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Abstract: Peanut, a major economic and oil crop known for the high protein and oil content, is
extensively cultivated in China. Peanut plants have the ability to form nodules with rhizobia,
where the nitrogenase converts atmospheric nitrogen into ammonia nitrogen that can be
utilized by the plants. Analysis of nodule fixation is of positive significance for avoiding
overapplication of chemical fertilizer and developing sustainable agriculture. In this study,
AhNIGT1.2, a member of the NIGT family predominantly expressed in peanut nodules, was
identified by bioinformatics analysis. Subsequent spatiotemporal expression analysis revealed
that AhDNIGT1.2 was highly expressed in nodules and showed significant responses to high
nitrogen, low nitrogen, high phosphorus, low phosphorus, and rhizobia treatments.
Histochemical staining indicated that the gene was primarily expressed in developing nodules
and at the connection region between mature nodules and peanut roots. The fusion protein
AhNIGT1.2-GFP was located in the nucleus of tobacco epidermal cells. The AhNIGT1.2-OE
significantly increased the number of peanut nodules, while AhNIGT1.2-RNAi reduced the
number of nodules, which suggested a positive regulatory role of AhNIGT1.2 in peanut
nodulation. The AhNIGT1.2-OE in roots down-regulated the expression levels of NRT1.2,
NRT2.4, NLP1, and NLP7, which indicated that AhNIGT1.2 influenced peanut nodulation by
modulating nitrate transport and the expression of NLP genes. The transcriptome analysis of
AhNIGT1.2-OE and control roots revealed that overexpressing AhNIGT1.2 significantly
enriched the differentially expressed genes associated with nitrate response, nodulation factor
pathway, enzymes for triterpene biosynthesis, and carotenoid biosynthesis. These findings
suggest that ADNIGT1.2 play a key role in peanut nodulation by regulating nitrate transport
and response and other related pathways. This study gives insights into the molecular
mechanisms of nitrogen and phosphorus in regulating legume nodulation and nitrogen fixation,
and sheds light on the development of legume crops that can efficiently fix nitrogen in high
nitrogen environments.
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peptide family), 8 2 JE I PR 5T T fif 2 £ vk FE A8
b, AP HWW S5E, WG L E AR
FIRAAE M — A A FARZS S [T AU DA T
SCEXT AR & B S A A RS A RS,
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ET il N N N R 6 1 [ G S 1
38 W MSCORIARL R PN 1) i e 3 o 2 PR ) v A8 T
EIEAE R A1 A B KRB GmSPX5,
GmSPX8, GmPT5, GmPT7 Fll PHRL (phosphate
starvation response 1)%5 3L K345 5 G RHE
Yy 25 98 0 E RS AR GARP RURE SRIA T
NIGT1 (nitrate-inducible GARP-type transcriptional
repressor )2 5 T AMBEE TG, TEMHEE
OUF ,AINIGTL.2 3853 B %5 PHTL1 F1 PHTL4
SEE 37w A e R4S & R e s
R ARG 5%, JF R I NOs %15 2 1 S i 2
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P NRTL.1 f 235120, L8] NIGT1 & 35 L
RN UL B B B 56 B R T 2% . AT R K H
55 TR SRR W 4 R R R P R
SN, MHECT NIGT1 &5 Jf W
VEECUSR R K7/ Ert i NUUE 81 B N T S
ANNIGTL.2 =2 7E AL A AR v 2 58 I I 2 i
MBI T B2, , ARNIGTL.2 3 5of 1 5 Al i h 2
12 FIAF 5 30 6 v ) 56 R R 3k IR PR P A6 A 4598
i — 20 B s 43 AT R W ADNIGT1.2 3l i 4
SR ER LY | 259 TR T K . DU AR
Y& LB A B N R AR A AR R AR R
A S5 . AHE5E LU R fif o S RHE B AU i
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1 MRETE

1.1 #EYPR EER IR BRRAE A

AHFE R IR 464 (Arachis hypogaea L.) . 4
#i(Nicotiana tabacum L.) . #J& % CCBAU.051107
(GenBank %555 : GCA_900116675. )X IEF 1LI7Y
fol Rz 2, AR RIRIE 24-27 °C.
MEEE 60% ., JCJRIWISNOLIE 16 h/B&RE 8 h AT
SR, SRR IR LI A R v R R R
F A BRA ., Hind 11, BamH I, Xba I,
Kpn1. BasI SEBR il 14 A UIEE F1 T4 DNA Ligase
2l H New England Biolabs 2y F], #EiX DNA
[ g K S £ BBOR FR) G A oR AR A= A BHE (b
A RRA R, KIGFF&Z 25 (Escherichia coli)
DH5o0. . AR J& 4% #T 14 (Agrobacterium  tumefaciens)
GV3101 & H4HT 7 (Agrobacterium rhizogenes)
K599 SRR RSk B i e A= M B R A BR A
Al o A FE BT 4 9 8 3R 35 24k pUBI-GFP-
4xMyc . JTER#E K pK7WG2D . pEarleygatel01-
GFP #i& . pMDC162 Z AR RAF T 1L PI&R LK
FIR BRI,
1.2 ZFHIXEEEEH AR S

F F Phytozome 3 Xt #£2E (Arachis hypogaea
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L.). #IE§Jr(Arabidopsis thaliana). 7K#(Oryza
sativa), K &.(Glycine max), F>K(Zea maysL.)
FIE 1% (Medicago sativa L.) 6 F/EHY NIGTI
RIEMRIT Y47 IEXT, K TBtools #47i5t%
AR 2], THERR AR 32 (neighbor-joining
method), 1 000}~ bootstrap H & ,
1.3 AhNIGT12 #J CDS KR/E&IFrabE
GinfE

WACLAFE T N TS, £F 2 7 HH5E
42 e TT 5 AP AR IR T8 (OD4g00=0.08), 14 d J5 733il]

*®1 KWMRFASIY

WU | I FIARJE AR i, {7 TaKaRa 23 F] TRIzol
IXFHREC RNA o g st it ME R A b4 14
F BRZN 7)i 7 A& HiScript 11 One Step RT-PCR
Kit (P611-01)iA TS5, W4 iirfs B i Sak e A
cDNA I ANNIGTL.2 & [H i) 7 % o AR 41 ML NCBI
PRI ADNIGTL.2 4fi% 751 (coding sequence,
CDS)AJi 8l 7 5] (promoter) Al 3'UTR 731 i%
a1y, 5l TAEY TR B A RA
FIA B, SIS LR 1.9 R 15 ADNIGTL.2
CDS I JA gh+ kv Bl i% 4 8] pDONR207 Ji

Table 1  Primers used in this study

Primer name Primer sequences (5'—3") Usage
AhNIGT1.2-F ATGCAGCGACTGAAGACTATGATGG Gene cloning
AhNIGT1.2-R ATAGGCAGGGGAAGTAGTTGTGGT Gene cloning

AhNIGT1.2-OE-F
AhNIGT1.2-OE-R
35S::AhNIGT1.2-GFP-F

35S::AhNIGT1.2-GFP-R

proAhNIGT1.2::GUS-F
proAhNIGT1.2::GUS-R
AhActin-F

AhActin-R
AhNIGT1.2-RT-F
AhNIGTI1.2-RT-R
AhNRT1.1-RT-F
AhNRTI1.1-RT-R
AhNRT1.2-RT-F
AhNRT1.2-RT-R
AhNRT2.4-RT-F
AhNRT2.4-RT-R
AhNLP1-RT-F
AhNLP1-RT-R
AhNLP7-RT-F
AhNLP7-RT-R
AhNiR-RT-F
AhNiR-RT-R

ttgatgtgattacagtctaga ATGCAGCGACTGAAGACTATGATGG
gttaattaacccgetggtaccATAGGCAGGGGAAGTAGTTGTGGT
ccaaatcgactctagaaagctt ATGCAGCGACTGAAGACTATGATGG

ccactagtatttaaatgtcgacgATAGGCAGGGGAAGTAGTTGTGGT

ccaaatcgactctagaaagcttGAGTATTCTCTTTCAAACC

ccactagtatttaaatgtcgacgGTCGCTGCATTCTTCAAAGAAGAGG

Overexpression
Overexpression
Subcellular
localization
and RNAi
Subcellular
localization
and RNAi

Histochemical staining
Histochemical staining

GAAGTTCTCTTCCAACCATCC RT-gPCR
TTTCCTTGCTCATTCTGTCCG RT-qPCR
CGTCACACAAGCCATTGAAGCG RT-gPCR
CACCGCACCGCCTTTCTTATTG RT-qPCR
TACCGATTCTTGGACAAGG RT-qPCR
TGACACTGAGAATGTGCTC RT-qPCR
GCCCTTTTGTATGCAAC RT-qPCR
AGCCATATGCAGAACACAC RT-gPCR
GCATGTTATAATGGGGATCATGG RT-gPCR
GTTGCATACAAAAGGGCAAAGAC RT-qPCR
GATTAACAGCCTCAAGTGCTTG RT-qPCR
GATTAACAGCCTCAAGTGCTTG RT-qPCR
GTCAAAGGAGGAACAACAACAACA RT-qPCR
CTCTTCAAATTCACTGCCTCAAGA RT-qPCR
CCTGCTGTCTCTAACTTGCCA RT-qPCR
CCTCTGCGCATCTCTTAGCA RT-qPCR

Lowercase base: Homologous arm used in enzyme digestion or gateway system.
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B RBEEREYHEARBRAF T 245
% pClone007 Blunt Vector Kit b, il 1IE#1 /5
a3 0 3% #5222 AR I 43 i Ak . pUBI-GFP-4
(ANNIGT1.2-OE), pK7WG2D-GFP (AhNIGT1.2-
RNAi). pEarleygate1l01-GFP (35S::AhNIGT1.2-
GFP)H! pMDC162 (proAhNIGT1.2::GUS)#k 4 .
1.4 AhNIGTL.2 MFRIAEX o

SRR B CCBAU.051107 (ODgoe=0.08)
14 d JGAELER | MR S AN RIZHZRH ADNIGTL.2
i 2 35 8 R H 52 I 98Ol 1 I % sk PCR
(reverse transcription quantitative polymerase
chain reaction, RT-qPCR)#EA7 K, 8 FHRg 50
o MEE A R By A RS )L GR & ChamQ
SYBR Color qPCR Master Mix, #ill{¢#s N
CFX96™ Real-Time PCR Detection System
(Bio-Rad A F]), HmAbFHRA 24wk, ek
&Iy ¥ 3 3 0 = (15,75 mmol/L. KNOs) . 4
(ddH,0) . 1% & (2.5 mmol/L KNO;) . & #
(250 umol/L KH,PO,) ., fK#(5 pmol/L KH,PO,)
HIHR IR P (ODg0o=0.08) b B . 7351 F 0. 1. 3. 6.
12, 24, 48 h B, XJA[m] st a) B A ) Ak
AL Y ADNIGTL.2 Kk 4T T RT-qPCR £
I, AhRNIGT1.2 Y RT-qPCR S1#¥1F 4 W55 1.

HAFKIBW . TN
proAWNIGT1.2::GUS HLF% & K AR FF# K599,
I BRI N AR R, TEHUE
KB BAFEB B, H GUS YL,
AFEREA I GUS 55 3% 3 )t~ ik e i
LI IR,
1.5 #“ERERWL

PRIt B 51 Se B AL AE R, Wik 2-3 d.
il 2 Jf FH T 5 A O A AT T 1 TR (ODg0o=0.80), HH
Tow FARINEAEA: i A7 3-5 wifil &
SMER, BARIETEEIR28 °C, 100 r/min)
W7 3% 1 he RYGTRIE , B IME A S8,
B, 7E 28 cCHE A Th LR R 3-5 d.
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W Fe B () AME R RS s A B3R 2 R K
FARM, F LUYOR-3415 XU K9G HIM A
SCUFAGIN T, A BR  JE R 0) B R AR T P gk
gk,
1.6 (HEILHAE L

Bt 52 A 35S::AhNIGT1.2-GFP 4
Filt -G 8 H BURLE AR AT I GV3101 Hitk.
¥ AhNIGT1.2-pEarleygate101-GFP . 40 i #% bric
7K pHBT-mCherry-NOS [ & #¢ & 4 2 ODgo0=
1.2-1.6, 512 1E 2] 10 mmol/L MgCl,, 10 mmol/L
2-Ny bk Z, il % [2-(N-morpholino) ethanesulfonic
acid, MES](pH5.6). # & 3 h J5{:4HH%, 3648 h
J OGR4 B i W %8 35S::AhNIGT1.2-
GFP ()3 41 L 5E 137 -
1.7 RESH

A3 LRI B 1 d A1 S dJ5AY ADNIGTL.2-
OE L) K %5 % (evaluation, EV)H LR, $2HUE
RNA. Kzl RNA F 5 ik B A e st LA £
Je SR AT A HERRPE , {8 Tllumina NovaSeq
6000 FH AT o XF AR £cds . R K
JEE RN PR B i bR AL T 2 )5, AR R 2
[ 2R aE, HEATALN 25 5 5L 40T, ARAS P4
)22 F IR I . 278K DESeq2, i
Y [5{1 M |log, fold change[>=1, P-adjust<0.05.

2 EREM

2.1 T4 NIGT EERKWEMERSF
7T

KT AR I NIGT Fm b1, LAIREIT
NIGT Z 575 (TAIR $di e & k% .
AT1G68670.1) A 7E Phytozome (i J& 4T
BLAST, FKHUIRGIF . KAE. K. EXK. 1
AEFE X 6 FAEYI R NIGT Z LM 75017
FEX 2RI (K 1A), 0 T R E A e S 51
A G 0 NIGT K bt , FIH Phytozome
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0.16 Root nodule

1.94 | 53.32| 45.91| 52.93| 31.12 | Root tip

2.75 0.55| 097 0.89 1.22 | Leaf treated with paclobutrazol

1.07 320 4.42| 437 3.02 | Leaf treated with ethephon

1.91 2.86| 3.31| 3.46| 3.54 | Leaf treated with salicylic acid

1.42 | 14.67| 4.62| 3.96| 15.02 | Root

1.65 | 12.25| 3.55| 2.44] 13.07 | Root and stem

1.99 5.88| 9.59| 8.10| 4.65 | Leaf with drought treatment

0.71 7.52| 4.86| 5.71| 7.14 | Leaf treated with brassinolide

1.16 9.77| 6.11| 6.36 836 | Leaf with normal irrigation

1.05 | 10.72| 4.54| 4.96| 8.69 | Gynophore

1.07 | 18.81| 19.20| 15.05| 18.36 | Leaf treated with ddH,O

1.65 | 21.33| 15.97| 15.34| 17.82 | Leaf in room temperature

1.28 | 20.64| 11.19] 9.52| 9.93 | Leaf

1.09 | 17.04| 10.04| 10.45 14.07 | Leaf treated with abscisic acid

223 | 19.26| 9.33| 8.58 13.29 | Leaf with low temperature treatment

2.19 | 31.22| 17.11| 16.87| 1545 | Stem

1.51 | 34.17| 832| 10.35 22.54 | Stem tip
M|

0.00 20.00 40.00 60.00 80.00 100.00 120.00 140.00

1 1E% NIGT EERENEMERFE S
Figure 1 Bioinformatic analysis of peanut NIGT gene family. A: Phylogenetic analysis of amino acid

sequences of AhWNIGTI1.2 and NIGT proteins from other plants. B: Expression pattern of AhNIGT1.2 in
different tissues extracted from Phytozome.
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Figure 2

: 14.d 18d
2% ’ | ' |

R DXL A e 10z A (] 280 Ik 8 A 3R R 8 T
HfRgy, I HT T ARNIGTL.2 76 A 6] A i K
SRR IR P AL R AR A T b b, S5k
B, ADNIGTL27E 1 h PIEIXS & (high nitrogen,
HN)ZEFRR I B i iy, SRR 2R AL
WA AR R R . Ak, 7EAIRA (low nitrogen,
LN). & ®%(high phosphorus, HP). & #%(low
phosphorus, LP)LL A8 7 (rhizobia, RHI)AbHH
T, ST, AnNNIGTL.2 (IFIATE 24 h
Bk 5 T (& 2B). BEEAR Y R AN ] b
WEFRTE, SHHYNRAERMET, MW
AR SRHE Y 458 B A AT 55, 456

BRI ADNIGTL.2 WA nl fES S5 A ik
BT LA,

T A ARNIGTL.2 e AR IR Hh ik biat
TERR AP 10, 14, 18, 20, 24, 28 d 43l
X4k proARNIGT1.2::GUS i EMRAR AT GUS
Jettorbr. Z5RERY], TEHEFP 10 d F LR

ERkE

cococoec gqocagac googaoes cgacacog
eIr oo N0 N0 oIstoo
o—nmolF® oc—nclF R o—odT 8 c—nodF R

20d 24d 28d i 5
| i, ¥ I

&2 AhNIGTL2 HBtZE RIAER B LU FRE D

Spatiotemporal expression pattern and histochemical staining analysis of AhNIGT1.2. A:

Expression level of ANNIGT1.2 in different tissues; B: Expression pattern of ADNIGT1.2 under different
treatment. HN: High nitrogen; LN: Low nitrogen; HP: High phosphorus; LP: Low phosphorus; RHI:
Rhizobium. n=10. ns: Not significant; P>0.05; *: P<0.05; **: P<0.01; ***: P<0.001. C: Histochemical
staining of proAhNNIGT1.2::GUS expressed in peanut roots and nodules in different stages. Bar=1 mm.
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R R AL INE] GUS 161k, MEERBENAT,

GUS 5 SRR P HIE 5Bl , T2 AR
PRIk AR AR MR, GUS RS EE

TEAR /AR FIAR R 1% 4 ab KR (1 2C), D 4%
T, TEARTE LB W B ADNIGTL.2 AT BEFZ I AR
RAMET , MAENAME N ADNIGTL.2 Al figsE
WA R 555 . 25 ERTiR, AhNIGTL.2 Bl nlBE
Z 5 as R A AT .
2.3 {£4% AhNIGT1.2 ELTF A% H
CARIE Y NIGT 20 T A% h UG 5k
- BIE XA E ], A %RiE ADNIGT1.2 J2 15
SENL T, HET 35S::AhNIGT1.2- GFP
)l 2R AR . 3 AR AT R A A i B A
AATIAR I 5, 3R BB 8% 8 1
) IV 20 L A7 TR O o 45 SR W, 35S:: ARNIGT1.2-
GFP @& HE A EZEM TAMAZN, J5IL5
AL AR bR i 8 H 35S::NLS-mCherry A,
FW] ADNIGT1.2 Fl NIGT )5 {37 T 40 f % 4
Ry s R - R AEAE (A 3)

35S::NLS-mCherry

358::GFP

358::AhNIGT1.2-GFP

Figure 3

2.4 AhNIGT1.2 IEAiEHE4ETE

it Mg ANNIGTL.2 7848 A 45 98 [ 4
AR AEYF IR, E BRI T
AhNIGT1.2-OE /% AhNIGTL.2-RNAi AL,
wE 4A 4D PR, 528 H(EV)HH L, ADNIGT1.2
f£ AhNIGT1.2-OF #54b R v if) 3235 & & 4
Jb, 7E AnNIGTL1.2-RNAi 4L iy Rk &
# FF&. 1M ARNIGT1.2-OE }2 AhNIGT1.2-
RNAIQ #2254 5 % BAH EL I 3% A B 8 n9 AR
fb. R 14 dJ5, A2k AhNIGT1.2-OE R
WG R 18 A, AR AR 34742 9 4
R, SXFIEAHEL ANNIGT1.2-OE H3JR %t fin
T 100% (& 4B, 4C). tHfZ, 4% AhNIGTL.2-
RNAI MBS G55 4 1>, AR FR0T HEAR
SR 9 ANV, 56 AR LG ADNIGTL.2-RNAi
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Subcellular localization of AhNIGT1.2. GFP: Green fluorescent protein; mCherry: Red

fluorescent protein (nuclei); Merge: Merged image of GFP, mCherry and bright field. Bar=70 pum.
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Relative expression level of AhNIGT1.2
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Figure 4 Functional analysis of ADNNIGT1.2 in peanut nodulation. A: Expression analysis of ADNIGT1.2 in
AhNIGT1.2-OE roots; B: Phenotype of AhDNIGT1.2-OE roots; C: Number of nodules in AhNIGT1.2-OE roots;
D: Expression analysis of AhNIGT1.2 in AhNIGT1.2-RNAi roots; E: Phenotype of AhNIGT1.2-RNA!i roots; F:
Number of nodules in AhNIGT1.2-RNAi roots. Bar=2 mm. **: P<0.01; ***: P<0.001; n=10.

2.5 AhNIGT1.2 ¥liRitEzMRIESH
SHXERNSHESE

J T ARFEAE A ADNIGTL.2 7EAELE A B FIVA
SRS MER, @it RT-qPCR & T 78
AhNIGT1.2-OE il % AR rf % 7% iz #H ¢ 3
AhNRT1.1. AhNRTL.2. AhNRT2.4. AhNiR 14

&: 010-64807509

55 S O SE R ANNLPL, ARNLP7 )
Tk, R B, 5XEAL, ANNRTL2,
AhNRT2.1. AhNLP1 FI AhNLP7 7£ AhNIGT1.2-
OE HEELRMR 2 5% Sk i AR (K] 5), 3R
B ARNIGT1.2 ] RE i i 875 A 55 1 A (s 5 5%
S AE TR I R Y 2R IR R IR AR AR I S5

B<: cjb@im.ac.cn



m ISSN 1000-3061  CN 11-1998/Q =¥ T #2224 Chin J Biotech

2‘ -
0 B EV

1 AhNIGT1.2-OE

3T ng ns

] *okk %
1 ki *% M1
Lo b &l AR

0.5 F

- = ﬁ][ﬁ M

S v
AR AU TS QY
.&Qﬁ .@gﬂ Q{S AV v $\) K}N
S

Relative expression level

5 AhNIGT1.2-OE # iR RECHIER
HRIED I

Figure 5 Expression level of genes involved in
nitrogen  transportation in  AhNIGT1.2-OE
transformed roots. Nn=10. **: P<0.01; ***: P<0.001;
ns: Not significant, P>0.05.
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Figure 6 Identification of DEGs by comparative transcriptomic stusy between ANNIGT1.2-OE root and EV.
Differentially expressed genes in ANNIGT1.2-OE transformed roots control 1 day (A) and 5 days (C) after
inoculation; GO enrichment of differentially expressed genes in AhNIGT1.2-OE and EV transformed roots
1 day (B) and 5 days (D) after inoculation; Heat map showed the expression patterns of genes involved in
symbiotic nodulation (E, F) and nitrate transport (G, H) in peanut roots 1 day and 5 days after inoculation,
respectively.
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