGIMRNA T4 4 M bk
HREBRI IR R A i, EBININF A E BT, 32505 dF,
ENODIIWZFik A Tt LI (EIS4(a)).

B 4 (MZRFAL)pMTR 8g079250::GUSHEI & A TERZE S TEAR
KA EYIA. (a), (b) pMTR_82079250::GUSTEAR I FIAR IR L
gk, 1. 0. MR B8, 23X, BAEX,
AR R, (¢) pMTR_82079250:: GUSTEM LA 463k, (d),
(e) pMTR_8g079250:: GUSHE FARMRISFMARAR L ik, Arflh

200 pm

Figure 4 (Color online) Expression of pMTR_8G079250::GUS in roots
and nodules of Medicago truncatula. (a), (b) Expression of pMTR_
8G079250::GUS in nodules and nodule primordial. [ is the apical
meristem, I is infection zone, and Il is nitrogen fixation zone. The arrows
indicate the nodule primordia. (c) pMTR_8g079250::GUS expression in the
root maturation zone. (d), (¢) pMTR 8G079250::GUS expression in the
root tips of principal root and lateral roots. Scale is 200 pm

MTR 5g010420MIMTR _8g012390Z2MTR_
8g079250 [RIPEFEP. X PLAR K sk P [R5 2 A

BRI FHETRMER, FTIREMLRD,
MTR_8g0123903iK¥) i, MTR_5g0104208&4 1M
ol R (ES4(c)).

AR, IR IT L5 1% S i b
T ATX 1555 45 HMA7/RANT,  [EIEF, #A4

Bl 5 (28RO ) EFMIR T da MTR_82079250 RNALS i Bk AL IR Qe EMEE. (a) IREFZ M (b) MBRPL; (o) BIZRIL;

(d) PR JEHE. A5 R 100 pm

Figure 5 (Color online) Infection events of MTR 8g079250 RNAi and overexpressed transgenic plants at 7 dpi. Root hair curling (a), infection
threads (ITs) in root hair (b) or in the cortex (c), and nodule primordia (d). Scale is 100 pm
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Figure 6 Infection events of MTR 8G079250 expressioned transgenic plants. (a) qRT-PCR analysis of the expression levels of MTR 82079250 in 5,
18 and 28 dpi transformed roots, with Actin IDNA in Medicago truncatula as the endogenous control. Data are presented as the mean + SE, with three
replicates. Numbers of root hair curlings (b), ITs in root hair (e) or in cortex (c) and nodule primordial (d) per root of the control and MTR _8G079250-
overexpressioned plants. The data were collected from 30 independent hairy root systems in each group of plants. Data are presented as the mean + E.
Different letters above the bars indicate significant differences (P<0.05, Student-¢ test)

MBS F R R I ATX L RICCHA ) 5 HMAS B A,
UCHEI, FEAE Y B & FHHMASZEATX I FICCHR
HEAHMAT/RANI, 2K B %5 24 IRk, 8
i FEXF AT, MTR 4g094695MIMTR 2g035840%5
HMA7/RAN L Z G AU PE fe i, B 25 PR AB M TR-
10926705 CCHAMLEE fe 5. qRT-PCRAGIN T #E2E 1
& RNAT-PUAB AR T4 2 7 FEIB FTHMA 7/RAN TR R 7Y
KREMN. FETHMKTMTR 42094695,

MTR _2g035840FIMTR_1g092670f) k52 LW AR

fk(EIS4(b)).

TEMTR _8g0792500) T-HL s, it Wad iz Je=f
PR R A 0 R I, ST REAR L, 22 AP,
UEHEN T BEAAAE L DD RE U A, Wi — DR
MTR_8g0792507E L E 45 ERE b g T RE, X HdktT 1

A 2oL 96 38 T A R L B A R AR AR P R A
Arqual, ¥EAEBEREE TS . RT-PCR YR, FEALAARAR TR H
IR F R B2, REEMEE S5x AT

3725



M43 8 & 2021FE108 $£66% 5282

© s a 14
a
12 a
= 1 a
S . =
= 8 S 40
o, a
™ e ™
= —_
= g s
Q Q
=, &
= =
D 2 o]
[P} [
2 BT
£ S 4
S 24 S
n ~
2_
0 0

Control O-exp Control O-exp

Fresh weight (g) / plant

Control Overexpression

25 -
b
a
20

o
N

2 8 8 3 ®
Nodule number / plant

o
o
(S}

0.00 - 0 -

Control O-exp Control O-exp

B 7 (2R RROR () BRI R 28 dJmid it RIBMTR_8g0792505% AR A A I 21 K AR BIARARSETT. (a) FeAUHIRRZR Y. AR R0 1 em. (b) Fe bt
PRAGERAL, FRROMT em. () BALAMR A BIFEARGETT ARV R ARG, BEE . AUREL SR8 /R pniEZE, REARZB N 30MAEY), A1)

I R3OR B B R, ki, P<0.05

Figure 7 (Color online) MTR 8g079250-overexpressing (O-exp) transgenic plant growth phenotypes and nodulation after inoculation at 28 dpi. (a)
Transgenic plants. Scale bar = 1 cm. (b) Nodules phenotypes. Scale bar = 1 cm. (c) The lengths of stems and roots, fresh weight and number of nodules
were scored at 28 dpi. The numbers of independent hairy root systems scored are 30 for each construct. Data are presented as the meantE. a and b above

the bars indicate significant differences (P<0.05, Student-7 test)
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Figure 9 qPCR analysis of the expression levels of genes related to nodulation and Cu transport in the MTR _8G079250-overexpressed transgenic
plants. (a) Quantitative analysis of nodule-related genes. (b) Quantitative analysis of HMA7/RANI homologues genes and CCH homologues genes. (c)
Quantitative analysis of HMAS homologous genes, standardized by Actin expression. Data are presented as the mean+SE
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Leguminous plants are able to grow in a nitrogen-deprived environment because they have evolved a symbiotic
relationship with rhizobia in the soil, leading to the formation of new organs, namely nodules. In root nodules, rhizobia
reduce nitrogen to ammonia through biological nitrogen fixation and provide ammonia to the host legumes in exchange for
carbon source and energy they need. In the symbiosis, legumes also provide the metal trace elements to rhizobia, including
copper (Cu). As one of the essential elements for plant growth, Cu participates in multiple biological processes. However,
excess Cu induces oxidative stress to the detriment of many physiological processes including symbiotic nitrogen fixation.
Therefore, the copper content in plants must be maintained within a certain physiological range. The higher plants have
evolved complex physiological mechanisms to maintain the copper homeostasis in cells. The heavy metal transporter, P-
type ATPase (HMA), is mainly involved in the transport of heavy metals including copper in plants. All members of the
HMA family in the dicot model plant Arabidopsis have been identified and classified. Preliminary research in the
laboratory found that HMAS gene is related to copper stresses and the symbiotic nodulation of Medicago. In this study, the
function of HMAS homologous gene was investigated during symbiotic nodulation in Medicago truncatula (Mt), a model
leguminous plant.

A phylogenetic tree was constructed based on the currently classified HMA family genes in Medicago truncatula and the
expression patterns of the genes were analyzed. A homologous gene MTR 8g079250 of HMAS was selected for further
study. Subcellular localization assays showed that MTR 82079250 was localized to the cell membrane and nucleus. The
fusion expression analysis of GFP::MTR 8g079250 showed that MTR 8g079250 was mainly expressed in the meristem,
infection zone and cortex of the nodules, as well as in the stele and cap of the roots. Knockdown of MTR 82079250 by
RNA interference (RNAIi) technology had no significant effect on the symbiotic nitrogen fixation phenotype. However,
overexpression of MTR 8g079250 impaired the infection process and nodule development. Compared with the control, the
fresh weight and nodule number per plant were dramatically reduced in MTR 8g079250-overexpression plants. The
numbers of the infection threads and nodule primordia were also significantly decreased. Ultrastructure analyses showed
that the nodule cells contained fewer bacteria in the overexpression plants. In particular, the remarkable deformation of
bacteroids and enlargement of peribacteroid space occurred in the infected cells, suggesting premature aging of the
nodules. qRT-PCR analyses showed that the expression levels of the nodulation marker genes, NIN, DMI1, ENOD1I and
leghemoglobin gene were down-regulated to different extent. These results indicate that the overexpression of
MTR_8g079250 inhibited the symbiotic nodulation.

In summary, this study preliminarily assessed the function of HMAS in symbiotic nodulation, laying a foundation for the
subsequent exploration of the absorption, transport and equilibrium mechanisms of copper ions during root nodule
symbiosis.

Medicago truncatula, HMAS, symbiotic nitrogen fixation, localization analysis, overexpression
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