VLR 2238 ( Jiangsu J.of Agr.Sci.) ,2023,39(3) :777-787
http: //jsnyxb.jaas.ac.cn 777

B E,VEERE DB, SR B N HAK/KUP/KT SR F G SR IBEA 1] 700 R 2547 ,2023,39(3) ;. 777-787.
doi ; 10.3969/].issn.1000-4440.2023.03.019

2 N HAK/KUP/KT ER R ELEESERIEZEFESH

12 5%1,2’ ii%l,z, 3/]~£,2'E1’2, EX Y 1,2’ g’/i%—,jﬁlz’ E 3%1,2’ ﬁ,%_&%l,z’ ﬂ}é@ 1,2
(LTI AR UE M DX HE BA AR B2 58 BT /I T A i SR S S0 %, VL5 W% 2230015 2.3k BRIV 24 Be/ V1. 7548 PR 3 i)
AERLN A AT S E VLA HER 223001)

WE.: HrEEEYEREE BTSN FEY TS IRTTE Z— R EY 07 50 5 B e P2, 40 AN
K GR/ACPERRRE 2 K s, @ AEvE Bk N RA KT %E 18 b K %is R H HAK/
KUP/KT SEHF RO, XS RGBTt SASFT Qe n Jash PR EHTTHE R G L R Fabfe it
LEFATAMNT, ISR SETE Y 17 N8 N HAK/KUP/ KT JEPRRYSEH AR08 ™ 6 54 (fA K Scaffold00840 | M4l
ST R A HAT S N RsHAKIT ~ RsHAKI7; RsHAKs FENGEH ARSTRT B A R St B T B ST
TR F XA R SRR R AR SHE 0 B2 A5 SR E I TC R s RGP a5 R R 17 A RsHAKs
FHER 4 MUK, IR A HIZECE RHAKs FFY IR F K S, He kAR qRT-PCR ik i 45 5120, B
RsHAKS {XAES MRFEZIEIN, HA ReHAKs #2388 MSESE MR B IR B e Sk, BB S N 5
AHXF FeA T B2 FIH, ReHAK3 RsHAK9 RsHAK11 F ReHAKI2 FEARTH S PUUA & A Bt S 3 i, IR gl S it —2
STHfEAT HAK/KUP/ KT BER7ES D e Y= D Re AN S 8 N ARl BTt T — e S Al

KR, B b HEEEN; BEKHE; K RroH

FESES: S631.1 MERFRIZAE. A XERS: 1000-4440(2023)03-0777-11

Identification and expression characteristics analysis of HAK/KUP/KT
gene family in radish

CHENG Rui'?, WANG Guo-lian'?, SUN Yu-dong'?, WANG Lin-chuang'”, LUO De-xu'?,
WANG Wei'?, ZHONG Xiu-juan"?, ZHAO Jian-feng'’

(1. Huatyin Institute of Agricultural Sciences in Xuhuai Region of Jiangsu/Huaian Key Laboratory for Facility Vegetables, Huaian 223001, China; 2.Hua-
iyin Normal University/ Jiangsu Key Laboratory for Eco-Agricultural Biotechnology Around Hongze Lake, Huaian 223001, China)

Abstract:  Potassium is one of the essential main mineral nutrient elements in the process of plant growth and devel-
opment, and has a decisive impact on the yield and quality of crops. The level of intracellular K* content is largely con-
trolled by K* transport proteins. Members of the radish K* transport protein related HAK/KUP/KT gene family were identi-
fied from whole genome-wide level by bioinformatics methods, and the gene structure, protein properties, conserved motifs,

chromosomal localization, promoter cis-acting elements,

phylogenetic evolution and expression characteristics were
analyzed. The results showed that the 17 radish HAK/
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ments related to environmental factors, plant hormones and responses to adversity stresses in the promoter region. Phyloge-

netic analysis showed that 17 RsHAKs genes clustered into four subfamilies, and whole genome-wide replication events were

the main driver of the RsHAKs genes expansion. The results of transcriptome and qRT-PCR expression analysis showed that

except for RsHAKS, which was only expressed in radish roots, other RsHAKs were specifically expressed in different organs

and different development processes of radish, and the relative expression in leaves was significantly up-regulated under

high potassium osmotic stress. RsHAK3, RsHAK9, RsHAKII and RsHAKI2 showed obvious expression patterns induced by

potassium deficiency in roots. Overall, the results provide theoretical basis for further comprehensive analysis of the biologi-

cal functions of HAK/KUP/KT gene and improving the cultivation quality of radish.
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1255 15 445 4 3000 T 5 R T 7E e B MEME (htp://
meme. nber. net/meme/tools/meme ) 73 fF B b
RsHAKSs 5 5F £ F (Motif) ', 1 #] Ff SMART
(http://smart.embl-heidelberg.de ) Fl Pfam %4 % X}
Motif FF 3 #EATHERE 1T o

Qe A f5 B NS D I DR B8l e R A, & b
RsHAKs H& [R Y o 4K 52 v R FH 8k 44 TBTools %
W50 KR AR A TS5 K A3 AR GSDS 2.0
(http ://gsds.chi.pku.edu.cn) HAT Y BT
Fe A (E R LGR R #65 T 1372 000 bp AR P51 i
135387, M PLACE “F 15 (http : //www. dna. affrc. go.
jp/PLACE) #EATHI
1.3 % M RsHAK Rt RERSHEH
o

A% CLUSTALW H1 MEGA 7.0 XF# | 41
FIIF AR RS HAK/KUP/KT 28 (#6472 5 Hoxt, 3%
F4I4% 3% ( Neighbor-joining method , NJ method ) #4 &
%%Eﬁ*ﬁ,f?oommp wE N1 000, f#H MCScanX
BRI RsHAK SERI A

Ka(JE[F] SCE ) Ks (1] SO 45 53) il Ka/ K
{Efd ] KaKs_Caleulator 2.0 447358 3f 4]
K A6 B0 2 ) 5 F R AR R 3 (T) (T = Ks/
20) P ARBE T RAMER S D R SO A H
#5.9x107°120%]
1.4 % M RsHAK BtZ=RIEHH

NI ReHAK FE % AR R 7 o e v S 4% s
RSN S WINPT Rl e iSRS €/
JEHR B OE RNA-seq 245, 1> RsHAK JEIH Y
FRiKK-iE i FPKM ( Fragments per kilobase of exon
model per million mapped fragments ) J5 % & 7~
RsHAKs FER I 25 8 B M R 43 pheatmap #E17
IR TEA
1.5 RsHAK FEFRERFN S $RAME TRIRIEEX 547

DIVEIRHEL M5 8 IS i R 58 25075 il e pokt
fdi ] 50 FL/CREAT B e AR K B2~ 3 TR ET
I, VIR SR — A 3 b gl TR 7K G sk
MR o, TP Ik 55, 4 7 d i 1 OB SRR, TR
pH {E47.0+0. 1, 2R ek K 11 Hoagland & F7 ¥ AL 77
HEAT KBS0 LKW EE O mmol/ LAk K Ab3H | LA
3% KT HREE (18 mmol/L) =598 Hoagland 571N =

KB A B JF PR35 A WA AL B FR oo R — 2 A
IRIG )75 I Wang 251 (905 ik, AbBE 15 d )R
3R S AR BRI AR . SR Trizol ¥
PRI I B RNA s SR IEF PrimeSecript ® RTiXF|
BB RNA U5 R cDNA . FER R 519 (%
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Table 1 Primers used in qRT-PCR analysis for RsHAK genes in
radish
HEH BB IS (5'—3") TGS (5 —3")
RsHAKI CCCGGGTATAGGACTCGTCT ~ ACGGAACCTGAACCGACTTC
RsHAK2 AACCAAAGCCAGTCTCTCGG ~ CGATTGTGACAGCGATGCAG
RsHAK3 TCTGGGGGCTTTGTTCCTTG ~ TGATATGCAAGCCAGCACCA
RsHAK4 GTTTTGCCGTCTTCAAGCGT ~ AGCCAGCAGATACGTTAGCC
RsHAK5 GGCCCGATTCCTTCAGCATA ~ TGTCTCCGTACACCACTCCT
RsHAK6 TGCTTTGCAGACCITAGGGG ~ GACCAATGACAAGGCTCCGA
RsHAK7 TTTGACGCCTCGTCTGACTC ACACCACCCCTGATGCTTTG
RsHAKS GGTITCAACGCTCGITATGGG ~ TGGTCAATTCCGTGATCGGT
RsHAK9 CCGCGACGTGCATAAAGATG  CCGTGAGCCTCTCATTGGTIT
RsHAKIO GTCCACGCTCGAGAAACAGA  AAATGGCAGGCGTTAGGACA
RsHAKI1 TCGGTCGAGGTTGAAGTGTG ~ AAATCGCAGGCGTTAGGACA
RsHAKI2 GCCAAGCCACAATATCAGCG  TCCAGTTGATGTCCGGAACG
RsHAKI3 ATACGGAACTGCGGTITGTGG ~ GGACCCATCCTCCTITCGTITG
RsHAKI4 CAAGCTACGATCTCGGGGAC — AGCCGATCATGAGCATCCAG
RsHAKI5 CAAGCTACGATCTCGGGGAC — AGCCGATCATGAGCATCCAG
RsHAKI6 ATAGCAACCACAACAGCAA-  TTATGCGGTGAATCGGCTG
CAATA
RsHAK17 AGCGCTTATTCACTCAACCAT- TCGTGTCTAATGTCGATAC-
AC CGTG
RsActin -~ GCATCACACTTTCTACAAC CCTGGATAGCAACATACAT

2 HERST

21 # D RsHAK BERFREETERIBUEES

R N RsHAK IR 5005 b 3 % h 17 4>
RsHAKs FE[H i i3 NCBI 1 Pfam 038 2 7F— A K IE
J& AR 540 ET 5T HAK/KUP/KT 2805 8 51 22 18] i 7]
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JEX R 8 N RsHAK 3% [ 43 3l iy 44 9 RsHAKI ~
RsHAKI7(32) , 17 4 RsHAKs 3L 7E 88 N Jufa,
2 Jefafk 3 ek 4 Jefafhk o Yefk 7 Jetafk
8 YLtk 9 Fl Scaffold00840 (FEF S 48) (K 1), B
B RERSEYE B 13~ 14 DNEE I 4t X )T 5
(CDS)KJEH2 148 ~2 598 bp, St A SR B HT15 ~
865 aa, i [F B AH X 431 BT 52079 490~ 96 330, Hilig

AR A5 M5.19~8. 97, 53% 1 B3 R R 1 2 15 V.41
0 7 57 RO 45 51 5 7S | B RsHAK2 RsHAKI0 RsHAKI1
OYAAERL IR A1 HoAy ReHAK 2% 5 or T I b
(F2). AN, RsHAKI4 F RsHAKIS F 465 XK 5 il
BEARFHIRK S 2—E, HALT 2 SR AH48 7
BH(E ) kA TR RS,

£2 %M RsHAK B3 MESHT
Table 2 Characteristics of RsHAK sequences in radish

B gSIX EART EER

) % , Sy 23 > it S L. S 4N
By RO Gy G K Ops s S R e TN R
RsHAKI  Rs354340 6 46053295 46057049 3755 2148 715 79490 782 3651 0453 13 SR
RsHAK2 Rs559270  Scaffold00840 16 212 19872 3661 2357 783 8779 683 489 0375 14 W
RsHAK3  Rs289430 6 43 944 47558 3615 2340 779 8490 897 08 0392 13 JEfE
RsHAK4  Rs306920 6 10736257 10740000 3744 2496 831 92250 632 40.14 0375 13 S
RsHAKS Rs374130 7 21141989 21151422 9434 2355 784 87720 846 2800 0217 13 Jpiy;
RsHAKG6  Rs044910 2 41199520 41203662 4143 2586 861 95140  5.19 422 0324 13 JFAE
RsHAK7 ~ Rs067940 2 28598187 28601965 3779 2598 865 96330 525 4305 0284 13 JRIE
RsHAKS Rs144650 3 27130242 27133944 3703 258 862 96040 557 43.81 0.269 13 JFAE
RsHAK9  Rs064940 2 3023384 30238007 4124 2343 780 87500  7.85 37.18 0312 14 Jpii;
RsHAKIO Rs453510 9 3484479 3487932 3454 2352 783 87390 8.6l 4.53 0.248 13 AR
RsHAKII Rs071040 2 5006401 5010897 4497 232 773 86260 846 4370 0291 13 AR
RsHAKI2 Rs433450 8 16353293 16356708 3416 2379 792 88740 865 3672 0317 14 JAE
RsHAKI3 Rs161450 4 6847658 6851286 3629 2424 807 90800 608 3571 0242 14 S
RsHAKI4 Rs053250 2 34513034 34516063 3030 2439 812 91020 665 3514 0291 14 S
RsHAKI5 Rs053280 2 34501227 34504398 3172 2439 812 91020 665 3514 0.291 14 S
RsHAKI6 Rs161440 4 6854857 6859294 4438 2424 807 90320 803 3529 0301 14 Jpii;
RsHAKI7 Rs432130 8 14688250 14691700 3451 2403 800 89590 636 3672 0317 14 Jpiy;
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Fig.1 Chromosomal localization of HAK/KUP/KT genes in radish
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Fig.2 Phylogenetic analysis of HAK/KUP/KT gene family in radish, Arabidopsis and rice
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Fig.3 Analysis of RsHAK gene structure and conserved motifs in radish
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Table 3 Divergence between paralogous RsHAK gene pairs in rad-

ish

FH Pk
2R 1 i R X Ka Ks Ka/Ks  &'EH}E]
(x10%4F)
RsHAK7-RsHAKS 0.0473  0.4058 0.1165 7.2828

RsHAK10-RsHAK11 0.044 1 0.496 7 0.088 9 5.553 5
RsHAK13-RsHAK14 0.096 9 0.580 1 0.1671 10.4429
RsHAK13-RsHAK15 0.096 9 0.580 1 0.1671 10.4429
RsHAK13-RsHAK16 0.077 1 0.442 4 0.1743  10.896 3
RsHAK13-RsHAK17 0.070 7 0.572 2 0.123 5 7.721 8
RsHAK14-RsHAK16 0.082 9 0.496 2 0.1670 10.438 6
RsHAK14-RsHAK17 0.068 9 0.469 7 0.146 8 9.174 4
RsHAK15-RsHAK16 0.082 9 0.496 2 0.1670 10.438 6
RsHAK15-RsHAK17 0.068 9 0.469 7 0.146 8 9.174 4
RsHAK16-RsHAK17 0.047 8 0.450 9 0.106 0 6.623 0

Ka AR i) SO 3 K [ SO R

2.4 % N RsHAK BEHFFEISH

SR B R 3h oo s BL i 2 kb A
135387, M FH PLACE %045 J% ( http ://www. dna. affrc.
g0.jp/PLACE) X 17 4~ RsHAK FEH J73 8+ X 38 4% i
AAEHTCH TS 28, B 154 MR

&4 P D RHAK BEFRIITHSH

KT 4 bp BI=CAE G, ReHAK F& PR 20 X 35k
BRAFAE R A S 3l 7 0/ CAAT-box 4b, KZ %k
RsHAK 33 8 Tl & 2R 54 K & H it
KRETTHR , Gma B ABA (74 R ) e [, MeJA
(RATRR H IR ) me 3 S 7% 1 AL 0 1 45 90 RO A 1
XS HE 0 5 2R e 7 B %o A5 T ) g 8 ) R 4 e (3R

4), GERFW B N RsHAK A S5 K Wik
R, IR AR A K B R385 2 o) 7 3o AR v K
HEEBEE.
2.5 ¥ P RsHAK REERERIEEKX R/ 5
Fitni88 MIE) Sz 5 7

FETFHE AL F 50 | LA FPKM B0 £ L R 3£

KX E N RsHAK F[H 1) 36 8 K Fk 45 50 #r, OF
DIZ il A0 X 235 s R (] 4) , 45 R 3R BR
RsHAKI4 Fl RsHAK15 A, Hofth 15 M SERES MR
M SRR E A RBE BT ARIL (B 4),
RsHAKI FEZAEE N (A 555 28 d) th 3k
ik, RsHAK2 F BL7E ME S8 v 3R 35 | RsHAK3 | RsHAKS |
RsHAKI0 FI RsHAKI3 £ B AE AR b ik, Ui,
RsHAK G TE S MK R & i fe h ORI 4140
T RGRAEERE T, W RBEZ N K B M BL R 2 Fh
PFEAEH]

Table 4 In silico analysis of cis-acting regulatory elements in RsHAK promoter region of radish

A T 52l REE R Bt
CAAT-box CAAAT/CCAAT JE Bl R - DX S R IV T 234
Box 4 ATTAAT 56RO XM PRSF DNA BTt 45
ABRE SVHACGTGBM 2 5 [T I SN A=A FH e 39
G-box YACGWB Z: 550 R A F 5 el 38
ARE AAACCA IR ARIF 5 B il B AR 75 T 36
TGACG-motif TGACG Z: 2R AR TP 1 SO 4 I R 35 T 1 25
CGTCA-motif CGTCA 255 3K 1 WP g L7 B4 AR FH 8 ST 25
GT1-motif GGTTAA/GGTTAAT R 1 T 24
LTR CCGAAA 2 SRR RE 9 W= VR e 15
TCT-motif TCTTAC S R e 13
GATA-motif RGATARGR e )i e 12
AE-box AGAAACWW e )i e 11

TGA-element AACGAC RS JITESSTH LS 11

MBS CAACTG Z5FRFERN MYB 255005 10
TC-rich repeats GTTTTCTTAC/ATTCTCTAAC 25 B AR RN NV SN I I = AR FH e 0 10
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Fig.4 Spatio-temporal expression analysis of transcriptomic data of RsHAK genes in radish

i3 qRT-PCR #E—2B 738 17 4> RsHAKs %&£ A
TE KB CHN K @8 han 2500 T i R aA R 25 21
(K 5) R RsHAK G K il KWha 3 38
AT 5 B IR RS . BR RsHAKS ALAESS b
IREPHL A KRN, HoAh RsHAKs J R 7E 1 1l
R ik, RsHAKS B K A K ™
TEHS R B AR XS F A 44 B0 R R, 7R Bk K BRI P o
Jy 8% . RsHAKI  RsHAK2 . RsHAK4 F RsHAK17 F
BAEE bt bRk, Kb, RsHAK2 | RsHAK4 il
RsHAKI17 5 35 1) KT i S R 3k i, J0AE
g AR T R IR AR i KA b R 2
RsHAK3 F1 RsHAKG ~ RsHAK16 15 % MR R 44
BRI, RsHAK3 | RsHAKG 1k K FlE K Ab
PR e AR ik i 2 B, HO6 S K i
V)] B S T R AR v %) 8 3k ) 22 K
il AR K FREE Y L 33K RsHAK9 . RsHAKIT |
RsHAKI2 7r it K* P35 rPAR FRAR G 28 38 & i 2% 1o,
MAE = K™ 385 b 3 A0 X % ik & B 3% M,
RsHAK7 . RsHAKS . RsHAK9 . RsHAK14/RsHAK15 1E W
R RAERT R A R T Y 2w KO Ha S, DL ESS
R, AR RsHAK FE35 I K Wit ia i 7 bt ash
YEHITh R R DI RE AT REAF TR R 22 5%, A AN TR
5T,

3 g

HAK/KUP/KT 5: K G5 AR hy A8 40 1A N e K1)
K'#ia ARG, i K &R E CE R
WA RN R R EAEN 25 TS EY T
e PR S N R ILRIE . AEFZE Y, IRATA
BN B S E 1 17 A RsHAK B2, 3

N RsHAKs JER$i 5407 (13 4~) 2 F i (19
A PFIBE (16 A4 BT AR AR, (EAR K R (27
AT E K (27 )L K E (29 )M B (27
Ay Delas 4w N RsHAK SHIRIST KAGHEIT R4
BT, S5 R R BN 4 AN K ; RsHAKs FE X
FESMAET R DT, 5K ML, TRE 1
HR B, AR ST R ) AtHAKS'™ KRG R Y Os-
HAKI 2580 1 18 5 M 28 80 25 A0 ) K IRcA %,
K G RsHAKS FE v RE7E 8 MR A X K
HARGEMS , WHRE T s i gl 255
THIY & F AR ARG RsHAKI ~ RsHAK3 I
RsHAK9~ RsHAK11 5y i fE 2805 1 v, il BB AE & |
ARERESRPEHEREEEMN, ¥ b RHAK FEH
KA () R FERR 715~ 865 aa, 55 H A X 70 T
i A 79 490~96 330, BG4 HL 5 R5.19~8. 97, %
A B & T/ FEE PRSP 28R



T OBEE. S N HAK/KUP/KT FEDR 5% %8 5 2B R o0 785

\s.  RsHAKI 4. RsHAK2 _ RHAKS RsHAK4
izt i o8 5L
£ 3 5 2
x : :
= g2 £
lon  RsHAK7
i i a
3 5 i
& X )
= = =
k= % T | b b bE
0
4 RSHAKY 6.  RsHAKII
i)
& ® =
z = z
a
i) i il
) 2 2 4
® i &
& = )
= = z b
b
0 # 0 L 0 . olwb Wb ria
XIRE R G XPRE AR XERE AR md XTHE B
Qb Qb QbFR e
ot F; o

[i]— R AN [ b BE )5 A AN ] /NG PR 3R 22 57 8.3 (P<0.05)
B 5 % RsHAK EARE K'KE THRIEFED T

Fig.5 Relative expression analysis of RsHAK genes under different concentrations of K* in radish
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