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Cloning of potato heat shock transcription factor StHsf4A3 gene and its func-
tional analysis in heat tolerance

TANG Rui-Min'?, JIA Xiao-Yun', ZHU Wen-Jiao®, YIN Jing-Ming?, and YANG Qing*’

! College of Life Sciences, Shanxi Agricultural University, Taigu 030801, Shanxi, China; > College of Life Sciences, Nanjing Agricultural University,
Nanjing 210095, Jiangsu, China

Abstract: During potato cultivation in the field, various adverse environmental stresses would affect its growth status. Heat stress
in summer always results in the decline of tuber yield and quality. Therefore, it is of great significance to reveal the response
mechanism of potato to heat stress and explore heat resistant genes for potato breeding. The activity of HsfA3 (heat shock tran-
scription factor A3) affects the expression of numerous functional genes and plays an important role in response to heat stress. In
order to investigate the structure and function of potato HsfA3, the StHsf43 gene was isolated from potato cultivar Désirée by
RT-PCR. The full-length cDNA of StHsf43 was 1506 bp encoding 501 amino acids. StHsfA3 was predicted to be a hydrophilic
protein with an estimated molecular weight of 55.23 kD and a theoretical isoelectric point of 4.9. The vector of StHsf43-pBA002
was constructed and transformed into potato plants. Totally five independent transgenic potato plants overexpressing HsfA43 were
obtained. The detection of relative water content (RWC) and malondialdehyde (MDA) content showed that the RWC was signifi-
cantly increased while MDA content was significantly decreased in the transgenic plants compared with the non-transgenic plants
under heat stress, suggesting that StHsfA3 played a positive regulatory role in enhancing the heat resistance of potato. Further-
more, the expression levels of StHsfA3, StHsp26-CP, and StHsp70 were determined by qRT-PCR in different potato plants. The
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results exhibited that the expression levels of StHsp26-CP and StHsp70 in the transgenic lines overexpressing StHsfA3 were sig-
nificantly higher than that in non-transgenic plants, indicating that StHsfA3 might act in synergy with StHsp26-CP and StHsp70 to

increase the heat tolerance of the transgenic plants.
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(Agrobacterium tumefaciens) GV3101 ¢cDNA 9 uL nuclease-free
pMDI19-T (TaKaRa, ) pBA002 1.2.2 4% HsfA3 o F 5% NCBI
HsfA3 (XM_015306031.1)
1.2 HsfA3 Xho 1 Mliu 1 (P1,
1.2.1 % RNA #32IA cDNA )&%, 1) cDNA ) PCR
Désirée 0.1g, RNA , 94 S5 min; 94 505,58 50 s,
(TaKaRa, ) RNA, 72 90s, 33 ;72 10 min  PCR
RNase  DNase 1 (TaKaRa, ) (Axygen Scientific
DNA RNA Inc., Union city, USA) ,
, 0.5 ug RNA, Transcriptor pMDI19-T , DH5a,
First Strand cDNA Synthesis Kit (Roche, Mannheim, PCR > )
Germany) cDNA 1 1 puL

®1 AHRFAERNSIY

Table 1 Primer sequences used in this study

Primer ID. Name

Primer sequence (5'-3')

Function

P1-F CloneHsfA3-F
P1-R CloneHsfA3-R

P2-F HsfA3002-F GGGTAATATCCGGAAACCTCCT

P2-R HsfA3002-R GCTTTCTCCATTTCTACCCCAAG
P3-F DLHsfA3-F CGGAAGTTCTTCTGGATCATCTG
P3-R DLHsfA3-R CCATCTGCTTCTGTCTTTGTTCT

P4-F DLsHsp3219-F
P4-R DLsHsp3219-R
P5-F DLHsp70-F

CGTCCAATGTCAGTGTTGGTGG
CAGTGCCTTGGTTGTTTCCTCC
GTGGCAGTAATGGAAGGTGGGA

GCGCTCGAGATGAACCCATTTGATAAAAATCAAG
GTCACGCGTCTAAAAACTATCATTCTTTGGCTG

StHsfA3 R
Gene cloning of StHsfA3; the restriction sites are

underlined

Transgenic verification

qRT-PCR analysis

qRT-PCR analysis

P5-R DLHsp70-R TTCTCCGGATTCACCACCGATT qRT-PCR analysis
P6-F EFla-F CTGTTAAGGATCTGAAGCGTGGT ,EFla
P6-R EFla-R AATGTGGGAAGTGTGGCAGTCG qRT-PCR analysis; EF/a is used as the
reference gene
1.2.3 L4 X HsfA3 8953 T R R AR E 47 StHsfA3 ClustalX 2.0 MEGA 4.0
ExPASy PrptParam (http://web.ex- , (Neighbor-
pasy.org/protparam/) StHsfA3 Joining Method) , 1000
; 1.3 HsfA3
NPSA-PRABI  (http://npsa-pbil.ibcp.fr) SWISS-
MODEL (https://www.swissmodel.expasy.org/) ,  Xhol
StHsfA3 Mlu 1 , ;
NCBI conserved domains (https://www.ncbi.nlm.nih. pBA002
gov/Structure/cdd/)  SignalP 5.0 Server (http:/www. pBA002
cbs.dtu.dk/servers/SignalP/) StHsfA3 T4 (Thermo Fisher Scientific, USA) ,
ExPASy  ProtScale (http:// GV3101 PCR
web.expasy.org/cgi-bin/protscale.pl) StHsfA3

; TMHMM Server v. 2.0
www.cbs.dtu.dk/servicess TMHMM-2.0/)

(http://

B

StHsfA3-pBA002
-80 ,
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, 8 mL TCA,
(21} StHsfA3-pBA002 10 mL 4, 4000 xg 10 min;
Désirée 2 mL ( 2 mL ) , 2 mL
R 0.6% TBA s 10 min,
1.4 , 3000xg 15 min,
SDS Vs; s 530 nm 600 nm
DNA StHsfA3- 450 nm 3
pBA002 , 3 MDA
1 pBA002 1 StHsf43 C =6.45( Asy — Agpp ) — 0.56 4,5,
(P2, 1) MDA _ CxVy
DNA , StHsfA3-pBA002 FW x1000
, PCR , 194 1.7 StHsfA3 StHsp26-CP  StHsp70
4 min; 94 50 s, 58 45 s, 72
50s, 33 ; 72 10 min 1.5 , 2 h
PCR RNA,
1.5 (RWO) PCR
1 (wild type, WT) StHsfA3 StHsp70  StHsp26-CP
(transgenic lines, L) 3 1 (P3, P4, P5), EFla
, (22+1) 14 h , P6 FastStart Universal SYBR
/10 h 2, Green Master (ROX) (Roche, Mannheim, Germany)
2, 35 ; ,  ABI-7500 PCR (Applied
8h Biosystems, Foster City, CA, USA)
PCR 20 pL, 10 pL
(fresh weight, FW) 0.5¢ SYBR-Green 6.8 uL ddH,0 2 puL
, , 0.6 pL 10 pmol L™ PCR
’ ’ ) :50 2 min; 95 10 min, 95 5
’ ’ s, 60 35s, 40 amase
(saturated fresh weight, 3 2
SFW) ,
105 10 min,
75 , 2 HEREH
; ; dry 21 StHsfA3
weight, DW) 3 3 NCBI HsfA3
PI,
RWC:M x100% Désirée StHsfA3 cDNA
SFW —DW
1.6 (MDA) , StHsfA3 ATG
15 , TAG 1506 bp ( 1-A), 501
8 h MDA ( 1-B) ExPasy PrptParam
(thiobarbituric acid, TBA) MDA StHsfA3 55.23 kD,
(221 “pumol g”! FW” 4.9 , StHsfA3
g, 2 mL 5% TCA , C 4 ( 1I-B)
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A B Compute pl/MW
Theoretical pl/MW (average) for the user-entered sequence:
10 0 30 40 0 50
bp MNPFDENQES DTNTEKTPFST EMDSEFAAFS PISLPFADPS SF SFA TPLSQHPVGE
70 80 90 100 120
GGEIEQLAEE GLGVPHPMEC LHGIQIPPFL SKTFDLVEDP LLDSI NGESFVVWDP
2000 130 150 160 180
1506 VEFSRELVLFR NF VRQLNTYGFR KIDADRWEFA NE i LLENIQRRKP
1] 210 P 240
HQAGS S E IEKLRNEKSL MMQEVVELQQ QQRGCTVQQME SVNEKLQAAE
1000
250 270 280
750 QRQKQMVSFL AKVLQN ARVRQMKEQG EITCPRTMRK FVKE
310 320 330 340 350 360
500 IVEVKSEFQD LAACFESPDF NPVVDQQLPE TGLGAEAMPF EG A TVAHELFNCS
370 380 390 100 110 120
DRERGGASFF K NVASPQLEVM PEYFASFPEE MGKEKNISGF 3SPAIGSLVE
200
130 0 0 480
DEELWSMGFE ASAGMPSAGA EL DL AGSSGVDKWP
100 490
ADGSPFGQS F
Theoretical p/Mw: 4 90 / 55231.65

1 StHsfA3 B3 Y EHF Q) RE SR F5(B)

Fig. 1 Amplified product stripe of StHsf43 (A) and its amino acid sequence (B)

A : M: DNA 2000 5 1: StHsfA3 B : 4 W)

M: DNA 2000 marker; 1: amplified fragment of StHsf43 in Fig. A; the motifs marked with red line are the four short peptide sequences con-
taining tryptophan (W) in Fig. B.

DEELWSMGFE GAELWDSFSS LSDLWDIDPL R ,
GVDKWPADGS, HsfA3 NCBI CD search s
Hsf DBD ( 2-C)
StHsfA3 , o , DBD 3«
117 13 4 B ( 2-B),
368 23.35% 2.59% Signal P-5.0 StHsfA3 R
73.45% ( 2-A) ( 2-D),
A Sec.Cons. : B
Alpha helix (Hh) : 117 1s 23.35%
316 helix (Gg) : 0 is 0.00%
Pi helix CI1) : 0 is 0.00%
Beta bridge (Bb) : @ is 0.00%
Extended strand (Ee) : 13 is 2.59%
Beta turn (Tt) : 0 is 9.00%
Bend region (Ss) : 0 is 0.00%
Random coil tCe) =3 368 is 73.45%
Ambiguous states (?) : 3 is 0.60%
Other states £ @ is 0.00%
C 1 ™ 150 25 30 s 50 S04
Query seq,
specific hits m
Superfanilies Hsn}:pcDrpami- ym
D SignalP-5.0 prediction (Eukarya): sequence
SP(SCC/SPIg
C.
0.8 OTHER
z
é 0.4
S
e
A
0 HNPFDKNQESDTNTKTPFSTEHDSEFAAFSPlSLPFADPSSPFlNFGSFATPLSQI;IPVGEGGEIEQLAEE

XXXXXXXXXXXXXXXXXXXXXXXXXXXXXKXXXXKXXX XXX XXX X XXX X XXX XXX X XXX XXX XXXXXXXXX
0 20 40 60

2 DAE StHsfA3 RIZE I T

Fig. 2 Structural analysis of StHsfA3 in potato

A: ; B: ; C: ; D:

A: secondary structure prediction; B: tertiary structure prediction; C: conservative domain prediction; D: signal peptide prediction.
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ExPASy  ProtScale StHsfA3 47 MdHsfA3
ZjHsfA3
, StHsfA3 , CsHSA3
( 3-A), AtHsfA3
33 VrHsfA3 )
GmHsfA3  Dicot
PeHsfA3
, StHsfA3 , , NUHSTAS
StHsfA3 0 CaHsfA3
A Prosoale output for user sequence 100— SIHsfA3 —
10 " Transmembrane tendency — OsHsfA3
05F 4| 100 ZmHsf2
! {L o 100 SiHsfA3 =— Monocot
ot i | ? \ F | “\ 52 BHSfA3
v 0.5 ﬁ e M\HI [ i \ 4‘ “ | ”H Jh‘ \H' { \\ &7 HvHSfA3
5 ¥ wl ‘ | i it w’ i = -
371_0-‘)4 ! w‘.“‘ ‘ M J ‘ ”- .05
. | R !
-1 ul ‘ Y I 4 16 MF HSfA3 BIRG % & it
20H ] Fig. 4 Neighbor-joining phylogenetic tree of HsfA3s from 16
55 | | plant species
0 100 200 300 400 500 ClustalX 2.1 MEGA 4.0 16 Hsf A3
Position 1000
B 12 TMHMM posterior probabilities for WEBSEQUENCE NCBI - MdHsfA3:
1'0 (XP_008391748.1); ZjHsfA3:  (XP_015898712.1); CsHsfA3:
o (XP_006481891.1); AtHsfA3: (NP_195992.2); VrHsfA3:
£ 08 (XP_014511066.1); GmHsfA3: (XP_003541445.1);
g 0.6 PeHsfA3: (XP_011016541.1);  NtHsfA3:
£ 04 (XP_016473897.1); CaHsfA3: (XP_016542894.1); SIHsfA3:
02 (NP_001234854.1); OsHsfA3: (XP_015623061.1);
0 ZmHsfA3: (NP_001147968.1);  SiHsfA3:
0 100 200 300 400 500 (XP_004952622.1); BdHsfA3: (XP_003575055.1);
Transmembrane — Inside — Outside

3 StHsfA3 Bk 1% 5 47 (A)F0 B R 35 53 47 (B)
Fig. 3 Hydrophobicity analysis (A) and transmembrane do-
main analysis (B) of StHsfA3
A: 0 s

; 0 ,

B:

A: the curves above zero show that these amino acids are hydro-
phobic, and the higher score, the stronger the hydrophobicity; the
curves below zero show that these amino acids are hydrophilic, and
the lower score, the stronger the hydrophilicity. B: there is no
transmembrane domain.

2.2 StHsfA3

NCBI 15
HsfA3 , HsfA3
(4 ,
HsfA3 S HsfA3
HsfA3 (Solanum
lycopersicum) (Capsicum annuum)

(Nicotiana tabacum)
, HsfA3
2.3 StHsfA3

StHsfA3 Xho 1

HvHsfA3: (AEB26588.1)

The Neighbor-joining phylogenetic tree of HsfA3 amino acid se-
quences from 16 plant species was constructed by ClustalX 2.1 and
MEGA 4.0, which was bootstrapped over 1000 cycles. Abbrevia-
tions for each species and database accession numbers are as fol-
lows: MdHsfA3: Malus domestica (XP_008391748.1); ZjHsfA3:
Ziziphus jujube (XP_015898712.1); CsHsfA3: Citrus sinensis
(XP_006481891.1); AtHsfA3: Arabidopsis thaliana (NP_195992.2);
VrHsfA3: Vigna radiata var. radiate (XP_014511066.1); GmHsfA3:
Glycine max (XP_003541445.1); PeHsfA3: Populus euphratica
(XP_011016541.1);  NtHsfA3:  Nicotiana  tabacum  (XP_
016473897.1); CaHsfA3: Capsicum annuum (XP_016542894.1);
SIHsfA3: Solanum lycopersicum (NP_001234854.1); OsHsfA3:
Oryza sativa Japonica Group (XP_015623061.1); ZmHsfA3: Zea
mays (NP_001147968.1); SiHsfA3: Setaria italica (XP_004952622.1);
BdHsfA3: Brachypodium distachyon (XP_003575055.1); HvHsfA3:
Hordeum vulgare (AEB26588.1).

Miu 1 pBA002 35S
, 358::StHsfA3 ( 5-A),
GV3101
(spectinomycin, Spec)
, PCR
, Xhol Miul ,
1506 bp

(rifampicin, Rif)
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( 5-0), 12 ( 5D , StHsfA3
DNA, P33 PCR
: 5 StHsfA3 ( 5-E)

A | LB | E9-T | BASTA NOS-P " | 35S-P
P 1 2 M

B

=
K=l
%
w)
<]
]
52
o 2
>
=
2
o

8 %%
6
4 *% - e
2 I ' -
0 T T T T - T
WT L1 L2 L3 L4

L5

5 StHsfA3 S REFARMEHREE(A). BREFAENEYIRIEB). BEESREERNBEE(C). StHsf43 i3 RiEFHEFEHK
B PCR #(D). EHEHKT StHsf43 RiZE 8 qRT-PCR 1 (E)

Fig. 5 Vector construction of 35S::StHsfA3 (A), enzyme digestion identification of 35S::StHsfA3 vector (B), regeneration of trans-
genic potato (C), PCR identification of StHsfA3 overexpression transgenic plant lines (D), and qRT-PCR determination of StHsfA3 in
WT and StHsfA3 overexpression transgenic plant lines (E)

A: 358::StHsfA3 B: M: 1 kb plus DNA marker; P: pBAO002-StHsfA3 31, 2:
pBAO002-StHsfA3 C: a. ; b. ;C. ; d. D: M: DNA 2000 marker; WT:
s ; +: pBA002-StHsfA3 s ; L1~LS: E: StHsfA3

*x 0.01

Schematic diagram of 35S::StHsfA43 vector with site of restriction enzymes in Fig. A. M: 1 kb plus DNA marker; P: pBA002-StHsfA43 plasmid;
1, 2: enzyme digestion identification of pBA002-StHsfA3 plasmid in Fig. B. a: preincubation in darkness; b: bud formation; c: selection of
transgenic lines; d: plants in pot in Fig. C. M: DNA 2000 marker; WT: non-transgenic potato plant, used as a negative control; +:
pBAO002-StHsfA3 plasmid, used as a positive control; L1-L5: Transgenic lines in Fig. D. The expression levels of StHsf43 were determined in
different plants in Fig. E. **: significantly different at the 0.01 probability level.

2.4 (RWC) ( 6-A) Sh
(MDA) ,

, StHsfA3
(WT) (L) 22 ) (35 ) .

80% 35
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22 MDA , StHsfA3
( 6B 8h MDA
, , , StHsfA3
, MDA
A 95, 0 22°C B 404
a a |35 354 2
9 b b g b
c = 3.0 be
4 on
_ 85 de e = 254 . cd
S £ e
o 801 ¢ = 20 e e
=
Z £ 154
754 S
< 04
. 5 10
= 05-
65 T T T O T T T
WT LI L3 L5 WT L1 L3 L5

6 AEIREALETIEHEFERERS StHsf43 T RIZFEFFHRM FHHEMEKEQFA _ELE®B)
Fig. 6 RWC (A) and MDA (B) content in the leaves of non-transgenic plants and StHsfA3 overexpression transgenic plants under
different temperature treatments
WT: ; Lt StHsfA3 (L1 L3 LS ); RWC: ; MDA content: ;

122 35 : 8 h; 3 s 3 s +
Duncan’s s P<0.05
WT: non-transgenic plants; L: StHsf43 overexpression transgenic plant lines; RWC: relative water content; MDA: malondialdehyde; tem-
perature treatments: 22 (optimal temperature) and 35  (heat stress) for eight hours. Values are means + SE of three independent experi-
ments with three replicates in each experiment. Bars with different lowercase letters are significantly different at P < 0.05 according to Dun-

can’s multiple range tests.

2.5 StHsfA3 StHsp26-CP StHsp70 3 it
qRT-PCR , 22 ) 20~25
35 ) 3 15~20 [2324]
StHsfA3 ( 7-A) ,
, StHsfA3
, L1 L3 L5  StHsfA3
3.95 7.05 3.36 (Hsf) ,
2h StHsfA3
3 , 27
’ Hsf , StHsfA3
, StHsfA3 , Hsps
StHsp26-CP StHsp70 >
, StHsfA3 ]
StHsp26-CP  StHsp70 , Désirée
Hsp26-CP  StHsp70 StHsfA3 ,  StHsfA3 , StHsfA3 ~ cDNA
StHsfA3 , 1506 bp, 501 (D A
35 2h StHsp26-CP  StHsp70 ~ Hsf 1 (AHA) C
, (C-terminalactivation domain, CTAD)*! StHsfA3
2 ( HsfA , CTAD
AHA , 4

7-B, C)
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A _ StHsfA3 0 22%C 2-B a
U5 . a o2t ( ) p
5 204 b ,
25 ¢ StHsfA3
% 10 d ’
é N £ : ¢ ’
2N HsfA3
WT L1 L3 Ls
B 27 StHsp26-CP HsfA3 : HsfA3
 20- . : HsfA3
=
Z 154 b HsfA3 ,
2 c
% 104 ) 5
o .
£ ) ; HsfA3
2 r ef 3 , StHsfA3
Twr T ou s : StHsfA3 CaMV
[27]
C StHsp70 358 3
- 107 a a (L1 L3  L5), StHsfA3 , L3
% g : , L5 ,
g
% 6 .
: ] b : X 27 (RWC) ,
22 RWC ,
& (28]
O T T T ?
WT L1 L3 Ls (MDA) MDA
E7 TREELEBTIHEEEFRERWDINEEEREROL)MR
H StHsfA3 (A). StHsp26-CP (B)1 StHsp70 (C)k) % ik7k F ’ 291 ’
Fig. 7 Expression levels of StHsf43 (A), StHsp26-CP (B), and > 2
StHsp70 (C) in the leaves of non-transgenic plants (WT) and
transgenic plant lines (L) under different temperature treat-
ments RWC MDA ,
WT: ; L: StHsfA3 (L1 L3 L5 RWC
); 222 235 12
h; 2 3 , MDA
- : StHsfA3
P<0.05
WT: non-transgenic plants; L: StHsfA3 overexpression transgenic >
plant lines; temperature treatments: 22 (optimal temperature) StHSfA 3
and 35  (heat stress) for two hours. Values are means + SE of two ’
experimental replicates with three biological replicates in each
experiment. Bars with different lowercase letters are significantly , StHSfS
different at P < 0.05 according to Duncan’s multiple range tests.
, StHsp26-CP StHsp70  StHsfA3
( 1-B) HsfA3 , , StHsp26-CP StHsp70
AHA , HsfA3 StHsfA3 (3] ,
[16] , AHA HsfA , StHsfA3
HsfA , StHsp26-CP  StHsp70
[10.26]  StHsFA3 , , StHsfA3
( 2-A), StHsp26-CP  StHsp70 ,
i Hsf i StHsfA3 ,
Hsp [5-6) DBD , StHsp26-CP  StHsp70 StHsfA3
3« 4 B StHsfA3
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StHsp26-CP  StHsp70 s
StHsp26-CP
sHsp R sHsp
(AtHsp21) pTACS (plastid
transcriptionally active 5) s
RNA (plastid-encoded RNA polymerase, PEP)
, (301 StHsp26-CP
AtHsp21 ,
Hsp70

[31]

, Hsp
[32]

HsfA3 Sakuma
AtDREB2A4
CA , AtHsfA3 3 Hsp (Hsp18.1-CI
Hsp26-MII Hsp70) ,
Yoshida 7! , HsfA3
DREB2A
Hsps >
Hspl19.9-P  Hsp22.0 , Hsf
s Hsf
Li , HsfA2
HsfA3 ,

AtHsfA3

Hsp70b

, StHsp26-CP  StHsp70
StHsfA3 StHsfA3

Désirée
StHsfA3 , cDNA 1506 bp,
501 55.23 kD,
4.9, ,
StHsfA3 HsfA3
StHsfA3 StHsfA3
, MDA
, StHsfA3
StHsfA3
StHsp70 R
StHsp70

StHsp26-CP
StHsp26-CP

StHsfA3
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Fig. S1

cDNA sequence of potato HscfA3 and corresponding amino acid sequence



