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Low Temperature-Sensitive Genes
in Sweet Potatoes (Ipomoea batatas (L.) Lam.)
and Their Expression Patterns during Storage

NAGATA Masayasu*'®, WATANABE Takashi*!, ARAKIDA Naohiro*?',
KAWAMURA Takeshi** and FUKUDA Yayoi*?

% 1 NARO Food Research Institute, 2—1—12 Kannondai, Tsukuba, Ibaraki 305-8642
% 2 Ibaraki Agricultural Research Center, 3402 Kamikuniichou, Mito, Ibaraki 311-4203
T Present address: Ibaraki Prefectural Government, 978—6 Kasaharachou, Mito, Ibaraki 310-8555

This study shows several genes in sweet potatoes, whose expression level changed during low-
temperature storage. In addition, the relationship between their expression and occurrence of chilling
injury was investigated. The expression levels of phenylalanine ammonia-lyase A (PALA), ACC
oxidase, regulatory protein NPR1, 70 kDa heat shock protein, and e¢-amylase were increased upon
storage at 5-10 C; however those of f-amylase (BAM) and starch synthase were decreased. The
effects of continuous changes in storage temperatures on the expression of PALA and BAM were
investigated. The changes in their expression levels during storage at 5 C within 10 days could be
recovered by storage at 20 C for 5 days; however, at 5 T for more than 15 days, the recovery
phenomenon was not observed. PALA expression level increased at below 10 C, but was absent at
over 13 C. Heat shock treatment at 40 C for 2 days did not affect the expression levels of these
genes. These findings indicate the irreversible physiological changes in sweet potatoes according to by
low-temperature storage periods and can be used as expression makers of chilling injury.

(Received May 13, 2021 ; Accepted Sep. 2, 2021)

Key words . sweet potato, chilling injury, gene expression, reversibility, storage
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IFEREIRI3CHIZTH D, 13C L) DEWIRETIE,
M S X AR EDRENEETHY, 13T
D HEVIRECHET % LRRBENRET S 2 &2
SNTWwiY,

V<4 EOMRBRIG, KEBEEICELT, MyEH
ZOHFHETINTETELOMEN TR TE L
LisBERMAND %, 1ISCTHE I, 7.5CEHFHE L 2%
&, 4EMTEMEDOEII RV, 5BICRS L, BE
HENIZY) VEACBEOEEMET IS 2L, T4, 7
Qs @R EDOR) T2 ) —VOEENER, TR
W VEENRA Z EERLEY YamakrSid, KiEALE
L7233 Fary P 7B 3REHAROELEHRE L T
WwW5%, Mz kb, KIEFEATIC40T T2 H MRS
5ZLiZEoT, BHRFOBHRORBENRBLTEI LR
HEL T3,

BigiX, 27 0B EFBEEGRY YA ED
BERBMENMICGEZH2EELHL,ICLE", HESLIZ,
HY A ENORIBLEIHEER & EREICRIZTE
FHLMILAY 1D, 4CT6AMER LR
WEBFAINSIVAZ YT N—LDE DT, de novo7 2
YT ERTY, I3COMBRERBRLZZY, LisiE, &
WMI 74 azy 7L REFBEOHAGLREIZL ST
KREEDEEIFNIOWTRE L7729, XEDIE, 4T
BIUUCKHB28HICBIT 2 BETFREADECEHITL,
e, PiBR{L, WECH, WAV E LV EHEOFETIIOW
T, FRAZROBRHEAZEO K ET> 72",

BEOIE P TIE, KEFBEOMNBTORETFREH
DB ITbN T3, KRR OEle, 20k
CERICR LG EIREEESBEENT 2 L E0EE
FRIUIHL L TlE b o7

ZIT, YL ERMBIC, KR (5C) T—2H
BEEBICEER 0C) KB THA L, REFBREE
(13C) CTEEMIIEETIHEOWNEOEILE, &
EFRBAOBRN B LA, & IC, BETFREE
&, K Y — o v — & B CTHEBRRT 21T, 5 C
BFRICE o C, BRENICRAISEIT2B8EFEREL
oo E51C, BIETRROBHERZOLIZ, VTNLF LA
PCRTCENLKRICKIGT 5 BETFORBMITICH NS
TIA—%iE - ARL, BHNL s THERICEY,
ZI o ORIBDEEEEZTFORREMEHS 2T L2

S -

1. %  #

¥ <4 % (lpomoea baratas, Wi ‘X=T7 X<")
3, RBEERERS LY ¥ —BEWER RBEKXFA
M) CTEITEEICEIVFEE L DEH V. Y=
EiE, NWEOEL HP SEERBRICH

2. PR H

(1) 58 (1) ERESORE Yy~ Ti2K
W7z —H I, EIRAEX T, 5C20HIFE, 20T

7THEE L. b5 —Fi, SEERERT, 13C27
A L7 70 2703, BFEEl (day0) B X T,
FhEnFs4a S 5 H, 20H, 22H, 27H Cfio 7z
(n=3). WERRIZIZ, 7—VA Vv Fax—%—CN-
25C BRI TV=TI YY) BV, vY=A
EiE, RUZF L U4 (400mm X 300mm X JE 0. 03mm) T
PO AAEEL S,

(2) 8 (2) SN ETLEATHMORE VYo~
£ E%5CT5 HIRBMET S & & HIZ, Z0HIT, 20T
T5 HEFETARABRX 2%, BERFRAZFAL @
=3)o

(3) #8& (3) FIHHORFBEOERE Y v<A
05 CHREMEKZ, 5, 10, 15, 20B& LT, #
NENDH L1220C 5 B 2TV, BIZTFRIEZH
~7z (n=3),

(4) B8 (4) FREECLIRICOMERE Hvuv
4%%, 1C, 5T, 10T, 13C, 20C <& 5 HEFRL,
HEFRBEZHAL =3),

(5) B8 (5) SRNEBICKIHEOEE W~
42, 40T 2 HHBRLE 2T 72, 72, BiRAHE
#IZ5CTs HWEL, BEFHERZHAL =3),
3. RNAMHH

RNAMBAEA®Y > I vik, Y <A EHRROPRIE
5 3cnESORFEZY) L TUNEORFZHEET
BEEBIT, FORLED SHER S P& 3 omDILHE
bl ENYIML, FRA1~2mDESITX T4
ALT, $REARERTHEEL, —-80CTRE L

RNA® i # &, TRIzol Plus RNA Purification Kit
and Phasemaker Tubes Complete System (Thermo
Fisher) # H\2 72, &% 7V HORNAKEIZ, Micro-
spectrophotometer Nano-200 (Mediclub Scientific Co.,
Ltd) THIEL 7.

4. RNA-seq

RNA-=seqld, #5554 FERIC X BRBE AT Y
Tol-. HBEE, Agilent 2200 TapeStationtZ X %
M E % 1T v, TruSeq Standard mRNA Sample
Prep Kit (Ilumina) Z AT, mRNAS A 75V %1k
B L 720 Agilent 2100 BioanalyzerZ FIWCT3¥ —4# v A
F4 77 —0imHE % REHK, NovaSeq 6000% F
T, 150baseRT7 LY FY—r Y2 (1Y — P/
1) BN %17 o572, BT, Ipomoea batatas® 7 J A
AT AR SN TWR WD, vy ¥y 7iciE, o<
4 EDWMFEETH %Ipomoea trifida® 5"/ LB . NSP
306_trifida_chr_v3fazip, #Ef=FIFHR | NSP306_trifida_
v3.hc.gene_models.gff3. zip, EiEFHEEFHR | NSP306_
trifida_v3. hefunc_annotxtzipZ AW T EEBT 2 7o
720
5. TEMPCR

1 g ® RNA 55, PrimeScript RT reagent Kit
(Perfect Real Time) (¥ 4 $/54 %) % B\ TcDNA
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AWM L7ze KMACY — 4 v — 12 & BN R B L O,
WEAED X Z ZE 12, RiRFEEOMRBIZHWE T 74 <
—% (Table 1) &L, TB Green Premix Ex Taq II
(Tli RNaseH Plus) (# #1954 %) ®F% T, Thermal
Cycler Dice Real Time System III with PC/MRQ
(FHF1NA4F) 12L&, ERPCRE2IT- 720

RBHERBLUVEE

1. #8& (1) EEEEORKR

(1) OEOZE{L 13CIFHLZY Y <1 EDY)
Wi &, 270 L72b O F TEALR 2o 7 (Fig.
Do —F, 5 CTHEMI L2y~ 4 €I, 5HTIE
CIWTT S 2 2572 <, 200 MiFik L 72 & D TIZAEE HIZH
TOREEVRD bzns, MBI EfLIZA SN 0o
2o TDHACIIHB LY YA ETIE, W2 H GE
$22H) T, MERICHL 2P ZBENRONLE LD
2, 7H GBH27H) TRRNEBHREICHL 228 L,
Bl — RIS BTz,

(2) RNA-seqi#t {zF 5 IR ) — FELS D92.7
~94. 4% D= v ¥ T ENTz, 44,158 B fETFITDOWT,
DNV v A5, TPM (Transcripts Per Million)

RN L7727 — 8 2 flio THIT R T o 720 &S, FEB
E0DLDIZOWTHRMFUMATE B L9, HHEI
ICTPMDAT— #120.001% N2 728, 2 ZJEE Lkt
BUSEW L7z T/, TRTCORBKX CTHREHED LN
RVEIETIR, FHEPSBAL, 34,5608EF IOV T
R L 720

KMy —r v —0F—5h 5, EEPCROE R
WCEBTHEIERE LT, 5CT2520TCIcRiRE 221t
SR EKIX R, 13C Tk L 7 kX T b Bz 758
DEALAVNS VB T2 HER LR, RIS ED
K&EL, ZEHINSVWEEFELT, 6I@EETFIEON
720 & < IZ, itf13g17610.t 1 (ubiquitin), itf07g01300.t
1 (glutathione-S-transferase like), itf07g04750.t 1
(ADP-ribosylation factor) 1%, Z@##%%k (SD/AV) #%
ZzhEN, 0.039, 0.057, 0.064TdH Y, EHEEL /X
W, /)= IAF—L LTHEHT2 I &IT# Lz
ZFeEz oz,

—75, ARERICPUS U TR LA T 2 8{a T
& LT, itf02g10760.t 1 (laccase), itf08g04260.t 1 (alpha
-amylase-like), itf02g08520.t 1 (phenylalanine ammonia
dyase) &, 183#fn TS E Sz,

Table 1 Primer pairs used for real-time PCR analysis
Annotation Abbreviation Accession # Forward primer Reverse primer

Ipomoea batatas ubiquitin extension protein UBI JX177358  CCCTCGAGGTTGAATCGTCA  CGGGATGCCTTCCTTGTCC
Ipomoea batatas phenylalanine ammonia-lyase PAL M29232  TATCGCCTCCCGTGACAATG  CCCAATCACTGCTGGCCTTA
Ipomoea batatas phenylalanine ammonia-lyase A PALA D78640  CCCTGTTCTTCGGATCACCT — AATCATTGGTGTGGCCGTTTG
Ipomoea batatas ACC oxidase ACO GU230145 CCCAGCAAGTGATGCTGTCA  GGGTAAACTTTCTCATCATCTCCCA
Ipomoea batatas regulatory protein NPR1 NPR1 EF190039 TTGCAAAAAGGCTCACTCGG  TACACAACCGCTCCTTTGGG
Ipomoea batatas isolate Hsp70-4 70-kDa heat shock protein HSP JQ063092  CCATGGATGAGGATGCTCCC ~ CCTCCTCAATCTTGGGACCG
Ipomoea batatas alpha-amylase AAM KT281131 AATACTTCGCCGGAGTTCGC ATCCGGCTTTCCGTCCGA
Ipomoea batatas beta-amylase BAM D01022  ATGAGAGACTCCGAACAGCC  TTTCACCTGCCTGCTCAACA
Ipomoea batatas starch synthase SS AF068834 CATTCCGAACATGCCCCATC  GTCCCATCCTTTTCTCTTGGC

Optimum temp. 13T

L i o o SR
day20 day22 day27

Low temp. 5C

Fig. 1

day20

Cut surface of sweet potato tubers stored at different conditions

Low temperature storage (5T, day 0-day 20, -). followed by room temperature storage (20 C,
day 20-day 27, [ ]) or optimum temperature storage (13°C, day 02-day 27, [ |).
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Fig. 2 Changes in polyphenol and stress-related gene
expression levels in sweet potato tubers stored at low
temperature (5 C, day 0-day 20, ], followed by
room temperature (20 C, day 20-day 27, [ ]) or
optimum temperature (13°C, day 0-day 27, [ ])

PAL (phenylalanine ammonia-lyase), PALA (phenylalanine
ammonia-lyase A), ACO (ACC oxidase), NPR (regulatory
protein NPR1), HSP (heat shock protein Hsp 70-4). Each bar
presents mean =SD (n=3).

10E+1
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Relative gene expression
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Relative gene expression
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10E+0SS
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1LOE-2 e
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10E—4
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0 5 20 22 T
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Relative gene expression

Fig. 3 Changes in starch metabolism - related gene

expression levels in sweet potato tubers stored at low
temperature (5 C, day 0-day 20 JJl]). followed by
room temperature (20 C, day 20-day 27, [ ]) or
optimum temperature (13C, day 0-day 27, :]).

AAM (¢-amylase), BAM (B8-amylase), SS (starch synthase).
Each bar presents mean =SD (n=3).

IR SO U CHRERIICEIZ FIEBAME T § 2 85T
L LT, itf01g03420.t 1 (starch synthase), itf13g16360.
t1 (beta-amylase), itf07g00140.t1 (starch branching
enzyme) 72 E1708faTFH3FE S 7z,

(3) EEPCR 7 i ik Bt © & 2% A 5, ubiquitin
extension protein (JX177358 ; UBD) %, F§Imltizo
B ) —< I 4= LTHW LIT, 85T 4 (Gene
ID ; BW%) Otk e 35,

R ALEE T, B2 IC Y 3 % phenylalanine
ammonia-lyase (M29232 ; PAL) £ X U'phenylalanine
ammonia-lyase A (D78640 ; PALA) #%, 5T 5 Hly
OB S SEHF IS L TB Y, 13CHEE 1ZH S 2
B o T (Fig 2)o & <IT, PALAD I,
YK 282 L2 R OBRRE 2 S MIB T ETH D, K
RICEBLZEZRTY—I—LLTHEHATESDD
LEz bz, 61, FkOEH EAPEBEINLE
fz= + & L T, ACC oxidase (GU230145; ACO),
regulatory protein NPR 1 (EF190039 ; NPR 1), 70-kDa
heat shock protein (JQ063092 ; HSP) 7% EA'EiZ2 &
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T
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o ol

3 4
0 0

Storage period at 5C (day

~

Fig. 4 Relative gene expression of sweet potato PALA
and BAM during low temperature storage followed by
room temperature storage

PALA (phenylalanine ammonia-lyase A), BAM (B-amylase).
Each bar presents mean =SD (n=3).

720 =, TV 7 ABEEOBREET T, KRS
X 1, alpha-amylase (KT281131 ; AAM) D5 %
XN B—)T, beta-amylase (D01022 ; BAM) B X
U'starch synthase (AF068834 ; SS) &, fKikick o T
DR AT L, FiICE L THIRBIMBEL 2 h
-7z (Fig. 3)o 2O &9 BRI T 5AAMEBAM
DS D, PECH R & )T, 4%, &5
MG S EEEZ BN,
2. #HE (2) BEANZE(L & RIS ORER

5CT5 HGRALBEE L 7-& 2 A, PALAIZ, W1 H

THHAL, 2HERADOFREB L2 5 HE THEBEL
(Fig. 4)o MOMRFEERT b FkD/ 8y — v &R L

72T, TITIEAKT S, £72, BAMIE, liFik1 H
THBEMET LIZL®, 2~5 HIZEVIREEZ HERE L 720
SSHFEFEDIEBIN Y — v D720, ZNLFEORE Tl
PALALBAMD ADHERZRT TN DRI
Ty~ AL, M1 H2 SRR hﬁmbfu\%\_&#
bholze ZO—JT, 5TTH HREMLIE, 20TIC
%LfSH%@%Vv{%fi KiRIC X o THEX R
7oA T8, S5 H Tl s B s 3 I3 E R
STWVWAIZEARENTZ, TNOOFERDS, AL
WS 5 AN THIUE, Z0HD20T 5 HOWEIC X
O AR S O B T HEBAT IR 5 2 & 2R d, #r
T2 AR STz,

3. HE& (3) FIEMORFEAB DR

Rt OB T, PALAEBAM® & (E 3B oW

10E+1
PALA
1.0E+0 T W

10E-1

10E-2
LOE—-3
1.0E—-4
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20C 0 9 5 5 5
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Fig. 5 Relative gene expression of sweet potato PALA
and BAM during low temperature storage (5T, day 0
-day 20) followed by room temperature storage (20 C,
5 days)

PALA (phenylalanine ammonia-lyase A), BAM (8-amylase).
Each bar presents mean =SD (n=3).

WPEDR ENT=DT, ZOWREFIGRIUI O WTHE L 72,0
5CT, 5H, 10HMHEMIEZITV, Z0#%20T 5 Al
HWL72E 2%, PALAOFEIUI TSI HA L CHE L
7175\ 5 CTI5H, 20H{EEALHEE, 20T 5 HEFE L 72
£12id, PALAOZHIE LR L F FmEES, A0
ﬁ%-ﬁﬁ%ﬁﬁﬁ@mﬂ?é;k#b#otoﬁmw
QU - A HPEOBEH X, 100 E15HOMICH S &
Megg s (Fig 50 BAMIZOWT, FEHOZEAL% R
&t&:5,5t?,5H,waﬁﬁﬂﬂ%ﬁm,%®
$%20C5 HilFi L72& 2 A, BAMOIEHIZ W #1912

MU CTHEBE L7225, 5CTI5H, 20H iR, 20C
5 HIlFwE L72%A1213, BAMOFEEIEWA L7 F £

BEd, A EE TR EET 2 2 &by
o7 TOT R, 5 CORBABTHIIE, 100K
DOWFHHRIC, 20CICRT I EIC& o T, 5 HEIZIRMW
RGO B E T HB L NVICRE 2 WL S 2755, 15H
PLEAGRALEE S &, BT HBRIIRE L%, K
MEEDFENPFHENLIRMIC LS L 2R L TWA,

ﬂ/74%%mﬁ¢6mn,)7ﬁf~wﬁf®ﬁ@
TITIE, IEC0HRRED D AA, 5 CORITIE
ﬁm%%#tgb,ﬁhfim«@%ﬂ%ﬁof%%%
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Fig. 6 Relative gene expression of sweet potato PALA
and BAM stored at different temperature for 5 days

PALA (phenylalanine ammonia-lyase A), BAM (B-amylase).
Each bar presents mean =SD (n=3).

MRV ED, BIETFLXVTHLNC R

4. #HE (4) BEHEEICK 3ROSR

W IRE D2 OWT, 1 TH520T DI THE
L7263, REESEOPALA, 1T, 5T, 10CT
FEEN2%, 13CL20TTRFESNLEDL 72 (Fig.
6)o —77, BAMIZ, 1T TixWfIziZmPEd, 5T
XD HICTHRARDKTHEETH o7z, TDI LI,
PALAZ &, KR THB MY % BT CTiE, K%
52Th51~2HTHWKIZET S (Fig. 4) DITxFL,
BAM7Z SRR TR T 5 B F TiE, KiLzE 5
RARTHH1~2HTHHANTHY (Fig 4), 2561220
HE T4 Lz (Fig. 3)e SNHDOZ 0D,
I TR 2 5 InT &5 MIn T T, K&z
WIE S BE S 2D 2 4, BEPMPT 556121,
mRNADGIRICE D B EHEOWEME R L, ) 1ERKD
72 2 SRR A T B I REMEARIE X Tz,
F72, 10CEL13COMEXETDTITH LAY, 10CLT
&, 13CUETRE, KRESEOBETF ORI, <
BB ERHLNE R,

5. #E (5) SRNIBICKL3HEDRES

40T 2 H OB 21T\, D% 5C5 HIFE L7z
WA OPALADZAL 2 725, EiRALE O A4 M2 A
b5, 5C5 HTHMEEDIHE EAEE IR (Fig.
o T72, BAMIZ, 40C2 HTHRENST5H LD B
KT 201%, 40C2 Hotk, 5C5 Al LAY
AT, ESIEHBEAMET L2 SO0 ENS, &

1LOE+1
- PALA
S 10E+0 i |
10E-1 —
1.0E-2 —

10E-3 o

1

10E—-4 : ]

10E-5
40C 0 0 2 2

5C 0 5 0 5

Storage temperature and storage period
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Fig. 7 Relative gene expression of sweet potato PALA
and BAM treated with and without high temperature
(40 C, day 0-day 2) followed by low temperature (5
C., 5 days)

PALA (phenylalanine ammonia-lyase A), BAM (B-amylase).
Each bar presents mean +=SD (n=3).

AL Z 1T 5 T, ARTES B R T O ZE B BIHN R R
IZRRD LN ho s

Mz L5, 40C T2 Hmims L 226%, KR Lx
Ba, REREEIIFI SN EHELTW5EDY, #
ETRBEOBEIHIE, ThzEMNTLF—53ELR
Bro7z,

PUbnrs, <4 el Tld, (RIRLH TR
238 B A E 3 APAL, PALA, ACO, NPR 1, HSP,
AAMZ EDOBIZTFH B L, INOBETFIX, KR
WP HASFEBSIMLTWAZ b ol 72,
PRI AL B CHRER B I FE AT A - A BAM, SS7 & Dt
ZFHHHTELHLN R 57,

Z0—FT, 10HOKIRLIEEZICRR (20C) IR
&, MIRT IR S 75, R A5 H
WX DL, BiRIIELTOBETHIAIRESL WA
WY ZRIREEICRATT B 2 Edbhr oz, TBIX, itk
TIEALN TV RVWH LWHRATH S, 2O LI, M
WM ORI AT ) WA iiE, KIRYIE % 10 0 R ICBRE
T5I LI Lo TIRIREEDIEAE 2 IHITE B HEME2
RLTW5, 4k, e, HEEOEET L -
T, INHOFISAED & ) IZEALT 5 D Hh RN
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FTHILIWXoT, LYRYMOEFEASTRIZZS DD
LEZ HNhz,

¥7:, FREED, 10CUT CRIREENSRET L
BN H B LD, BEFRELARVTHLP: ko,

P A EOFBEEICE, Y~/ EORERERRES
f, EHINBE LA R EOMPHEERZ &b HEEIC
HELTWALEZLNDY, SRR LYY <1 E
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