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/NE TaCLC-e-34AL ZERRE T R B HEE

KB4, 34T, mEm, Fkok, XBEK, HER, 4,
/%;72—\%7 %‘_{a‘&?j{*, i%/@';{*
(RTINS 86 28 AT R AR KR 2 Bt / 48 R /N2 KA 2 8 T S %, TR M 450002 )

WE: [ HW ] 9/ EEE TEIE TaCLC-e-34AL R R EHEEEN, LUENT TaCLC-e-34L S5 /N%
Wi 7 A U BOFE FHAL . [ 5k ] DM AtCLC-e LTSI NS %751, Eid BlastP Xif/INAZ K 41 504
FESEAT LR, 3% TaCLC-e-34L (TraesCS3A02G253600), TaCLC-e-3B (TraesCS3B02G285500) Fll TaCLC-e-3DL
(TraesCS3D02G254500) 3 LA, srHrHILHFLEM ARG R, ¥ TaCLC-e-34L-p1300-GFP fili &2 F13Ri4
AR B ANE FARIR S, 8T TaCLC-e-3AL W4T RE LR 5 SR AL R0 pg b AT IR T BB e, A
FHEERE R L2 i 55 TaCLC-e-3AL AHEAEHIMEE . [ 53R ] W5 B¢ iR, TaCLC-e-3AL Hi% i)
B AR, 5 RRIE/NE TuCLC-e [FPRIER R . ALIFE BT %W, TaCLC-e-34L £
HEANE R Rz R A A . IEH TR, T RRm NG . R D R S E S . AN
FENL IR, TaCLC-e-3AL #HZMN BTN 4% /G AL T AN . 133838 TaCLC-e-34AL # R R R ST AH MR ZE AR A
Jilhia S 44 N T LGRS 20 NOy ™, FERBIBAERAH AR IR P NO, /CIIRRAS, Ao AR MR AR 4 0 51 1) 1 2 8 4k
JE B XU 228 SCIR i % 1 7R TaCLC-e-3AL S57Ki@IH . 41K a/b 454 8 H R MR PE R B Tl 18 3 MR E
ff, %W TaCLC-e-3AL HRE S EMTAIS S TR Mham i . Se51EH . [F5 &S5 ey, (] hEA
B FMIE & [ TaCLC-e-3AL L FIFSGHKH . TaCLC-e-3AL SRR E W EEIF Pt 235, TEAR AU S T i
AU A] DATERERRAR BT T 2 09 NO,, FF4EH: NO, /ClIHfE, # B TaCLC-e-3AL Al GEJH T CL Al NO, (B Elz
#i. TaCLC-e-3AL M T 5/GEBEE M . MK a/b 255 E N . ERKBIE S FREED B/, S5 MENT
B A ERRE N

FEHA: NE;, EETHEEEN; TaCLC-e-34L; THREMT; HAFEH

Functional analysis of TaCLC-e-3AL and the identification of interacting
proteins in wheat (Triticum aestivum L.)

SONG Teng-zhao, MAO Pei-jun’, YANG Rui-peng, LI Bing-bing, LIU Teng-fei, XIE Yu-min, LI Yan-ke,
YUAN Meng-ying, CHENG Xi-yong", XU Hai-xia"
(The Shennong Laboratory/ College of Agronomy, Henan Agricultural University / National Key Laboratory of Wheat
and Maize Crop Science, Zhengzhou, Henan 450046, China)

Abstract: [ Objectives ] This study aimed to elucidate the mechanism of TaCLC-e-3AL involvement in response
to low nitrogen stress by analyzing the function and identifying the interacted proteins of TaCLC-e-3AL.

[ Methods ] The amino acid sequence of Arabidopsis thaliana AtCLC-e was used as a reference sequence, and
three genes, TaCLC-e-3AL (TraesCS3A02G253600), TaCLC-e-3B (TraesCS3B02G285500) and TaCLC-e-3DL
(TraesCS3D02G254500), were obtained from wheat genome database by BlastP, and their structures and
phylogenetic relationships were then analyzed. The 7aCLC-e-34L-p1300-GFP fusion was transformed into wheat
protoplasts to analysis the subcellular localization characteristics of TaCLC-e-3AL. Transgenic Arabidopsis
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thaliana experiments were employed to determine the function of TaCLC-e-3AL. The interactors of TaCLC-e-3AL
were identified by yeast two-hybrid system screening. [ Results ] The TaCLC-e-34L gene was cloned from
wheat, and bioinformatics analysis indicated that the encoded protein of 7aCLC-e-3AL gene contained 11
transmembrane domains, and showed the highest homology with TuCLC-¢ in Triticum urartu. TaCLC-e-3AL gene
was highly expressed in leaves and stems of wheat, and several light, hormone and stress response elements were
detected in its promoter region using the method of cis-acting elements analysis. Subcellular localization in
protoplasts showed that TaCLC-e-34L was mainly expressed in chloroplasts. When TaCLC-e-34L was
overexpressed in Arabidopsis thaliana under low nitrogen condition, the transgenic plants stored more NO, and
maintained stable NO, /Cl" homeostasis, the root length and fresh weight were not impacted significantly. The
screening results of the yeast two-hybrid system showed that TaCLC-e-34L interacted with aquaporin, voltage-
dependent anion channel and other proteins, indicating the possible involvement of TaCLC-e-3A4L in drought
stress response, photosynthesis, signal transduction and other biological processes. [ Conclusions ] The wheat
chloride ion channel protein TaCLC-e-3AL is located in the chloroplasts. The overexpression of TaCLC-e-34L in
Arabidopsis thaliana could raise NO; -N storage and thereby keep the normal NO,/Cl™ homeostasis in plants
under low nitrogen stress, so the TaCLC-e-3AL is thought regulating the synergistic transport of CI" and NO,".
Through interaction with aquaporin, voltage-dependent anion channel and other proteins, TaCLC-e-3AL

participates in response to drought stress, photosynthesis, and ion stress in wheat.

Key words: wheat; low nitrogen stress; 7aCLC-e-34L; functional analysis; interaction proteins

REENEYERKREKBTOLHFHREILREZ —,
ZH5TEAR. %R . BlsSFEZAS R4,
YA AR ELE NS A MES A,
TE S F AR EERARZIEE, SHEAR
A FE K i M B8 R R ) 3 R A AT R AR A
REFRED, fERhE=KREEDZ —1/NE
(Triticum aestivum L.), FHWSCR &R IE A F 2
AR, MARRBIEIHENERBZAERK, R
PR B R R Y, A S R
WKEE 4 K NO, iz RS A KiaEA
(low affinity nitrate transporter, NRT1). /= 3E FIAHZ
A F5i2 8 M (high affinity nitrate transporter, NRT2),
S M iEE H (chloride channel protein, CLC), 12
FH &5 1318 18 A1 ¢ [7] &2 %) (slow anion channel related
homologue SLAC1/SLAH)Y,

CLC HWN " ZHETAM R . MAEYHERE .
Y HEY . 1996 4F, B UAEAR G RILL g I e
RIAEY) CLC 3N, Ff)a & A F IR WA T
IKAET ., FRE L RTE NI AR S A
K#R4r CLC B AL HIRHIE &4 — 1 B SF
JE )48 508 Fil i (voltage-gate CLC) 45 #4) 3u F1
AORSF BB IE B 5 RS (CBS) Z5H 5(1, H4)
CLC FGEHH B 1T AT R R Wl e s g s, HAe
AP NINEEE . KNE TS, <fliz
Bl . KR A BT S I P A5 D T A R

YEM. AW CLC B KR LG 2 M2 (T .
My, 74, HPWTRTEE 5495 (-a. -b, -c.
-d. -g), W MAEH 2 MK (-e. -, W T AR
M)z, AtCLC-a, AtCLC-b Z5¥ifL NO, )
R, AtCLC-c fighkiz CIIF A RN SR TE9, &
K ZmCLC-a %E 7 TANMIAE [, Bed % L L R T AR
S ZRYREIRENY, KT GsCLC-c2 il %5 B s 1
R A 4 o A S PR 40U O AR S i e, AR AE
GhCLC-gl A LA AR P B o, BE s AR Ak
it Eh e, W3 I i AtCIC-e fiE i 4k 540l Ra I+ 4
ML N B RS R ER RS, H 5 AtCIC-a FEPAFAER G
PEI; AtCLC-e A] LIZEFRFI ISR N CLARES, 5200
I 2 1) R P8 A TR T O F T AR B S
CsCLC-¢e 25 TBHE T CU A F iy s i FEee; 4
IR MhCLC-e2 BB G 38 A A5 41 U6 S R W38 1Y
it 32 P21,

H AT Fis A CLC AUER A Y B 5T
FUKFEH AT TEON RGNS, /NE TaCLC Rk
MBI 3 A Th TR S AL A, ST R B
1) e A N EL A ) e A A i A e 0 o AS A 5 m]
XT3RS 3 A~ TaCLC-e RIVEIER, FiI /N J5 AL Joit
IRk SL RS T AR B DU A AR X TaCLC-
e-3AL WA ENL . FERTIRE L M BARDLHI AT T
W EHT, LU R /N2 R R WSOR H 4 fHE 56 PR 5 5
F AR RN T AU S %
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1 ARSI
11 R R IESR &G
1.1.1 /NZZ (Triticum aestivum L.) F T4 PR Fe 75 57
AR R A R 272 /N A B R IEGE 28 e T 1 /N 22 i

CBAR 8047 Sy MRL, PR AL I X 5] — B b
T, H10% H,0, i #Fl 1 5 min, ddH,O it
5~6 K, BRI WHR/NEE Sk E SR 1
H, B SRIREOL/MEE O 16 h/8 hy B EE
22°C/18°C; MXIIMEE 70% . 78 K5 57 46 v 5 5%
7~14 K,
1.1.2 WFIr kiR SHE A S A (Columbia-
0) IR T, FH 70% (v/v) WKG 1 KB 7 min,
0.1% (v/v) NaClO K& 5 min, fH ddH,O P& AH T
MS [ fAEEFR5E [, 4°C BRE S T HUE 3 RS
FrRA & WEBCERFRILT 22°C., RN
16 h/8 h OL/IE) MEEFRAE T %
113 a5 7 ik V. 40 i RE 1 3% 1k B AR
p-super1300-GFP (p1300-GFP). 4%k # Ik
pCAMBIA1300 (p1300)., FEERERZAEHifk pGBKT7
(BD) 1 pGADT7 (AD), 4 EEEER % Y2Hgold,
RIFF B R DHS0, BERESCEZRHE FHERRS) 429
B R AT BRA FI R A
1.2 TaCLC-e EEEERZE 7

IR ST AtCLC-e(AT4G35440) MY IEIR F 5
2%, jlid BlastP K& /NAZ 4 B LA P2 (http://
ftp.ensemblgenomes.org/pub/plants/release-54/fasta/
triticum_aestivum/), FK1F/NE TaCLC-e FLIH JF51 K
HAAE B (E-value<I1E™), F|H NCBI (https://www.
ncbi.nlm.nih.gov/) 7££E T.H. CDD search 6 5¢ & 4%
fhl, BE A BRIASE ., il fE4k T2 Exon-Intron
Graphic Maker (http://www.wormweb.org/exonintron)
XF TaCLC-e 3 /[R5 AT Fr) 6 A1 45 g K2 R~ 45 ) Jo
PEAT AT AAL S04 o Wolfpsort (https:/wolfpsort.
hge.jp/) X 3 /4> ] Y56 DA S B 26 1 2 3K 1 S0 40 7 A7
HEFTHUI

Z58 SCHRUO RN E54 , PRIE TaCLC-e-34L it
— %8 . B NCBI B 7 /R /N (Triticum
urartu). —BL/NFE (Triticum dicoccoides). RFE
(Hordeum vulgare) . WVEFG (Oryza brachyantha), 7K
(Oryza sativa), EK (Zea mays). /INK (Setaria italica) .
15 (Sorghum bicolor), RA (Ananas comosus). Uk

FJT (Arabidopsis thaliana) . YW (Nicotiana tabacum) .

& (Solanum lycopersicum) . 4% (Solanum
tuberosum) 1) 13 1~ TaCLC-e-3AL [A]iiE4 = 1 2
HRI7 4, it Cluster W 72 518741 LX), i
H MEGA 7.0 3K {4F>R B NJ 7 (neighbor-joining) #4
ARG K E I (Bootstrap ZE0M 1000); f#
Protter 7F£& T. 2. (http://wlab.ethz.ch/protter/start/) Fll
CDD search %} TaCLC-e-3AL [f ¥ 11751 #1715
LSS A TR G5 A 1800 A 5 il WheatOmics 1.0°%
(http://202.194.139.32/expression/wheat.html) %}
TaCLC-e-3AL TE/NFEAN R AL 4RI ] 2 & s 40 v
Faka A THN, FIH TBtools A {47 Al MLAL 43
#r; FIAH PlantCare 7E£E T B (http://bioinformatics.
psb.ugent.be/webtools/plantcare/html/) Xt TaCLC-e-
3AL WJa h 7 GREAHS T 2000 bp) M= AE G
HETGE T
1.3 RNA HJ4REX. ¢cDNA IR FM qRT-PCR
iR

K H Trizol (Invotrigen, 32 [E) 5 /N2 2
FEHE PR R I Hh 43 I R RNA, il IR A
W51 Nanodrop X H2HU & RNA ¥R EEHE TR, H
1% S5UIR M e FEL VAL I L RNA Bt o R Hifair®
Il 1st Strand cDNA Synthesis SuperMix for gPCR (32
XY, ) FI SR RNA SO Sk ¢cDNAL ff
JH AceQ qPCR SYBR Green Master Mix (Vazyme) iz
# £ . TaCLC-e-3AL-RT F/R Fll AtCLC-e-RT F/R 5|
Wk 59 E it PCR, U I SE AT R 9O 5E 1
G3 BT LA I 2H B SRR T IR Actin VN e A
—fNZ (1),
1.4 TaCLC-e-3AL EE &

F 45 Ensembl Plant (4% (http://plants.ensembl.
org/Triticum_aestivum/Info/Index) ' TaCLC-e-3A4L %
CDS J¥41, {#i ] Primer 5.0 #{F% 514 (£ 1),
PI/NZZ 2 B9 cDNA AR, i Phanta® Super
Fidelity DNA Polymerase #" 3% H 9 3EH . [ W& &R
(20 uL) 4. 6.8 uL ddH,0, 2xMax buffer 10 pL,
dNTP Mix 0.4 pL, c¢cDNA 0.8 pL, TaCLC-e-F/R %%
0.8 uL, polymerase 0.4 pL, PCR /¥ K : 95°C
A M 3 ming; 95°C 30's, 59°C 30s, 72°C 3 min,
34 AMEIR s 72°C PIRIESH 10 min. I BUIERHEEI
M) & CREA, D) 6 H Y S HEA T R 1]
W, K =% 42 3] pESI-Blunt vector k& I, #%
AKWATH DHSa JRZ 400, 3 5557 5 Phik
WP EAT TR PCR, REAS I Sy BH P o B2 ) TR YRI5 2
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Table 1 Primers used in the experiment

EIE7ERN

Primer name

EM51Y (53"

Forward primer

1514 (5—3")

Reverse primer

TaCLC-e-3AL F/R ATGGCGCCAGCAGCG

TCAACTCTCTTCCCTTCTGATCTC

TaCLC-e-3AL-p1300-GFP F/R CAAATCGACTCTAGAAAGCTTATGGCGCCA GCCCTTGCTCACCATGGTACCACTCTCTTCCCTTCTGA

GCAGCG
TaCLC-e-3AL-p1300 F/R

GCAGCG
BD-TaCLC-e-3AL F/R

AGCAGCG

TaCLC-e-3AL-RT F/R TCTTCATCCCTTTCCAACTCAA

AtCLC-e-RT F/R GACGCTTGGGACTGGAAAT

Actin-F/R GGTAACATTGTGCTCAGTGGTGG

TCTCCG

ATACACCAAATCGACICTAGAATGGCGCCA CGATCGGGGAAATTCGAGCTCTCAACTCTCTTCCCTT

CTGATCTC

CTCAGAGGAGGACCTGCATATGATGGCGCC TAGTTATGCGGCCGCTGCAGTCAACTCTCTTCCCTTCT

GATCTC
AGCCATCGGCAATCCTGT

CAACTGCAAAGAAGCATCCA

AACGACCTTAATCTTCATGCTGC

T TRIZAE TR IRGITE A DI R 51

Note: At the underline indicates the recognition sequence of the restriction endonuclease.

AT TR (L) B A BRI .
15 NERFEEREHSIE. HHERTAEEN

i P BRI PE N VI B Hind A Kpn 1 2 7E4k
p1300-GFP # Ak, zifbmUlgyl ™=y, witwa
BRSBTS DA K R AR A RS TR 51
(1), LU IE 8 0 44 AR T v B TaCLC-e-
3A4L, i#id ClonExpress® I One Step Cloning Kit #
TaCLC-e-3AL %45 p1300-GFP 44k I, K if
B WAL KA FE B, BRECPRPE Fope, $REUTORL

B — D /N Z o e, T g )
W 0.5~1 mm B4, BT 0.6 mol/L HEEEE T 4b
FH 10 min, AHARGHLUE, MUEW P INA 50 mL fif
fif i, EZS R 30 min J5 B T 20°C~25C #£K L
40 r/min B§f# 5 ho FIFH PEG 5% 4L 2% TaCLC-e-
34L-p1300-GFP 2 ki Fl p1300-GFP %5 2% Ji 4 43
AL /N AR LR, REOERESE 20 h, FEEOEIL
R4k T T EE GFP 55,

1.6 METEACNEFEERESEERNZE

My p1300-TaCLC-e-3AL T #AK, FREITEN
VIMGR Xba 1 F Sac 1, A B[R] I FIEDI A7
BIILE 1. KR IT T MS KigRdk L ig 3R 2 et
W, Kot Ak 2R E R LR e b kS 5
FEREAEW, R AEEN p1300-TaCLC-e-34L T4
BARFAL BRI EF A= B (WT) )8 R ik 2 4K
FHBAYE T, AREEE AR I AR o K WT Al 3 AP
T Y BH VG PR bR 2R SRR AE MS 5 R FERMIRAL MS 85
F73E (LN-MS, N0.18 mmol/L) |, B EE 10 KJ5
WELFERL, FAME . (] Image) B TS i 45

KL FRRR R 30 Bk EARK A AL ERRE R 10
PRATRE, 43 3 A4 R A3 A P e o, B Ak 3
HE 3R, REMTIEE 0.1 g BEGRE, R
SCEEEUIIE WT FRE R &R rY CTATNO, & &,
AR 3K,
1.7 BN E

7 BD (pGBKT7)-TaCLC-e-3AL &4 ki N
AR, BRI VIRE R Nde T R Pst 1, i 284k
Ivi) Y5 RNt D A 5 1 WL 1, R LiAC/PEG
OEAE AR AL Y2H BERE R, 29 %5505
WAE T SD/-Trp. SD/-Trp/X-0-Gal 1 SD/-Trp/-His/-
Ade BRIGIEFREE I, 30°C 8535 3~4 K, WECHTEIY
ARARE, FIBT S P AR 5 B A A T I

Fi L b 00 cDNA SCPE Bk 6 46 3 & 175
PEARE) Y2H BELE, ¥4 F SD/-Trp/-His/-Ade
BB FREE I, 30°C KigR 3~5 RIGHkIRE R LN
1~2 mm B TERE R 75 & SD/-Trp/-His/-Ade/-Leu/X-
o-Gal SR PG FEIE BT ZIRIRE , AR A R TE
P8, H AD R (pGADTT) 5|9tk i PR v [
W4T PCR Y4, SOWAKZR A 1.4, ¥ PCR =¥k
FEATAY TR (L) B A RA T . 78 NCBI
RO b HXI e e 3, 6 T RE S T AR A AR R
M (LA FFREAEEE T, Prey) s-Hris s,
1.8 BRI A3z EIH 5 IE

MG b3R5 45 R Pkt 15 TaCLC-e-3AL f77E .
VER IR LA T IR S0, {8 Primer 5.0 2 Fi 151
Yooty . AESE YUK Prey-AD EAH K (FFRTE
TR, EDTRE 1S, BRHITEN YIRS Xba 1A
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Sac 1, A3 #ARFNERE | BEUIOLS 51 W3 1.
# Prey-AD Jfiki 5 BD-TaCLC-e-34L JFki 3454k
Y2H BELEFE#E, L) Prey-AD+BD-TaCLC-e-34L Jif,
5521, BD-pS3+AD-T M FHPEXTHEZ] | BD-Lam+AD-
T A BAMEXT IR, [FBERA T SD/-Trp/-Leu (DDO) .
SD/-Trp/-Leu/-His (TDO) #1 SD/-Trp/-Leu/-His/-Ade
(QDO) BfasEFREL |, 30°C 35 3~5 K, WEHTE
ARRBLIFAIE,

1.9 HESH

% Ffl IBM SPSS Statistics 26 #4547 7
FEAS ¢ Ke 56, 25 R A4 E+bR DR (SE), R
Prism 8 ZX {1 T EIIE 2l

2 RS0

2.1 TaCLC-e ZERMEMERFENH

i i Ensemble plant [ BlastP T 23155 IR
I+ AtCLC-e AR /NZE LR TraesCS3402G253600 .
TraesCS3B02G285500 1 TraesCS3D02G254500 1Y
B 9 e g i A SR IR S BE AR B, il 44
TaCLC-e-34L . TaCLC-e-3B Fl TaCLC-e-3DL" (3 2).
Xof 5t AT 25 48 B JHC i ) 2 1 DR ST 285 4 SR A P A4
Bro X3RN EH TS 6 NN E T,

YRS E A KIEAME, A& 717 aa, HEA Voltage
CLC Z5#J%f, (Pfam ID: PF00654, http://pfam.xfam.
org/) £l CBS Z5 444 (Pfam ID: PF00571) (I 1), 45#
W3 7R TaCLC-e-3AL 1F 563~613 aa 1 637~
691 aa X [AI&A71E 1 4~ GBS, 3t 2 4~ CBS 45#yk,
i TaCLC-e-3B I TaCLC-e-3DL % WA 1 > CBS 4%
MR, MR 2 ANFEILH, TaCLC-e-34L HAHH
N ERE M SE R (1458, IR $E TaCLC-e-
AL AT 201,

RO KRB HAMEER RN, TaCLC-e-3AL 55
PR K /N TuCLC-e R JRMEfe s, SRR
PRSP , TaCLC-e-3AL 5 TuCLC-e [
N i A AR ES 254, {3 TuCLC-e 1) C ¥ U
14~ CBS 4543k (& 2), BEMEL5F953Hr 28, TaCLC-
e-3AL I EA 11 MBS, K C s T Ml
W, Nyl FHIsh, HA A N-glyco motif (& 2 Fil
3), Voltage CLC fR5FZ5HII8 A CBS 454438 7 5 47
Tl BRI Sk A A A Ab

HH Zadoks ZE0% /N AR L EUR [A] & B B
710, Z13, 723, Z30. Z32. Z39. Z65. Z71,
275 1 285 [ ZRIR I 04T, TaCLC-e-3AL T/
W R AR R SRR R, E R Y RS IR
(E 4A); TENEARF KR ERY, TaCLC-e-3AL 7E

=2 TaCLC-e ERAER

Table 2 Genomic information of the TaCLC-e genes

SE TR HRS K ShET WNET Rl R STRA= N Hefafk
Gene name Ensemble ID Length Exon Intron Star to end location Chromosome
TaCLC-e-34L TraesCS3A02G253600 2838 7 6 474962330 474970320 3A
TaCLC-e-3B TraesCS3B02G285500 2415 7 6 457013924 457026915 3B
TaCLC-e-3DL TraesCS3D02G254500 2489 7 6 355885478 355893581 3D
TaCLC-e-3AL

e VYV NS

TaCLC-e-3B

B s mm_

TaCLC-e-3DL

m ma m mmam

—— & T Intron

I CBS4: ) CBS domain

I /| 5% T Exon

[ Is9EfitIX 5' UTR

I CLCR T H g
Voltage CLC domain
[ 34ERII%IX 3' UTR

Bl 1 TaCLC-e ERLGH R R EHE AT ILILE]

Fig. 1 Visualization of gene structure and conserved domain of the three TaCLC-e genes
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TuCLC-e (XP 048564104.1)
A TaCLC-e-3AL
TACLC-¢ (XP 037413636.1)
HvCLC-¢ (KAE8819767.1)
ObCLC-¢ (XP 006646251.2)
0sCLC-e (XP 015622009.1)
SiCLC-e (XP 004969681.1)
100 ZmCLC-e (PWZ30288.1)
E[ SbCLC-e (XP 021313413.1)

AcCLC-e (XP 020103442.1)

AtCLC-e (NP 001190924.1)

100 NtCLC-e (XP 016461327.1)

100 SICLC-e (XP 004231107.2)

99 StCLC-e (XP 006364337.1)

2 TaCLC-e-3AL EHRIK R G WK R 71
Fig. 2 Phylogenetic tree of TaCLC-e-3AL protein family and functional domain analysis

T 46 =/ R/NE TaCLC-e-3AL M, 55 M4 NCBL ¥, Tu—SH/RIEVNE; Td—H/NE; Hv—KE; Ob—EFA: %5
Os—/KFi; Zm—EK; Si—/PK; Sb—md; Ac—RA; A—URIIT: Ne—M%; S St—%, BOIrY N FEs R, &
ek CBS 4.

Note: The red triangle is the wheat TaCLC-e-3AL protein, and the NCBI accession number is in parentheses. Tu—7Triticum urartu; Td—Triticum
dicoccoides; Hv—Hordeum vulgare; Ob—Oryza brachyantha; Os—Oryza sativa; Zm—Zea mays; Si—Setaria italica; Sb—Sorghum bicolor;
Ac—Ananas comosus; At—Arabidopsis thaliana; Nt—Nicotiana tabacu; Sl—=Solanum lycopersicum; St—=Solanum tuberosum. The orange box

represents the transmembrane structural domain, and the green box represents the CBS domain.

&
® CBS%i14Hk CBS domain
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Fig. 3 Model of the transmembrane structure of TaCLC-e-3AL protein
TE: BB E AR, BN RER A R R IR S

Note: The circle represents amino acids, and the letters inside the circle represent abbreviations of amino acids.
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Fig. 4 Predicted heat map of TaCLC-e-3AL gene expression

T B (A) I RBIAAR LU TaCLC-e-34L BIFREKT-5 B (B) WA A F AL TaCLC-e-34L WKk, WIESME AL,
BB A . grain Z85—JFAEJG 30 KAFRL; grain Z75—HAEIG 14 KAFRE; grain Z71—IFAESG 2 KAFRL; spike Z65—HAEHIY
Tl spike Z39—ZAFMIMNEE; spike Z32—3RWTWIMIREE; leaf Z71—FFAEJG 2 KT A; leaf Z23—5rBEMANT F 5 leaf Z10—4h it F-;
stem_Z65—HAEHINZE; stem Z32—4R T EAMZE; stem_Z30—E I BZ5; root Z39—ZEFEMIMYAR ; root Z13— =M ; root Z10—%))
HIARAR . B UR T RNA-seq 082 .

Note: Figure (A) is the TaCLC-e-3AL expression levels in tissues at maturity stage, and figure (B) is the TaCLC-e-34L expression level in tissues at
different stages. The periphery of the sector is composed of different tissues, and the values inside the sector represent the expression level.
grain_Z85—Grain 30 days after flowering; grain_Z75—Grain 14 days after flowering; grain_Z71—Grain 2 days after flowering; spike Z65—
Flowering spike; spike Z39—Spike at booting stage; spike Z32—Spike at jointing stage; leaf Z71—Leaf 2 days after flowering; leaf Z23—ILeaf at
tillering stage; leaf Z10—Leaf at seedling stage; stem_Z65—Stem at flowering stage; stem_Z32—Stem at jointing stage; stem_Z30—Upright
pseudostem; root_Z39—Root at booting stage; root Z13—Root at trifoliate stage; root Z10—Root during seedling stage. The data were obtained
from the RNA-seq database.

leaf Z71 JFAESG 2 K) Bt B B B s iy Rk it i A AL, TR . A0RA% S i T b Y
£ grain_Z75 (JFAEJG 14 K) Fl grain_ 785 (FFAEJG 30 A1k, i TaCLC-e-3AL AYLR A2 LISk iy 41
K) HpkERh RIA AL (K 4B). BIOCRI —BU 1, MMIOLEeESE, R
IHT TaCLC-e-3AL JE sh TR AE TR, 45 B TaCLC-e-3AL W4 (i Fit2fiA (] 5).
BB N B IR s FAAAEZMINIERICHE ., 2.3 TaCLC-e-3AL TERIRGSF P RITHBEIAAE
BRI B IAE I CAAT-box, TATA-box SV R S T, R3S TaCLC-e-34L
b, SERVEOCRNICRE WG ORRas, AR R gy i S s bR R L BEHLBEE 3 -BER OF-
FIRHER . AR L KHIR) W L TT LA S e AR G 3. OF-6. OE-11, ¥k 3 ANkt bk & 5 B4 741

(5 JRE) MMRILAY (3% 3)- RIF WT 90 - F IR AR 2 (LN, 0.18 mol/L
2.2 TaCLC-e-3AL K9V ZBAEE {iL N) BOE# R3R5E (MS) Bk fTiigR, 3 MG AL bk

¥ PEG #4644 p1300-TaCLC-¢-3AL-GFP il & (OE-3. OE-6. OE-11) 5 WT M IR KA 3%
B EAFRIREARA p-super1300-GFP 5 #ifk (XWTIE) it 257 (Kl 6A. B). qRT-PCR T/, 3 MERT
B AL B/ NE AR A, RO R R TaCLC-e-3AL W FRIB B AtCLC-e T 5~6 1%
BN LSRR (1R IAE L. I GFP. ISR A (K1 6C), #EHL WT Ml OE # % (OE-3, OE-6. OE-
Ve & R A AR . p-super1300-GFP 25 A4 it 43 (6, 5¢ 11) 45 30 kR it & (R ), SR BN OEMARS



TGA-element
TGACG-motif
TC-rich repeats
TCCC-motif

Box 4

AuxRR-core
as-1

DRE core
GATA-motif
CGTCA-motif

GTI1-motif

25/ KZ R Involved in auxin- responsiveness

Z: 50 R WY Involved in MeJA responsiveness

% 55 AINE S Involved in defense and stress responsiveness
Z: 55 R Involved in light responsiveness

Z 5D R ST DNABEHE 7>

Part of a conserved DNA module involved in light responsiveness

Z: 54K Z W) Involved in auxin responsiveness

2 5 R Z M Involved in gibberellin responsiveness

Z 5T B PHEMRN Involved in drought stress responsiveness
255 Involved in light responsiveness

2 53 HR PRI Involved in MeJA responsiveness

Z: 55 R Involved in light responsiveness

MY E IR 58k R 30 &
3 TaCLC-e-3AL RENFRIRKAER T2
Table 3 Analysis of cis-acting elements in TaCLC-e-3AL promoter
AR AT TrRE R Hoit
Cis-acting elements Function annotation Number
CAAT-box Bk F X =04 E FHJG/4 Common cis-acting element in enhancer regions 34
TATA-box e S AR 15301940 JTf Core element at -30 of transcription start site 22
MYB MYB# g K F45 6 XAk, TR Ao 8
Relating to drought-inducibility in MYB binding site
STRE VA IERE . TN Involved in abscisic acid and drought response 6
MYC MR B Rl Stress related cis-regulation 6
TCA-element 2 5K A% W Involved in salicylic acid responsiveness 3
ABRE Z 5[5 B2 Involved in abscisic acid responsiveness 3
P-box 2 5% £ R Involved in gibberellin-responsiveness 2
G-box Z 550 R YIRS Involved in cis-acting regulation of light responsiveness 2
ARE Z 5 R E %SRS Involved in cis-acting regulatory of the anaerobic induction 2
W-box IRBFZE MW Involved in gibberellin responsiveness 1

p-super1300-GFP
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ESED S

Green fluorescence

Chloroplast fluorescence Bright field
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Fig. 5 Subcellular localization analyses of TaCLC-e-3AL in wheat protoplasts
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Fig. 6 Phenotypes and ion contents of wild and TaCLC-e-3AL overexpression Arabidopsis (OE) plants cultured

on normal and low N mediums

T WT REFA R ST, OE-3. OE-6 Al OE-11 Jy TaCLC-e-34L [ 3 i ikt R, MS M LN 43 BRI # AR &35 . B
(A) HHERFA, B (B)~(G) SRR | HikkD TaCLC-e-34L F£ikk . B H . CI &k, NO, &L K NO, /CI i, **—P<0.01.

Note: WT is wild type Arabidopsis thaliana. OE-3, OE-6 and OE-11 represent three TaCLC-e-34L overexpressing lines, respectively. MS and LN

indicate the normal and low nitrogen mediums for growth. Figure (A) is the phenotypes of the WT and three TaCLC-e-34L overexpression lines, and
figure (B)~(G) are the results of root length, qRT-PCR detection of TaCLC-e-34L expression, fresh weight, Cl” content, NO;™ content, and NO, /CI

ratio. **—pP<0.01.

WT Z[alfif 5 i 3% 22 5% (& 6D),

RN ES T & AR, 78 MS Rl LN 537 3k
I, OEBRRMEAM CI &S WT ML ZRIAR
= (K 6E); MS B33 FAEKA OF Bk R IKR N
NO, B F&EE WT B #2255, LNHHE LA

KH OE A NO, B+ ol . ¥ 5sT WT
(¥l 6F), MS Hl LN i 2 FAE KB OE Bk &MY
NO, /CI'{HS WT ¥t & 2R (Bl 6G). UEHITEMLA
MR, BIRIFR N R IE TaCLC-e-34L W LIffig
FRIA NAEEE 21 NO,, I4E Rk iR N i NO, ™/
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M EA 3K BD-TaCLC-e-3AL H 41 Jfi ki, #%
fb Y2H BEREG R, KRR AT T SD/-Trp. SD/
-Trp/X-a-Gal 1 SD/-Trp/-His/-Ade SFEFRIREFEH I,
Bl B 5 R P B AU S8 AR & P i O KO T
RER Y5 76 SD/-Trp/-His/-Ade = B85 5 5L AN g
K, EHERFRE LEFERK, HESH X-0-Gal (Y
Regedte FARAREE (K 7), Vi TaCLC-e-3AL 7R B
WAL RGP AN BA A BEEE, of DE r BAEE
I

FEHE M S EER SCES RS )5, il SD/-Trp/
-Leu/-His. SD/-Trp/-Leu/-His/-Ade. SD/-Trp/-Leu/
-His/-Ade/X-a-gal [ 7 3% 57 FL i 16 Pk ik il €, 5 1A
TS E, X 500 bp DL HE A AY PCR P47
JPHE22 NCBI £z 5 toxd, &3 6 A~ AlfE S TaCLC-
e-3AL HAEREF (£ 4).
2.5 BERFPXNFRZ B4 L IE

BWTRE e s P i B EE AN, 456%3
HRFS), M/NZ cDNA Hh5fEF| T TaVDAC .
TaCYT. TaTIP1;03 3D /3r%I/E N Prey ZEH, y#t

Prey-AD # /&I 5 BD-TaCLC-e-3AL #3544k
Y2H BRI IE B AE . S5 R RV, MHE T AD &%
&, &4 Prey-AD Fl1 BD-TaCLC-e-3AL JFkifi) Y2H
44 1] LLAE TDO (SD/-Trp/-Lew/-His) #1 QDO (SD/
-Trp/-Leu/-His/-Ade) SR Fa 55 EA K (18] 8), 9]
TaCLC-e-3AL 5k i 18 1 TaVDAC (HE A1
Mes 7@ iE & ). TaCYT (MK a/b 455 E M) .
TaTIP1;03 3D (KiEiEEMH) FEEERR.

3 e

REREWHEY =2 EEE RN, MY
FMAR FEORIE TSR MESAN, HEETF/h
AR s WY F B AE T NRT Il AMT &
I, T CLC SERWFFEa > . ERIRIY . EKSFEY)
Hr, CLC SR YiHe £ 2 AL FAIARIAN CLel NO,
Wiz . AR AR RN S GBR) PR IR P ALy e

A5 T BlastP HXF 345 T 58RI IT ACLC-e
R 3 /A TaCLC-e W . Xt TaCLC-e 2EA 1)
PRSP EEA IR AT R, 3 A TaCLC-e F: 1M 4 5 3K 1
P A RSP Voltage CLC 45Ky Fl CBS 45443,
X5 R TaCLC-e-3DL A B A 52 % 1)
Voltage CLC ZEMIEE RA—5, nIfig2h T H

SD/-Trp

SD/-Trp/X-a-Gal

SD/-Trp/-His/-Ade

E 7 FIEHEHEHERN

Fig. 7 The detection of auto-activation for bait vector
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Table 4 Interaction proteins based on the two-hybrid yeast library screening

e HAFEH
N

0. Interacting protein

NCBIER %5
(5Gene registration number in NCBI

XIS i A 2

Name of coding gene

1 F AR5 R B 28 7l i Voltage-dependent anion channel

2 A Ebe-PE A3 Cytochrome b6-f complex iron-sulfur subunit

3 JK#EIEHE TIP1-2 Aquaporin TIP1-2
4 JKIEIEZEMPIP1-5-24LIHE 1 Aquaporin PIP1-5-like
5 JKiiEEEH PIP2-5 Aquaporin PIP2-5

6 VRAEEERREE M Tonoplast intrinsic protein

NM_001405971.1 TaVDAC

XM _044467339.1 TaCYT
XM_044496561.1 TaTIP1;03_3D
XP_044415650.1 TaPIP1;15_6A
XP_044325316.1 TaPIP2;27 2A

ABI96817.1 TaTIP1;02b_2A
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Fig. 8 Verification of point-to-point protein interactions in yeast two-hybrid
1. BD—pGBKT7 #/4; AD—pGADT7 #{&; DDO—SD/-Trp/-Leu 5753E; TDO—SD/-Trp/-Lew/-His 537 %E; QDO—SD/-Trp/-Leu/-His/-
Ade 15378, p53 Al Lam 43 HIACER/NR ps3 FIBRZER T, SVA0-T k=S i RE SV40 (Simian Virus 40) 5K T Hrlil,
Note: BD—pGBKT7 vector; AD—pGADT?7 vector; DDO—SD/-Trp/-Leu culture medium; TDO—SD/-Trp/-Leu/-His culture medium; QDO—SD/-
Trp/-Leu/-His/-Ade culture medium. p53 and Lam represent mouse p53 and laminin protein, respectively. SV40-T is the large T antigen of simian

virus SV40.

CDD search 0B EFE FH AT E", 4 TaCLC-e-3B
Ml TaCLC-e-3DL 1 H A 14> CBS 5, i
TaCLC-e-3AL HA 2 /4~ CBS Z5#d . T2 Hi/R
L /INZZ T R0 /INAZ 4 5l A 3 /N2 1) AA SR DR 2 R
AABB FR A R, SHRE/NEZ TuCLC-e HEH
HA 14> CBS Z5#y3, i k7N TdCLC-e & 147
£ 2 4~ CBS Z5H38, 43507 F 563~613, 637~691 aa
Ab, 53 /NF TaCLC-e-3AL (1) CBS Z5 sl (i & 4
[, AT RE A th Tkl fe b, R
ki/NFZ TACLC-e ) CBS &5#938i £, (A5 HAE Jy
i /NFE AABB fii{A 535 TaCLC-e-3AL ¥ CBS
PSP 25 #y 8k L TaCLC-e-3B, TaCLC-e-3DL 3 fj1—
o R R BHWEE R KW, TaCLC-e-3AL 5
TuCLC-e. TdCLC-e [ [RIVEM: & T AR, X
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A PR AE Y i, AR T B AR AR K e T
TR EFEES, #EN TaCLC-e-3AL 5 AtCLC-e EAZS
LU LE Y IhBE, R TaCLC-e-3AL Wit FikF1E
THEBRM AN NO, SRR, Hh Tz &nikiz
K[l i A A R O B NO, #5128 8 I & (CLC-a.
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T, #EH OE k&MY CI & it Fl NO, & H g 5 T
WT, #El TaCLC-e-3AL 4ERFHEREIA N NO, Fil C1
B EE R BEE T CUR NO, ThlFls ki, T8
FIBRAR PN CLF i NO, S s i, 2 [l i sk
R F CUMNO, E A YIte, 44 NO, Ml ClI i
. mFHE#FEIAN CLC FikE A EiE &
FNAZHRAR 1 (BT FARI50) >, 206 3 Hi B A A 5 & B
TaCLC-e-3AL 7 [ £ 28 A5 (R v e 35 0] DL AP B i



846 R R R L S

30 45

CIFINO, BEALMI PN, ZEF5EEREIE 3 A4 K00,
ARG T IF T A DI RE 4L, #EN TaCLC-e-
3AL TR LIFIE @I (CUNO,) 12/ rh & #5
fEH .

P B XU 58 SCPE T R 3R A% 6 A HAREE ), Xk ik
AW LAEWRDCEER . 5555 HUEY 5
RN ES R UG A S 2R AR o KGE B B AR R
MYAERKLKE . RHERRBAK . EHAAE . &
EAEPI P T I R E AR, FEE S 5
PRIKNIK ST iz ki . B FRICR RIS 7 55 it
TaCLC-e-34L W ieZ 506G E M R ML . Al 414
WEFIRIEAE . 17 5151555 — RN AEA Y e
AN, SETTAERE IR NO,/CLE FHads
A

b

n[37 40]

4 inb

AHIFGE I /INZZ T B ) A T2 BE 1 TaCLC-
e-3AL FEIH (4wt 717 aa), &A 7 NN T 6 N
T, AU THEEN, B TaCLC-e-34L
S AR IT L 1Y 3 AN IR L AR, IR
JolR 360 25 1A AR B A R34 T AR AR AR D B A7 2 1
NO,, FYeFFHERRIA N NO, /CI M., TaCLC-e-3AL
5oKEEE F (TaTIP1;03_3D), M4k a/b 455 HEH
(TaCYT) FlHL FE AR M B 25 v JE # 11 (TaVDAC)
3IMEAEAE,

& £ X -

(1] fERA, 2R, T 0. MYABRP IR 80 HDF R BUR 5 e 3
1. PEBRE: 4Bk, 2021, 51(10): 1415-1423.

Chu C C, Wang Y, Wang E T. Improving the utilization efficiency of
nitrogen, phosphorus and potassium: Current situation and future
perspectives[J]. Scientia Sinica: Vitae, 2021, 51(10): 1415-1423.

(2] A0, XVBER, ThBH, 25, FRIL XS SR AP A/ NAE 7= Ak TR
SERI[T]. A E SR S IRk, 2022, 28(1): 83-93.

Fu S, Liu X M, Ma Y, et al. Effects of nitrogen supply forms on the
quality and yield of strong and medium gluten wheat cultivars[J].
Journal of Plant Nutrition and Fertilizers, 2022, 28(1): 83—93.

[3] Tato T, Porras-Murillo R, Ganz P, ef al. Concentration-dependent
physiological and transcriptional adaptations of wheat seedlings to
ammonium([J]. Physiologia Plantarum, 2021, 171(3): 328-342.

[4] WangY, Cheng Y, Chen K, Tsay Y F. Nitrate transport, signaling,
and use efficiency[J]. Annual Review of Plant Biology, 2018, 69(1):
85-122.

[5]1 Lurin C, Geelen D, Barbier-Brygoo H, et al. Cloning and functional
expression of a plant voltage-dependent chloride channel[J]. The
Plant Cell, 1996, 8(4): 701-711.

[6] Hechenberger M, Schwappach B, Fischer W N, ef al. A family of

(7]

[8]

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

putative chloride channels from Arabidopsis and functional
complementation of a yeast strain with a CLC gene disruption[J].
Journal of Biological Chemistry, 1996, 271(33): 632—638.
Nakamura A, Fukuda A, Sakai S, Tanaka Y. Molecular cloning,
functional expression and subcellular localization of two putative
vacuolar voltage-gated chloride channels in rice (Oryza sativa L.)[J].
Plant and Cell Physiology, 2006, 47(1): 32—42.

Wang S, Su S Z, Wu Y, et al. Overexpression of maize chloride
channel gene ZmCLC-d in Arabidopsis thaliana improved its stress
resistance[J]. Plant Biology, 2015, 59(1): 55—64.

Zhou G A, Qiu L J. Identification and functional analysis on abiotic
stress response of soybean Cl channel gene GmCLCnt[J]. Agricultural
Sciences in China, 2010, 9(2): 199-206.

Mao P J, Run Y H, Wang H H, et al. Genome-wide identification and
functional characterization of the chloride channel TaCLC gene
family in wheat (Triticum aestivum L.)[J]. Frontiers in Genetics,
2022, 13: 846795.

Liu X, PiB Y, PulJ W, et al. Genome-wide analysis of chloride
channel-encoding gene family members and identification of CLC
genes that respond to Cl /salt stress in upland cotton[J]. Molecular
Biology Reports, 2020, 47(12): 9361-9371.

Zifarelli G, Pusch M. CLC transport proteins in plants[J]. FEBS
Letters, 2010, 584(10): 2122-2127.

Wege S, Jossier M, Filleur S, et al. The proline 160 in the selectivity
filter of the Arabidopsis NO; /H' exchanger AtCLCa is essential for
nitrate accumulation in planta[J]. The Plant Journal, 2010, 63(5):
861-869.

Jossier M, Kroniewicz L, Dalmas F, et al. The Arabidopsis vacuolar
anion transporter, AtCLCc, is involved in the regulation of stomatal
movements and contributes to salt tolerance[J]. The Plant Journal,
2010, 64(4): 563—576.

WAL, K, SRR, Atk EAKZmCLCatt [ b K HA A %
WS I RERIELT]. AETAE AL B R 2441, 2017, 18(1): 112-116.
Zeng T R, Zhang J, Zhang D F, Du J Y. Cloning of ZmCLCa gene in
maize and its functional characterization of nitrogen absorption[J].
Journal of Plant Genetic Resources, 2017, 18(1): 112—116.

Liu X, Liu F, Zhang L, et al. GsCLC-c2 from wild soybean confers
chloride/salt tolerance to transgenic Arabidopsis and soybean
composite plants by regulating anion homeostasis[J]. Physiologia
Plantarum, 2021, 172(4): 1867-1879.

Liu W, Feng J, Ma W, et al. GhCLCg-1, a vacuolar chloride channel,
contributes to salt tolerance by regulating ion accumulation in upland
cotton[J]. Frontiers in Plant Science, 2021, 12: 765173.

Monachello D, Allot M, Oliva S, ef al. Two anion transporters
AtCICa and AtClCe fulfil interconnecting but not redundant roles in
nitrate assimilation pathways[J]. New Phytologist, 2009, 183(1):
88-94.

Herdean A, Nziengui H, Zsiros O, et al. The Arabidopsis thylakoid
chloride channel AtCLCe functions in chloride homeostasis and
regulation of photosynthetic electron transport[J]. Frontiers in Plant
Science, 2016, 7: 165238.

Xing A Q,Ma Y C, Wu Z C, et al. Genome-wide identification and

expression analysis of the CLC superfamily genes in tea plants


https://doi.org/10.1360/SSV-2021-0163
https://doi.org/10.1360/SSV-2021-0163
https://doi.org/10.1360/SSV-2021-0163
https://doi.org/10.1360/SSV-2021-0163
https://doi.org/10.11674/zwyf.2021311
https://doi.org/10.11674/zwyf.2021311
https://doi.org/10.1111/ppl.13113
https://doi.org/10.1146/annurev-arplant-042817-040056
https://doi.org/10.1093/pcp/pci220
https://doi.org/10.1007/s10535-014-0468-8
https://doi.org/10.1016/S1671-2927(09)60084-5
https://doi.org/10.1016/S1671-2927(09)60084-5
https://doi.org/10.3389/fgene.2022.846795
https://doi.org/10.1007/s11033-020-06023-z
https://doi.org/10.1007/s11033-020-06023-z
https://doi.org/10.1016/j.febslet.2009.12.042
https://doi.org/10.1016/j.febslet.2009.12.042
https://doi.org/10.1111/j.1365-313X.2010.04288.x
https://doi.org/10.1111/j.1365-313X.2010.04352.x
https://doi.org/10.1111/j.1469-8137.2009.02837.x

54

RIEEE], 45

INE TaCLC-e-3AL FEH IR HT M EAEEE A%

847

(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

(Camellia sinensis)[J]. Functional & Integrative Genomics, 2020,
20(4): 497-508.

SRR, TR, PRRTK, 4. S TIEIE AR MhCLC-e2 {2 #E B A
ST IR A AL A [T, A B4R, 2022, 58(5):
857-863.

Han MY, YuTT, Xu AF, et al. Chloride channel gene MhCLC-¢2
promotes the growth of apple calli under nitrogen deficiency[J]. Plant
Physiology Journal, 2022, 58(5): 857-863.

Kumar S, Stecher G, Tamura K. MEGA7: Molecular evolutionary
genetics analysis version 7.0 for bigger datasets[J]. Molecular
Biology and Evolution, 2016, 33(7): 1870—1874.

Omasits U, Ahrens C H, Muller S, Wollscheid B. Protter: Interactive
protein feature visualization and integration with experimental
proteomic data[J]. Bioinformatics, 2014, 30(6): 884—886.

Ma S W, Wang M, Wu J H, ef al. Wheat Omics: A platform
combining multiple omics data to accelerate functional genomics
studies in wheat[J]. Molecular Plant, 2021, 14(12): 1965-1968.
Lescot M, Dehais P, Thijs G, ef al. PlantCARE, a database of plant
cis-acting regulatory elements and a portal to tools for in silico
analysis of promoter sequences[J]. Nucleic Acids Research, 2002,
30(1): 325-327.

Luo G B, ShenL S, Song Y H, et al. The MYB family transcription
factor TuODORANTI from Triticum urartu and the homolog
TaODORANTI from Triticum aestivum inhibit seed storage protein
synthesis in wheat[J]. Plant Biotechnology Journal, 2021, 19(9):
1863—1877.

Cheng X Y, Liu X D, Mao W W, et al. Genome-wide identification
and analysis of HAK/KUP/KT potassium transporters gene family in
wheat (Triticum aestivum L.)[J]. International Journal of Molecular
Sciences, 2018, 19(12): 3969.

Zhang N, Zhang L R, Shi C N, et al. Identification of proteins using
iTRAQ and virus-induced gene silencing reveals three bread wheat
proteins involved in the response to combined osmotic-cold stress[J].
Journal of Proteome Research, 2018, 17(7): 2256—2281.

Zadoks J, Chang T, Konzak C. A decimal code for growth stages of
cereals[J]. Weed Research, 1974, 14(6): 415-421.

Meng L, Dong J X, Wang S S, et al. Differential responses of root

growth to nutrition with different ammonium/nitrate ratios involve

[31]

(32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

auxin distribution in two tobacco cultivars[J]. Journal of Integrative
Agriculture, 2019, 18(12): 2703-2715.

Subba A, Tomar S, Pareek A, Singla-Pareek S L. The chloride
channels: Silently serving the plants[J]. Physiologia Plantarum, 2021,
171(4): 688—-702.

Marmagne A, Vinauger-Douard M, Monachello D, et al. Two
members of the Arabidopsis CLC (chloride channel) family, AtCLCe
and AtCLC{, are associated with thylakoid and golgi membranes,
respectively[J]. Journal of Experimental Botany, 2007, 58(12):
3385-3393.

Jentsch T, Pusch M. CLC chloride channels and transporters:
Structure, function, physiology, and disease[J]. Physiological
Reviews, 2018, 98(3): 1493—1590.

Yang Z, Zhang X, Ye S W, et al. Molecular mechanism underlying
regulation of Arabidopsis CLCa transporter by nucleotides and
phospholipids[J]. Nature Communications, 2023, 14(1): 4879.

Demes E, Besse L, Cubero-Font P, et al. Dynamic measurement of
cytosolic pH and [NO; ] uncovers the role of the vacuolar transporter
AtCLCa in cytosolic pH homeostasis[J]. Proceedings of the National
Academy of Sciences, 2020, 117(26): 15343—15353.

Pottosin I, Dobrovinskaya O. Ion channels in native chloroplast
membranes: Challenges and potential for direct patch-clamp studies
[J]. Frontiers in Physiology, 2015, 6: 396.

Guo Y, Xu C B, Sun X J, et al. TaSAUR78 enhances multiple abiotic
stress tolerance by regulating the interacting gene TaVDACI[J].
Journal of Integrative Agriculture, 2019, 18(12): 2682—2690.

Zhang J F, Deng Z'Y, Cao S H, et al. Isolation of six novel aquaporin
genes from Triticum aestivum L. and functional analysis of TaAQP6
in water redistribution[J]. Plant Molecular Biology Reporter, 2008,
26(1): 32—45.

Pandey B, Sharma P, Pandey D, et al. Identification of new aquaporin
genes and single nucleotide polymorphism in bread wheat[J].
Evolutionary Bioinformatics, 2013, 9: 437-452.

Wang Y W, Yu J, Jiang X H, et al. Analysis of thylakoid membrane
protein and photosynthesis-related key enzymes in super high-yield
hybrid rice LYPJ grown in field condition during senescence stage[J].

Acta Physiologiae Plantarum, 2015, 37(2): 1.


https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1093/bioinformatics/btt607
https://doi.org/10.1016/j.molp.2021.10.006
https://doi.org/10.1093/nar/30.1.325
https://doi.org/10.1111/pbi.13604
https://doi.org/10.3390/ijms19123969
https://doi.org/10.3390/ijms19123969
https://doi.org/10.1021/acs.jproteome.7b00745
https://doi.org/10.1111/j.1365-3180.1974.tb01084.x
https://doi.org/10.1016/S2095-3119(19)62595-5
https://doi.org/10.1016/S2095-3119(19)62595-5
https://doi.org/10.1111/ppl.13240
https://doi.org/10.1093/jxb/erm187
https://doi.org/10.1152/physrev.00047.2017
https://doi.org/10.1152/physrev.00047.2017
https://doi.org/10.1038/s41467-023-40624-z
https://doi.org/10.1073/pnas.2007580117
https://doi.org/10.1073/pnas.2007580117
https://doi.org/10.1016/S2095-3119(19)62651-1
https://doi.org/10.1007/s11105-008-0020-0
https://doi.org/10.1007/s11738-014-1746-y

	1 材料与方法
	1.1 试验材料及培养条件
	1.1.1 小麦(Triticum aestivum L.)种子处理及培养
	1.1.2 拟南芥培养
	1.1.3 试验所用载体

	1.2 TaCLC-e基因生物信息学分析
	1.3 RNA的提取、cDNA的反转录和qRT-PCR分析
	1.4 TaCLC-e-3AL基因的克隆
	1.5 小麦原生质体的制备、转化及亚细胞定位
	1.6 拟南芥转化和离子含量及形态学性状测定
	1.7 酵母双杂交试验
	1.8 酵母双杂交回转验证
	1.9 数据分析

	2 结果与分析
	2.1 TaCLC-e基因的生物信息学分析
	2.2 TaCLC-e-3AL的亚细胞定位
	2.3 TaCLC-e-3AL在拟南芥中的功能验证
	2.4 TaCLC-e-3AL互作蛋白的筛选
	2.5 酵母双杂交回转验证

	3 讨论
	4 结论
	参考文献

