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Effect of Temperature on Growth and Related Gene Expression in Alternative Type
Wheat Cultivars

Ji Hye Heo', Hye Ju Seong', Woon Ho Yang? and Woosuk Jung®'

ABSTRACT We have investigated the effects of ambient temperature on the growth of wheat in Korea. The differences in the
growth phase of wheat were compared according to the temperature treatment. The productive tiller number and dry weight were
decreased in a plot under a higher temperature treatment. We found that the growth of Jinpum was different from that of the
alternative wheat cultivars, which were bred in Korea, at 50 days after treatment. While the Jinpum wheat grown at 17°C showed
vegetative stage growth, that grown in the 23°C growth chamber entered the heading and flowering stage. The differences in the
expression of 16 genes known to be involved in high-temperature responses were checked by using Jinpum wheat 50 days after
two temperature treatments (17°C and 23°C), which showed apparent differences in expression between the higher and lower
temperatures during the growth phase. In the 23°C treatment samples, the genes with increased expression were HSP70, HSP101,
VRN2, ERF1, TAAl, YUCCA2, GolS, MYB73, and Histone H2A, while the genes with decreased expression were VRN-A1,
DREB2A, HsfA3, PIF4, PhyB, HSP17.6CIl, rbcL, and MYB73. YUCCA2, HSP101, ERF1, and VRN-A1 showed a significant
difference in gene expression between lower- and higher-temperature conditions. Overall, combining the means of the expression
of various genes involved in thermosensing, vernalization, and abiotic stresses, it is possible to conclude that different sets of genes
are involved in vernalization and summer depression of wheat under long term, high ambient temperature conditions.
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U (Triticum aestivum L) AEsta AxsH oA 2 A 3F 571 5ol E1E %t Thomason ef al., 2018; Wang
b, of 4 12 A2 I A4k Algta]l F shuE et al., 2018). 53] A7 9] 112 AEHAR QIgh A4t
A Qo 2% Ao U BAE 2A A7, T e Y87 Kot Asthar delA QlthFarooq
A MA Hat 2E7F 1°C Aol whet ' AR o et al., 2011).

6%7HA] Fad Ao = B EIti(Shpiler & Blum, 1991; AEQ 118 AEFA U 7|& o= Hear Shock Trans-
Asseng et al., 2014). 112-0f 2]l A1E9o] wke-o A& thA|, cription Factors (HSFs), Heat Shock Proteins (HSPs), De-

25, A& 717 9 240 uet gef&l th(Hasanuzzaman hydration Responsive Element Binding Protein 24 (DREB2A)
et al., 2013). a4 o 2] Woh= GHA += Y o} g2 ZAF QIAKTranscription factor)7} o}, XA}

% AN, 9S4 B FLE AT FTH Ak 99k 2 AHEY GAY FHOR N AE L0 Hofahl
3 9 g, 5% 717 wh, FA AR GF FAe G 59] SAAE THo| ool 21tk Ohama ef al., 2017).
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oA MerE 2AsHe G4 % shufel VRNS o uf
o al opifo] rebAlod], e R A VRNIL W
o] Ztasl1, VRN2: " o] Z7}5tHDixon ef al., 2019).
o7 gehe] HAA S HlofEl $43H0] e 2ol A
ukslo] Z7helAL gashs A Skl Akl PIF,
ERFs, MYBs, GolS, APX2, ZAT6, TCX2 52| QA5
o3t WS ® 17} It Ahn er al., 2019a; Ahn ef al., 2019b).
SRS W 42 WEle 480 Aeld weT pelol
QIth(Zhang ef al., 2016). ol 7]Z o A Phytochrome Inter-
acting Factor 4 (PIF4)= 11204 &Alo] Z7}stal 241 A
A AR TA41TF YUCCA8S] & SAAA A =
Al FFgo] F7tel #olst= Ao 2 deA Qlth(Franklin er
al., 2011; Kumar et al., 2012). Galactinol Synthase (GolS)
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Raffinose 3}F9] =712 o|o] X tH(Nishizawa et al., 2008).
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SR 6% §A5th ARt L& e A% A 13,

Lw A T 747 269, 404, 50, 3A17]0] AA <
o 237 AFH ] A A HA| A Ao Huks)
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& G35t 70°C AL YF Lol Hushlt.

Primer C|X}2I

A2 AEY A WG] HoRithal Sl {7 1671E
X e5}to](Table 1), NCBI Primer-blast 3 2 T3 (https://www.
ncbi.nlm.nih.gov/tools/primer-blast/)S ©|-&3} gene specific
primerE A|25FATHTable 2). A|2He primer7t 574 4
kS Eo]A o g Q1A)3}=X|+= ABI StepOne real time
system (Applied Biosystem)2] melting curve analysis©f 4]
one-peak testE F3f E2lstsch.

Reverse transcription quantitative PCR
2 A2 50 - 17°Ce} 23°C A 2+] 75 oflA
RNAE %315l RNA+= RNeasy plant mini kit (Qiagen)
o]g3}o] %319 21, Reverse transcription quantitative
PCR (RT-qPCR)- AccuPower” GreenStar™ RT—qPCR Master
Mix (Bioneer, Korea)E ARE5le] 353tk &
20 pl 24 total RNA 53 ng, gene specific primer 20 pmole,
AccuPower” GreenStar™ RT-qPCR 2X Master Mix 10 nl,

50X Rox dye 0.4 ul, DEPC-water 3.6 1l & 37}slo] &3

volume-&

Table 1. List of genes studied in this experiment.

NCBI Gene

Gene symbol Accession Number Reference

Actin AB181991.1 Giménez et al., 2011
DREB24 HQ171443.1 Ohama et al., 2017
ERF1 XM_020302834.1 Cheng et al., 2013
GolS AB250356.1 Pillet et al., 2012
Histone H24 L75824.1 Boden et al., 2013
HsfA3 DR740109.1 Schramm et al., 2008
HSP17.6CII AK450979.1 Giorno et al., 2010
HSP70 AF005086.1 Ohama et al., 2017
HSP101 AF083344.2 Campbell et al., 2001
MYB73 IN969051.1 Albihlal et al., 2018
PhyB AY888046.1 Paik et al., 2017
PIF4 XM_020325989.1 Gangappa et al., 2017
rbcL NC_002762.1 Hasanuzzaman et al., 2013
TAAI KY435985.1 Franklin et al., 2011
VRN-A1 KR422423.1 Dixon et al., 2019
VRN2 MH264456.1 Deng er al., 2015
YUCCA2 XM_020323480.1 Blakeslee et al., 2019




386 OHEIX|(KOREAN J. CROP SCL), 64(4), 2019

Table 2. Sequences of primers designed from wheat genes related to heat stress.

Gene symbol Primer sequence (5°—3°) GC (%) PCR condition (°C)
GTC GGT GAA GGG GAC TTA CA 55.0

Actin 58.1°C
TGT GCC AAA AGG AAA AGC TGA 429
GAC GGT AGA TCG GAA GGA CG 60.0

DREB2A 59.0°C
CCG GGT ACT TTC CTC TGC TC 60.0
CGG CGT CGC TAA CTT CTT GA 55.0

ERF1 59.8°C
AGT CGG TAG AGC CAG TGG AG 60.0
ATG CTC AAG GGG ATC GTG GAG 57.1

GolS 61.0°C
GAG TGG GTA GGC GGA GTT GA 60.0
CAA TGA CGA GGA GCT GAC CAA 52.4

Histone H24 59.4°C
GTG GAC ACC TTG GAG GAA GAG 57.1
CAG CTT CGT TGT GTG GAA CC 55.0

HsfA3 59.8°C
AAC AGA GGA CTG GGC AGT GA 55.0
GAG AAG GAG GAC GCC AAG TA 55.0

HSP17.6CII 58.1°C
TCT TCT CCA TGT CGG CGT TC 55.0
CAA GAA CCA GGT CGC CAT GA 55.0

HSP70 59.4°C
AGA ACC TCC TGC CAA TCA GC 55.0
AGG TGA GGA GGC ACT TCA GG 60.0

HSPI101 61.0°C
GGA CAG CGG GTC GAA GAT CA 60.0
GAC AGC TTC TGG TCG GAG AC 60.0

MYB73 59.4°C
CTC GAC GAC GGC GAT AAA CT 55.0
CAC GAT GAT GAG CAT GGG GA 55.0

PhyB 59.0°C
ATG CCT GCG GGA TAT CAG TG 55.0
GCC TAG GGT CCA ATC TCC AG 60.0

PIF4 59.0°C
AGG GTT TCT TGG CTC ACC AC 55.0
AGG GGA ACG CGA AAT GAC TT 50.0

rbcL 59.0°C
ATA CCG CGA GCA CGA TCT TT 50.0
ACG GCG ACG ACT ACA TTG AG 55.0

TAAI 59.2°C
CCG GAC TTG GAC TTG AGG AC 60.0
CTG AAG CGG ATC GAG AAC AAG 52.4

VRN-Al 58.7°C
TTC TTG AGA AGC CCC GAG C 57.9
CAC CAC ATG AAC TCA CCC GT 55.0

VRN2 59.4°C
CCT TGG GCG AAG AAC TGG TA 55.0
AGA GGG GGC TCT ACT CAG TC 60.0

YUCCA2 59.2°C
TTC CCT TCA GCA CCC AAC TG 55.0

shlek AARE 5% HE5-2 ABI StepOne real-time system Yopolct. At Adid AR st A4 9tst

(Applled blosystem)a /\]"'Q‘O]‘o:] —/F-—l']O]’ E]‘ RT- qPCR condition Comparative C ( _AACT) %’L% ]\}%-‘8]—91]:]— Reference gene

2 reverse transcriptionS 50°Co| A 154, pre-denaturation % 2 housekeeping gene?l Acting ©]-&3}o] target gene?]

L 95°Cof| A 58 433 & DenaturationS 95°Coj|A 15 W& ok normalization 3T 2 AFoA HLE= A

%, annealing/extension= 55~60°Cof|4] 12 A& 353] 4= o231 2t
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Fig. 1. Growth of wheat samples after 50 days under temperature treatments (from left to right) 17°C, 20°C, 23°C, and 26°C.
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cultivars under four temperature treatments.
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Fig. 3. Weight of the aerial part at the ripening stage of three wheat cultivars (n=3).

Table 3. Developmental stage and heading status of the experimental samples at 50 days of temperature treatment. The samples
in bold are used in the RT-qPCR experiment. ‘Prostrate’ means that a plant grew only vegetatively and eventually
died without heading and flowering. DAT: Days After Treatment.

Date Variety 17°C 20°C 23°C 26°C
Suan Vegetative growth Vegetative growth Vegetative growth Vegetative growth
50 DAT Jinpum Vegetative growth Heading Heading Heading
Joeun Booting stage Vegetative growth Vegetative growth Prostrate

of eJgt Az Hald v} glo|(Diaz ef al., 2012; Deng et S 2rdkgo AHE RS WHo] oWt vt
al., 2015; Dixon et al., 2019), % 34 2 fFdx}of| o o= HoleA] wEsly] flske] MUFHoA e FdA
o ASA e, A Fope] A et Aom A & WESIY wEhbA 25 A 509 & diEor A
o A2l 17°C ZA|eF A A2+t 23°C A4 A9 <

i 2 Hee o, AFY, 228 A 17°C oA RNAE F&3F913L, RT-qPCRE 53l 112 SEH X
oA 23°C7HA] Hl&o] FTFSHAY AR ES BAAL RS T Qlokal e 167 A oS H|
26°C Aol BAT| BasiithFig 2). AR DB T BASITFig 4). 17°C A7) s 23°C ATl
o GAEAS N8I SAK ATS Btk 4ok, 1 A Wdo] 2748 SIS HSP70, HSPIOI, VRN2, ERFI,
9, 2299 AEFL 26°ColA tf2 & X9 H] MYB73, TAAI, GolS, Histone H24, YUCCA27} )31, 9F
3 3ul oA} A3 AL THFig. 3). wEhA] L2of A & o] ATt S AR} o= VRN-AI, DREB2A, HsfA3, PIF4,
Fdol = EA 2 #F s4e Stk 12 =34 PhyB, HSP17.6CII, rbcLo] A3itt.
26°Co M= AES o] WolxR] = AES A} Heat Shock Protein 70 (HSP70)X} Heat Shock Protein
© Zo] Fasithal deheEr 101 (HSP101)2 B3} Sl A 12 A== s EH ol

Z7lsteE Aer Bl R em(Young ef al., 2001; Duan

12 AER A0 ofst REXL L M} et al., 2011), & A9 AipoA= 2= 22| 50d £ 17°C

A 717 2= Aol wE AR 9 F5E50 s dA of Bls 23°C Az|FollA HSP703} HSP1019] o]
+= Table 3o Uebd vlek Aok Al 7H4] 55 5 AEEo =7 etk JFE 23°C APt oA HSP70, HSP101
A 2= Ao mE A4 Aozt 7Y F-3iskAl yhE Ha o S7h= HSPY 89 A4 e S7HAIA L
wgon, AEYe ohy zodns 2ruk-go] T2 of tigk A& AFEE SN Ao F5Hch jH
Uel=s Aor Holth 2 Ao 2x X7 = 50 o Heat Shock Protein 17.6 Class II (HSP17.6CII)+~= 17°CH.
AoA S A A2l 22kl & 4 Q= 20°C APt o 23°C Aol A EEo] Fastlon, o] & Aik=
o] A% AFULE 57} ol Fofxl vh oblyf 2o o] Fejo} 9l 37°C o] al2of 3027 kEAIR S
STE NdHE | AY ol Aol MEE wj AtHSP17.6CII¢] homologue?l HSPI8.0CIIS] & o| 5
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Fig. 4. Differences in relative expression of 16 genes (HSP70, HSP17.6CII, HSP101, HsfA3, VRN-Al, VRN2, ERF1, DREB24,
PIF4, PhyB, TAAl, YUCCA2, MYB73, GolS, Histone H2A, rbcL) using the method. C; values of these genes are
normalized to the Actin gene. DAT: Days After Treatment, JP:Jinpum. Slash-lined bar refers to the 17°C treatment and

the black bar refers to the 23°C treatment.

7kt = AN Sarkar et al., 2009)2} Aot Heat Shock
Transcription Factor A3 (HsfA3)«= of7|&A oA 11& AE
g 2of ofsf o] Frigtehal U A ¢l WHH(Schramm
et al., 2007), & A A= 17°Co] H]3f| 23°C A 2|Lo]| 4]
Hsf439] Wracfo] WA = qleh olegt dxt= 1704

= 9 Qlof 3Y Fek36°Co] 12 A& sho] Hsfd39] &
Hape 243 A thaTel wls) W] Fasterhs
Akt A tHXue ef al., 2014). & A¢ AT A] De-
hydration Responsive Element Binding Protein 24 (DREB2A)

= 17°C Aol vlsf 23°C A2t A FaAFo] Hast
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PIF4, PhyB, TAAI, YUCCA2 MYB73 Go lS Histone H2A, rbcl) using the method. Cr values of these genes
normalized to the Actin gene. DAT: Days After Treatment, JP:Jinpum. Slash-lined bar refers to th 17°C treatment a d
the black bar refers to the 23°C treatment (Continued).
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o] Z7HAAIE, 208 o] o] Mfﬂ W] gastel A F Agkel Al whet wdake] AW At AL B
¢ F SAZREE daTe UEe] gawths Bueh gtk 2o, £E el F Al AU W]
SAFselChMatsukura o al, 2010). E4F o7 ATol ] T S 9 ASAL o5l 7k G wo 1—5— %
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= At wheh 2ebd 4 glow, 2] A
AR o2 F2E &3l ZA=H)E= AL 4
(Lim et al., 20006).
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é“iJEE oj&& FAIAIXIth RHA 2jof oJsf VRNI
o] dte.8 ZFASEal, VRN29 WdE 7hstcl o R EQ)
th(Dixon ef al., 2019). & A& A o} VRN-412 17°C
A glqtol] Bls 23°C A eFtofA WEo] dA 5] Wekom,
VRN2:= 23°C A g]Ftofl4] Hrdo] ©f &Skt =A 2 o

2 oMo HrHOFS H|wE uw VRN-AI A= E
Ao AR 16719 SAR} = Aoz At 31
o2 A A 9] ok Z 2pol2 R}

AEA W Az Qg 350l Wolgheh A Phyo-
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o] 753t &4 Phytochrome B (PhyB)+= PIF49] A A} &4
2 g QMY AS Aslisto] PIFAZSS oAIstAL 23
g Z78ttn &# A Qrh(Paik er al., 2017). o]o| yl3
A 2 ofgfjol A= PhyBo| /o] oA &|of PIF49] &
o] Z7V8}al TAAI, CYP79B2 59| 89 S-AA} v o]
Z7pstcta &el A Qlrh(Paik er al., 2017). & A3 Aito)

A<= PIF49} PhyB X% 17°C A 2]5to] H|3l| 23°C A 2|+
of| A g eko] Fasigitt MO g AE Ao Tk -

oA 1129| o3| PIF4¢} PhyB2) ‘ﬂ"&lol Hast QA 52
117} itiJeong & Choi, 2013). 241 A AR} Tryp-
fophan Aminotransferase of Arabidopsis 1 (TAAI)-S o}|7|
Aol A 28°C9] 112 o WFo| Frieitial H Al Q)
CH(Franklin et al., 2014). 2 A3 Ailo|ALe 7]& o7
ool A o] Axel HjsstA 17°C A eftEet 23°C A2+
Nk TA419] W&ol B =7 Yepyltt tE &4 A
A AR YUCCA2&= 112 Ao ofsf He|ef of 7|4 d)
oA} Wrgo] oAE i ¥ 115 9) © 1} (Blakeslee et al., 2019;
Ozga et al., 2017), & A& A= 17°C #g]7to] v]sl 23°C
A g ol Al YUCCA29) WAge] A Ustth A& 222
Ap2md|o]| Eof o ddll A9 Ao o] wolst= Ethylene
Response Factorl (ERFI)2 QoA AXx, ¥, A& ~EY
A0uE ofy el A2 AE A Hhgof| e yhojgitial H il
AtH(Ergin et al., 2014). 2 Ao H= ERFI2] A3
g fo] 23°C AEto A o Et 23°C A& A2t

SIA) G AR TAAL, YUCCA2, 1811 ofg#l Al
& A7 ERFI9) W S7ks of3 A% s
AEF 2o daf Bgyog wo] 7]z 7Rt
7)ol A 2B A 2 ok oddlT &
2l 4 %% AR Hrgo] B FRithe Aot
AFSFATHL et al., 2015; Islam et al., 2018).

TaMYB73 +3-A = L& 27 ofgffoA o] F7lst
i, TaMYB739] o] w2 FFo] 2EHA 37 o}
& AFAS 7H Ao o SHrhe Bisk SlrkErgun
et al., 2014). 2 AFo| %= MYB732 17°C A z]7o| v]3|
23°C AelolAl wroko] Zbshe o vehgrh

Galactinol Synthase (GolS) GolSI13} GolS2= ofj7| %t o]
A 312-0) 93] & o] Z715FX|¥H(Nishizawa et al., 2008;
Ahn ef al., 2019b), M| 91 6| 37k S0} 42°C 1L A
g5 P& W GolSIT} GolS2 H5 I o] {F=BA| ottt
(Shimosaka & Ozawa, 2015). & Algo| = of 7| At} <]
Ao} FAFSHA 17°Cof| BIsf| 23°C A 2|to A GolSe] &
Ho| tha Z71oth HAZE & AEe| Ao ofs) 3
dol WSl $AASY AAE 2Pshzd] Tolsittn
oA Ql=d|(Boden ef al., 2013), 2 Ao A = 17°C *
2] LE T} 23°C A 2| tol| A Histone H2A 3-AA}2] BF& ok
o] 7 vehre.

ne AEY~s WSe] ABE Uehis 34 Aste)
Hloll= FE4 oF A, defalo]E b 4L Ribulose-
1,5-bisphosphate carboxylase/oxygenase (Rubisco) large sub-
unit®} small subunit®] 747} ¢Jti(Hasanuzzaman et al.,
2013). & A& Aiof|\A ribulose-1,5-bisphosphate carboxylase/
oxygenase Large subunit (rbcL)®] W&oy 17°Co H|3j
23°C Aol A gt Ao® yeytth o3t A=
A AEF A O3 FY B 245 &4 2 24
Aol ot Ao m Azt

olF AR T oA deElX HMARE §-HAA = VRN-
Al, VRN2, DREB24 5°] St} o]& HArzdehaZ o] o]
o] AR defdl AR D - Flowering
Locus T, ODDSOC27} Q)th(Pearce ef al., 2016; Zhang et
al., 2016; Dixon ef al., 2019). oA AALZE S§HA =2
A 71538tk SRR 2 PIF4, HsfA3, ERFI, MYB73-2
H, 2, 2, 2 5o WRU of71dtholA FT, T441,
YUCCAs, CYP79B2, Small Auxin Up RNA (SAUR), 14419
o} 22 Bk9] A ol RS F Ao FeiA 9l
CH(Franklin et al., 2011; Deng et al., 2015).

Wol 4 L& HEE ol BAS] A& WA, A5
e AR wHE AR 7)2e] A%z As) o8 A B4



392 BHEIX|(KOREAN J. CROP SCI.), 64(4), 2019

7h 2-E A 2 AR HAEAS = flou, 2% Ao] & BRQlsE A}, 23°C A e]tof|A Wdo] 73t

z0| wet 9hgsh= ot Ax 98-S st RS 3 &}olli= HSP70, HSP101, VRN2, ERF1, TAAI, YUCCA2,

o] t=A WHE= o] #EEGlon, o529 Udo] 5 GolS, MYB73, Histone H24°] Q)11, 443t f-AA o=

o] A= W] AL u|HL Aolgty ===} VRN-AI, DREB2A, HsfA3, PIF4, PhyB, HSP17.6CII, rbcL
2% 270 o3k "ol e g A3 Hils o o] St

2 o Hok ulg]| Ajdoz wx| gt 7]E W oo 4. 167 A=+ 3 MYB73, YUCCA2, HSP101, ERF1, VRN-

= 37/28°C 11 2702 2047 2EAEE 5] 57 Al°o] A&t 12 Z7 Apolof| A AR LG 2

ol Al FAQ) g Lot el 545 Tkt vh ot Aol & B Gt

(Rahman ef al., 2009). Wo| 35:2°Co] ZAO & 4A7L 8 5. £Zof o3t A& &4 FTAFPYL PF% 17°C 9

AlZE 312 A 2]sto] SOD, CAT €/J3} DNA, RNA 35F 20°C AfoloflAl AAH O Z Yehf=z AR Hojw, 2

= S4% A+ 2% QIKKhalil ef al., 2009). 112 271 Lof o3t A/t FHA 5EAY Aol & FHA

© 7 36°CE 2417t &8 Agsto] 15AIZL SAIZE 39 & o] opd e AEYA vy HAE o8 FHA

O] Heat shock factor®] ‘U@ ¢S st A4t4x7} 9lo o] B2l wAYSZ ol FF= S o= A7t

H(Xue et al., 2014), 30°C (16A]7H/25°C (8A17HY] & =}

27 F7)olA F=717kHA Aelste] A7 Q] e A

EYA stof A &9 source-sink HAE A3 Akt Q) AP A}

tH(Hiitsch er al., 2018). LU} & A3 7} Zro] AL 27
5E S ASH0Z AL 1 2AS X sl
24 AR vEstL AR A4 YEFS WA B2
3 o) 3] ofesick

oo o3t AEUS 24 FAYL FRLE 17°C%
20°C Afolo 4] BHHOR ekt 02 Helth 20°C
A2 Aol 275to] o|4te] 50%7} wBE AH 7Y 4
ALE A 509 P ERAZ AHE, A4 39
ZARE RS HALER EA

1,271°C Atolz F7g €t

P
£ 2
fu)
ic)
=
l

H 2

Lo Arbdap WA o] Sl Fawds, Aes
& Y 22U At 2 23°C oo A Ha
SFRAL, AFE2 20°C o)dollM st

2. AFLUY B 2= AP 509 & 2 2] wet A
7ol FElo] FEE e, 17°CoA FF8E 2
€ EAL, 20°C ool A E7let dAE YT

3. 2ot Bl AR tiAbe] Hofttkal Al 44t 16
Ne HgL=2 RT-gPCRe st 2= A2 50 &
AFE o] 17°Ce} 23°C A oA Ak &d ¢F2
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