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Abstract: [Objective] The high-affinity nitrate transporter family 2 (NRT2), when upregulated under low
nitrogen conditions, enhances plants’ efficient nitrogen uptake and plays a crucial role in improving plant
tolerance to low nitrogen stress. This study focused on functional characterization of the MeNRT2.6 gene in
cassava (Manihot esculenta Crantz), by examining the effects of heterologous overexpression of cassava
MeNRT2.6 in Arabidopsis thaliana on nitrogen use efficiency, to provide both theoretical foundation and
technical support for targeted molecular breeding aimed at improving nitrogen utilization efficiency.

[Method] The MeNRT2.6 gene, which was identified through transcriptome screening as being highly
expressed in cassava roots, stems and leaves under low nitrogen conditions, was selected as the research subject.
The MeNRT2.6 gene fragment was obtained by PCR amplification using cDNA from cassava cultivar C3 as
template. Bioinformatics analysis and tissue expression profiling were performed, and the tissue expression
pattern and subcellular localization of MeNRT2.6 were determined combining a protoplast transient expression
system. The transgenic A. thaliana lines heterologously overexpressing MeNRT2.6 were generated via the floral
dip method. The SPAD values and the activities of four key nitrogen metabolism enzymes, including nitrate
reductase (NR), nitrite reductase (NiR), glutamine synthetase (GS), and glutamate synthase (GOGAT), under
low and high nitrate conditions were measured. [Result] Phylogenetic analysis showed that MeNRT2.6 was
most closely related to PINRT2.7 from Populus trichocarpa, with 74.5% amino acid sequence similarity. Its
promoter sequence contains stress- and hormone-responsive cis-elements. MeNRT2.6 protein was localized to
the cell membrane. Under 0.5 mmol/L nitrate nitrogen treatment, MeNRT2.6 expression was induced in cassava
roots, stems and leaves depending on the treatment method. Under 39.5 mmol/L nitrate nitrogen treatment,
MeNRT2.6 expression was specifically induced in leaves regardless of treatment method. Furthermore, A.
thaliana plants heterologously overexpressing MeNRT2.6 showed increased root length, plant height and fresh
weight under 0.5 mmol/L nitrate nitrogen treatment, along with enhanced activities of key nitrogen metabolism
enzymes GOGAT and NR. [Conclusion] The MeNRT2.6 promoter contains low nitrogen-responsive elements.
Heterologous overexpression of MeNRT2.6 in A. thaliana improved nitrogen use efficiency, providing valuable

insights for developing nitrogen-efficient cassava germplasms.

Key words: Manihot esculenta Crantz; MeNRT2.6 gene; Heterologous overexpression; Nitrate nitrogen stress;

Nitrogen utilization; Evaluation indicator
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AT B S EYA B R A OB RIS ZUr e
FEREFEC, KE NRT2 A 6 MR EM, Hr, K
B MeNRT2.6 /=AU FE I+ AINRT2.7. 54 PINRT2.7.
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U1, B B4 PNRT2.7 v LIRS R 25 UL K K ¥
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REBS IR EAEIAR RAEK, AR F RS IR 2k 1R 40 A0
WAL 2 T ) ST 4 82 v R A 0ot S 3R D R AL R
16 ARNRT2.7 e i SR S0, 46 ) 220
Wiz gE /Y. 5 HABEE R A [F ) /&, OsNRT2.4
BRI T R #h B A B TR, SR IA 2 A R
EHEKRFFEFRNE S, KRR R A KL
AR R A 1) AR AR B et R,
AT FEHEN A 2 MeNRT2.6 7] Be ALY R Eh 3515
43 HE PA S G e 80RO T A AR AL D R

ARH T MRS T RNA-seq Z 5 3 K B s
HHS I I O R B MeNRT2.6 3E[K, 8 I2 1623k
RSN IF Arabidopsis thaliana, f#HT
MeNRT2.6 TE R FE M H & T7 ) Dhfe, LUH AR
SR ORI 0 I AR A 1R A i R
XL
1 MRS
1.1 RAEHET RNA-seq =ZFEF D

N T I e AR U 5 R 28 NRT2 %R A
DAL, AT 5 A58 FH o ] s ROl R 2 e+ 2E e A
B 5 BT AR S 300 855 AR ) 2 i T MR A O I B
PR BEAT 53 b, A IR AR B R M C3,
A PR T R OA: IR (0.2 mmol/L KNO; ¥R LA K &
% (10.0 mmol/L KNO- ¥&) . 1 FH #5321 E0 95 0 Hr
i A 260175 3 1) MeNRT2 FE [N, i 261 N 25 S 4%
# (Fold change, FC)=2. & IE 5 P<0.001.
1.2 £MERFESN

M JGI AE ) PR 2H £ 4 2 LA S NCBI 04l e T
WAZE MeNRT2.6 F1 I A Fp [R5 5 K 7 51145 2.
fii F§ MEGA 11 A4 1) ClustalW 553847 2 7 51| Eb
XT, EEXT 58 B SR 4 4% (Neighbor-joining
algorithm) 4 & #E4L T, bootstrap [H W E A 1 000.
Fad se i, (A 7ELE T A iTOL 1L HEAL R . F
FITE £ 73 #r T. L SWISS-MODEL. SPOMA X
MeNRT2.6 & H#EAT G # 0 43 4 o A SMART
(http://smart.embl-heidelberg.de/) 7E £k T. B X K2
NRT2 & A &5 380t 47 W 53 #r . KZE MeNRT2.6
BN e FLIRIRIE R S 31 7 51 AN NCBI 250405 P2 1 42
B, K/ B3 2 000 bp. FJH PlantCARE 7£ £k
WA s 30 AT T A FH oA T 43 A, 9 45 SR
TBtools FAFFEAT AT MLAL 23 H7 o
1.3 MeNRT2.6 A=

AT 5 R H B804 T K MeNRT2.6 2
FE B4 8., fd ] PrimerS.0 B HHRE R 5140, 514

FHILE 1. DARE C3 1 cDNA NEIR 3T
PCR ¥ 14,
®1 S|MBHMEET

Table 1 Primer names and sequences

SIALFR ElEZ 2]l
Primer name Primer sequence

HYG-F ATGAAAAAGCCTGAACTCACC

HYG-R CTATTTCTTTGCCCTCGGACG

GFP-F ACAAGTTCAGCGTGTCCG

GFP-R CTCGTTGGGGTCTTTGCT

Xba I/NRT2.6cds-F  GCTCTAGAGC/CATGGCTCAATC
TCTTCTCCTGC

Kpn I/NRT2.6cds-R  GGGGTACCCC/GGTAATCTTCAG
CATCTTCGGCAG

MeActin-F TGATGAGTCTGGTCCATCCA

MeActin-R CCTCCTACGACCCAATCTCA

MeCN2.6-F TCTGCGATCTCCTGGGTCCTC

MeCN2.6-R ATCCAGAACTGATTAGCGACGAAG

1.4 MeNRT2.6 EH I HAENL

¥ MeNRT2.6 3:[X CDS KM T 16318-
hGFP Rk &k, ¥IERLE =Y A 2 KR AW
Escherichia coli DH5a, F1¥4 ¥ 1E#ff 1) 25 2H #0445
WLTE SO T TR AR oA v e B 3R

1) JE AR B AR ) 4« PO 35 R 40 ma I i
FEHB YR TAE G YR 0.5~1.0 mm 58 FI4H2%, JRNEE
A O JE B B I I A 1 TG B AT R, e Ak
G N N 50 r/min (82 PR P B f# 2~3 h;
IINSEARFN WS Z2 bl ¢ (B S B, FH 2 ikt
Sk S 2% BB R =, A 70 pm FLAE Cell
Strainer i JE 2 L HEL M 4 °C. 800 r/min &.O»
8 min, 3 FiEW. MHETEMSZZEMA 10 mL 4
W5 2, 4 °C. 800 r/min &0 8 min, 7+ FIEK;
ZEMB NN 10 mL T4 W5 2y B 2 5 A A4, K
% 30 min; 4 ‘C. 800 r/min 550> 8 min, F _LIH W
I MMG 28 il B2 20 J5 AR R

2) JR A FAAREAL: B 200 pL JEA RARBUN 2 mL
EP &, NN 10 pg A K 16318-MeNRT2.6-
hGFP(Z W #H %K), B RIS, EHJIE 5 min.
TN 210 uL PEG ¥, SL BV AR S, =R
B 20 min; ZEE I T, T 800 r/min ¥ &> 8 min,
FF LB 1 mL W28 P 5 8 R AR AR, 59
TERBELR. £=ET, T 800 r/min TR
L 8 min, I+ FIVEW: AN 1 mL WI SR E &R A
AR, FEEIR T, T 800 r/min 30> 8 min, 3k
THG EE E—DHEAE M 100 pL WI 2219, B
20 pL A THOCILRE RS SRR,
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6 d, FFF % 39.5 mmol/L KNO; 1353 (NH; ik &
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WFE S K RF R AR 6 d 5, oA
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TR A B A A A6 12 ho ot/12 h i,
T 25 C AHIRHEE 50%. 70 5 SR8 & A 4 H
S-S P 17 O R (SR W o % S L B
%G A7 T—80 C UKAE N4 .

1.5.2 RT-qPCR B RIRAYH RNAprep
Pure £ ¥ Z WY E RNA FEHGAF & i k4T
AR RNA G I H 3RS A RHE A TR 2 7
1) EvOM-MLV Jiz %% 55 iV AL 1) & % R RNA
S ¥ 5%5 cDNA. f§H SYBR Green Pro Taq HS il
& qPCR X7 & HE4T RT-qPCR i, LA MeActin N
WS, NN 3 IRAEDHER, H 22T
M 45 5, 48] GraphPad Prism 8.3 i3k47 i & F1
725 T
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AT FEAET o ORI M 7E 5 A 30 pg/mL W%
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1) BL R M AR T, A& Fh+ . R RIRAEDT)
I RUE ) HE KT 2H DNA $2 B 77 & 32 0] A6 i 18 1
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T REM B M F RN E
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7 do BRI B HL 6 BRAEMREEAT FR ARSI :
BRI E MR #hm: BT REARRT K, R
FH 73 At RSP PR AR 5T 5 20 ) K F 5 M R A=
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NR) 3 PE I R & (R E ) T R 10 5 il
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HE 3 AV EE, RO 4 R E#T S
53T
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fi7 marker & H PIP2;1-mCherry HJZL 48615 5 &
Ay BB MeNRT2.6 85 1 € 7 T2 i i
2.6 KZE MeNRT2.6 HEARIEER

NT B BAAS RS A IR E R MeNRT2.6 2 TR
KE C3 ANFRIHRF FIRBFENE, AHE 705 Bl EL
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FIAR RNA, K% 5% )5 147 RT-qPCR 731 .
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PIALEE 1.2 F1 5. AbBE 1 45/F N MeNRT2.6 3:H &
B ERIE (K 4A). ATHEFE MS 53735 A E
MR MR, B G 48— x4 v AT B LR (O
20 AHE 6 d, T4 i FHAS [F) VR B Al A AT Ab HE
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MeNRT2.6 ZER EEAEm ik, ZrhRik (B 4B); o

10 25

ZALEL 5N 39.5 mmol/L KNO; 4b#, FEfE A
0.5 mmol/L KNO; Zb¥E (&b FE 5), MeNRT2.6 2 [H &
AR ERIE (K] 40).

TENH; AFERF, R MS 55 78 35 8 SRR
FEREA R (AEFH 1), MeNRT2.6 FH iR IE5 T BN
2 B 5 EE S (K 5A). TR NH; FEER,
PR R FE R A R (MS 559898 ) B ERIK &
% (ALFE 2 TN 5), MeNRT2.6 K 3 B b R ik,
ANEREHS R P ZERNAEZRHIRIEEL
BEA (E 5B). 7R NHS AZ1ERS, R M AL
TR S A i AR PE A A B AL BE (A3 2), MeNRT2.6

R = A I R kb 32 B2 55 (] 50).
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R: Root, S: Stem, M: Mesophyll, L: Leaf vein, P: Petiole; All using the tissue with the lowest expression level as the control in each figure, * and ** indicate
significant differences compared to the control at P<0.05 and P<0.01 levels respectively (Z test).
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Fig. 4 Tissue-specific expression of cassava MeNRT2.6 gene under low concentration nitrate nitrogen treatment (1, 2, 5)
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Fig. 5 Inducible expression of cassava MeNRT2.6 gene under low concentration nitrate nitrogen treatment
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Fig. 7 Inducible expression of cassava MeNRT2.6 gene under high concentration nitrate nitrogen treatment
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Fig. 9 Phenotype of Arabidopsis thaliana MeNRT?2.6 overexpression transgenic lines under low concentration nitrate nitrogen stress

81 o 3r g . 0041
*
<= 6L * L
5 6 N - 003
22 £ ) 075
> o L 0 i) g
w g4t Ey = 2002}
=z £ 3 £ 8
H g ~1F &)
£t 0.01 |
Ly © "< © Ly ©
ﬁ,-b’\ '»-@ S ﬂ,-b’\ ﬂ,-@ S ,\/_’\ '»-9/ S
& & & & & &
R PR #& 73
Line Line Line

WT: B 4E41; OE2.6-1. OE2.6-2. OE2.6-6: # AL PHVERR & . A%+ 5l o 5B AE BILE P<0.05 1 P<0.01 K-V 5 B E (KD
WT: Wild type; OE2.6-1, OE2.6-2, OE2.6-6: Transgenic positive lines. * and ** indicate significant differences compared to wild type at P<0.05 and P<0.01

levels respectively (¢ test).

10 {RIRERESEMIE THIRTT MeNRT2.6 13 TRk FHEE R REIENR
Fig. 10 Phenotypic indicators of Arabidopsis thaliana MeNRT2.6 overexpression transgenic lines under low concentration
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Fig. 11 Key enzyme activities of nitrogen metabolism in Arabidopsis thaliana MeNRT2.6 overexpression transgenic lines

under low concentration nitrate nitrogen stress
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Fig. 13 Physiological indicators of Arabidopsis thaliana MeNRT2.6 overexpression transgenic lines under high concentration

nitrate nitrogen treatment
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Fig. 14 Key enzyme activities of nitrogen metabolism in Arabidopsis thaliana MeNRT2.6 overexpression transgenic lines

under high concentration nitrate nitrogen treatment
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