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Abstract: Anthocyanins are pigment ingredients with great potential as health-functional
materials, and they are processed and used in various fields. These compounds function
as antioxidants and are synthesized in response to various stress conditions. In the
case of tomatoes, they have an unstable flavonoid biosynthesis pathway. So, they are
rich in lycopene in a normal state and produce red fruits. However, when plants detect
specific environmental changes, they can synthesize anthocyanins. In this study, we
observed the expression of anthocyanin biosynthesis genes in tomato hypocotyls under
nutrient deficiency conditions and various light treatments. Under nitrogen or phosphate
deficiency conditions, the anthocyanin content in hypocotyls increased compared to
the control, and similar levels were shown under nitrogen-deficient and phosphorus-defi-
cient conditions. The expression levels of most anthocyanin biosynthesis genes were
higher in the nutrient-deficient treatment group. Under light-treatment conditions, the
anthocyanin content was higher in the light-treated groups. and the expression levels
of anthocyanin biosynthesis genes were also higher in the light-treated group. These
data provide insight into how anthocyanin accumulation is regulated through distinct
genetic induction pathways in response to nitrogen deficiency, phosphate deficiency,
and light signaling.
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gt ZokollA 2l Qlek. 53] tEAORdE AEA] oA dsHAIEA 7158 4= 371 wiEel o7 7HA] @3 A e 2Ed
& 27 ofFollA o]& ARt FFFE 5 ArH4-6].
AlE oA FEAoPd ARHol Hofsts fAAtelE E/AR AT R2R3-MYB HARRIARE AA|Q1AL A-E k=

R3-MYB HARIAZ}F et @A A, Hsoh HFUol 5 ot 42 MYB QIA7F &2A 9loH, EnfEe] ¢
SIAN2, SIANTI, SIAN2-like®] R2R3-MYB 12t} SIMYBATV, SITRY 5-9] R3-MYB QIA7} &&A 9t} E3] Qrjuzx
(Indigo-Rose) B9 BENE = AR ABX SIAN2-liketh= B/AA7} ol ¥hS-5to] EntES] FufjofA Bt 2 QHEAJo}
SRS 204 "Hoh7-16). o]AY AlEo| £ 0T HE =S Ao I =8A7F IEAIoP] AHEH] HRolA activa-
tor JE& Sh= MYB QIX}e] W& &Ad35}olal, &/d5HE MYB QIARE- basic Helix-Loop-Helix (bHLH), WD403} 74 MBW
(MYB-bHLH-WD40) 23S FAJtcH17]. F4E MBW EA= QtEAloP A4 |29 T2 wEl 2o Adds] 15
m—oqa Zx15lo] AR}AH 0 A& QtEAJold Feko] Z7fslA| HTH18]. o] Tt AAsla} ZHEo)A e FAo]
%29l N B P7} 29E 274 FEAoM 3eF Zxo] #&E|Ql o™, UV, Blue light 5 thkst I 27 olgfolA %
FEAoH FAo] TAE QT WAT A ZHES thARE ZE0fA 1T 4= lth19-22].

AEAPIE 429 Wi o £7] & FIERATH R, @ § AAVIE o= )7 Age BE oA SHd &

mEJE

¢

QJt}. Phenylalanine© 2 ¥ E| phenylalanine ammonia-lyase (PAL)¥} cinnamate 4-hydroxylase (C4H), 4-coumarate CoA ligase
(4CL)°f| 93} 4-coumaroyl-CoA7} THEO] X 4-coumaroyl-CoA: 3EZ}2] Malonyl-CoA®} 87| chalcone synthase (CHS)2:
chalcone isomerase (CHI)S] 8424 28O F naringenin®. 2 HEHTH23]. o] AE-2 flavanone 3-hydroxylase (F3H)o] ]3]
dihydrokaempferol2 #12}=|™, Dihydrokaempferol flavonoid 3’-hydroxylase (F3’'H)of| &J5] dihydroquercetin—% A A SEA Y
flavonoid 3’5’-hydroxylase (F3’5’H)°l| 23] Dihydromyriceting A§/d3tc}[24]. 0|23t dihydroflavonolE< dihydroflavonol 4-re-
ductase (DFR)|| ]3] ZtU=|o] A QtEAJopd 07 A A leucodelphinidin, leucopelargonidin, leucocyaniding A§/dstal o]%
of| anthocyanidin synthase (ANS)°]| &3] 28] ZA35}E o] {2 QFEA|oFAR] delphinidin, pelargonidin, cyanidin® 2 HEHETh
[25]. o] WA A& 8 0]_? Z71491 wds}, 73] oAl 52 AA AEAobd £5A2 LA glutathione s-transferase
(GST)Oﬂ olsf Hmz QutETH(Fig. 1)[26,27].

AEZ %VJ'X*O] M= tEAlOPI S WHEA] AR The, B, 9F4a 7%‘?5, 25, HEAY A 5 A= AF
B At AEF A0f| H-GSto] EEAJoPo] 2E 4= QIrh[28-33]. tHHEZA 0= QFEAJOPIL 73t 3 Fko
O3 dofit= AEA Wl BAIS}H 5ol tigsto] AdE 4 AtH34]. A= *J’—v—gxﬂi% A2 AA|Sh= Phytochrome

& UA|SH= Cryptochrome([36], UV-B Ig-2 QIA|Sk= UVR8o| L&A UOH[37], o5 B4at thE WS At
 dof ofgt QFEAlod gt Fz o] t®A Q1 AARIAZ A CoP1dt ARttt COP1at ¥l ~8A4| Tl Fo] Agtsto]
71 715< SHA %oHA =| Coplof oJsf Eafi=d HY57F QEg3teE|o] QFEAJobd AF3tde] 7108 4= Qlh(38]. HY5= 2O
Ot QtEAloPd Aol A B = 7]55to] MYB QIR S S7FA17]AL MBW Ao o5k QtEAlod Agd2
ZRRITH39]. TJF HY5= QEEAloP Aol #ojsh= of2] f37e] 2 wE Rojo] A &= 9lo] QtEAlobd A
SAAA AEoA dEAlOP] A S7oll 7103t 40,41].

FEEY A2 AE WollA tEAOMD A S4sk= & tE Atolnh A4 @‘E Z70A EvtEE= Sl E7]9
UFEAlOPIS S25tH, ol A9 oA ET Y3t 710014 AEAlPIS S5k A og LA QUtH29]. o= AEFH A0
ojsf A4dH ROSOl| HFsh= AEAOFH Y] &S e TS o7 F = d&7) 7&%% Z704 MYB F-314H9] o]
716t E3] AtPAP27F 9 2H AHOIA 2 tEAlo 2] £Eo| Fa3% JTS sh= Ao= LA Urt42].

FEAOPIS & 0}31 A FASH RN =3} 7], et &4 5 83 B50F oojA 17 754 AR FEEL
AUt & AoA= EAT HIBEH AEA ofjolA ERES] QEEAJoRd Yt o] IdS WSk, Bt AE9
UFEAoPT Atd 57 Oﬂ 712291 XS AlFstaAl sHAT.
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The biosynthesis of anthocyanins in plants involves various enzymes. The enzymes are as follows: PAL (phenyl ammonia lyase), C4H
(cinnamate 4-hydroxylase), 4CL (4-coumarate CoA ligase) CHI (chalcone isomerase) F3H (flavanone 3-hydroxylase), F3’H (flavonoid
3’-hydroxylase), F3'5'H (flavonoid 3'5’-hydroxylase), DFR (dihydroflavonol 4-reductase), ANS (anthocyanidin synthase) GST (Glutath-
ione S-transferase). The purple box represents anthocyanins.

Fig. 1. Mechanism of anthocyanin biosynthesis in plants.
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& =2 EUHE(S. lycopersicum cv. Micro-Tom)E Ao AMGSIAH. EVFE FHE 38 BiA|(MS salt including MS vitamin
4.4 g/L, Sucrose 30 g/L, Plant agar 8 g/L)o] SAE TSIl 29U7t 4°C, FRA0NA wgsto] 49 FH s et 7,
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Aot ol 2H AEHA X2

Eutge 25 ohA AGS o g A&k MS HiA|(MS medium including vitamin 4.4 g/L, MES 0.5 g/L, Plant agar
8 g/L), AA7F Z¥EH MS X (MS medium nitrate free 4.4 g/L, MES 0.5 g/L, Plant agar 8 g/L), Qlo] 2= MS HJA|(MS
medium without phosphate 4.4 g/L, MES 0.5 g/L, Plant agar 8 g/L)°o| &2t A& o5ttt EVlE fHE ol & 25
Holl AU 2 ATt 370 o9 SHE MS =AM AT Az AiollA Batghs AAtstel YErden 33]
oV} WEg Bo FUT AnE AL 42T AAA

RS

St FAE 3S iAo A] WotA]7] 1L, o|2EE ¢F 7d0] At EntE §HE 1/2 MS BJZ(MS medium including vitamin
2.2 g/L, MES 0.5 g/L, Plant agar 8 g/L)Z ZTh 297F 9F 10 pmolm™s'9] e 2w o] "le 2|3t &, 48A17F B9t &
A B T AYE £F5FAT BT oF 65 pmolm>s'9] =R AT E] Q] o, ojuf 6500KS] LED F™(GML-T518K-LA,
@S, HEtl=)S ARESHT) ojuf 33 7] 9 4% 22 ollA PAIG 270 AAS XYkt FH= 48R &

RNA $28 919} SU=Uc

RNA =% % cDNA &4

RNAE ZF A2 E At BEnte {10 spisoziE FEHT olu] shliS2 24 67l ol +UH A +~HE skl
2 AHAAA FHAIZ] T, Tissue-Lyser 1T (QIAZEN, 5U)& 0|-85] bead®t 37| B4 =|Qict. Eafgt A|Z22E Ribospin™
Plant (Cat. No 307-150, GeneAll, H=1)& AF&-5}0] RNAE FE0IAth 53 RNAQ] 5 X9} <= += ND-1000 spectropho-
tometer (NanoDrop) 2 2 =& T}, o]uwf] cDNAE SuperScript™ III (ThermoFisher, 1]=)¥} 18 mer2] Oligo-dTE °]-&5}c]
HA BF3S Sstel ARHAT DNAY SEL 1 pgol HES TN QUA WL 65°CAA 58, 4°ColA 108,
2COlA 108, S0°COA] 503 Ft SR, WS 122CoA FAEICE o] F WE 20 wLo] ddH,0 80 WLE A}ato]
80°CoIq skl

FELAM

=~

x

--

[t 2
#7079) AL RT-PCRE §3) Arhon ARALT. ALE DNAS FHO2 stof W82 AL, ©f 1 iQ
SYBR-Green Super mix (Bio-Rad, U= & AM831%IeF. FH- Bio-RadAte] CFX-Duetg AHg3to] A& atglet. A1t o]
L Table 19] HA|5}9Ic} ¥HS-2 95°Col| A 387k polymeraseS E/d3FA]7] 1, denaturation 3, 95°CO] 4] 1027} denaturation,
60°COllA] 1027} annealing 3, 72°CO|A] 3027} extensionF{tt. PCR HHS-2 391 WHESIITE Melt curve: 65°CE A|Z 02
95°C7} 2 w7kA] 0.5°CH B7ISHES o] BAH

e

HAZHY

HI

N

Sl

UEAJOPDZ 7t A2|FolA =8 E EntE FHO| shljE o 2R E AFEHAY. +T shHiS 4 o/iE A D 400A
FANZ B, Tissue-Lyser 11 0]-83] bead?} T LGt L4 S0l 1%°] HCE EF5HE MethanolS 300 pL 718}
4°CoA 19 B9t FHjFRTE o]F AlEZof 500 pLe] chloroform (Cat. No 25666-100ML, Sigma Aldrich, 1]=)< 7}slal
13,000 rpmof| A} 587 A EZoto] A2 FGHOo 2 HE] MAGES HFolrh FEAloP] $&E-E NanoDrop-1000 spec-

trophotometer (ThermoFisher, U]=)2] UV-VisZ2 &A5}1l o33 &2 £A1S 55 AFo

Anthocyanin content = (Ass - 0.25 X Ags;) / fresh weight
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Ao 4ol B GYa 5 Ad EE Qo] AWE £ANN Erhre] HEAOR Fe 24 B I8 A
Ei= Qlo] AP Ms iAol EIE FAE BT, 25 F oplEE UMt EoiEY] HEAC Fake AL v,
Eolze] ShEe BTN 71 NS egon, ojoF 2% Ael7e) A9 AN sl At Ee BEAE
An A% AT A b2 HeTact Bele] Polt AolAl AL LrehicFig. 24, 28, 20)[43]. EvfEe] Shzo2
FE QEAONI S &6t ATHES o, AEACP AT shillE 1 g & FATF 056, A4 AH AT 294, 2 2H
APt 3122 TR v §F AH AYFoIA o UL A4 A AT o AW ARFE AR g BT
(Fig. 2D).
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Fig. 2. Anthocyanin contents of tomato hypocotyls under nutrient deficiency conditions: (A) Tomato seedlings in the untreated
group, (B) Tomato seedlings in the nitrogen-deficient group, (C) Tomato seedlings in the phosphorus-deficient group, (D) Anthocy-
anin content in tomato hypocotyls in each treatment group.

Hypocotyls were collected in 4 pieces for each treatment. Anthocyanins were extracted from hypocotyls treated for 7 days under nu-
trient deficient conditions. The quantified anthocyanin content was expressed per fresh weight of the hypocotyls. Each treatment
was performed in triplicate. Error bars represent the standard error.
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i B Qo] Z2Y¥HE 21 olfjolA EntE 1 ShllE9] FEAoR A FAAte] HE oS wEFLh 4 APt
= ;Lz} 34 Slo] Y= Gk ojuf ARt Primeri= Table 10] YRt EntEo]A EAOPIS %25}
X MYB factor®] T@ &2 TEYS W, MYB759] 45 F-A 2ol v & 2H A& FolA
E2 UES Bk o] Ao wh=T, PAPI/MYB75E YR of 71T Y] B9, Aav AHHE 24 offolA dAtd
FSAZ &2 NRTL19| F@o] 742 o7 t27(Col-0)0ll HIF] Ehom, tEAOP] &= E3F Col-094 =9k
5 279 A2+ lew, dEAoMd ik F3 A0 i JES ST
Foz, ENtE ShHiSolA MYB752] Hd o] A4 Af Aol Ho 1§ & 1 Z‘ﬂ"*
t}. MYB759} B]$5E 84S 2= Ao g 4#E R ANTI ESF BAtEch 9oF A9 HtoA o =& He}i
MYB75¢}F T2 7] 9 2™ Ao t =2 v =322 HYr} EulE dufo] QFEAJoldS £A5H= Ao
A 29 AH2ZFolA 2 EES e R3I-MYB AR & 423 ATV ¥d &2 FA=|FEG 03 29 A2+
oA B E3tom, 11 FollAke <l A AZFolA B w2 A2 EATHFig 3A). o= R2R3-MYB QXS] B F7H2 ATV
Tdo] 2A=Ho] yEhd 23z oA 2145].

IEAJoP] AT RSl W 522 WEPS W], Early Biosynthesis Genes (EBGs)Z L& % CHSY| &3 &2 JF
2y Aol FAYFEY 5 W3ton, A4 Ay AFoM 7MY W2 B eEL B oleh W2 FysH| Hd
FFL JF 29 AP FoA wkow, Ah AY AP Fo|A E9] B £t} Late Biosynthesis Genes (LBGs)ol| €5f+= DFR
ERF FISHRE RASH] 9F 29 2014 H 2 Ede Usdlen, 53] A4 29 294 ¥ 52 ¥E 252 20

o9} WhthE ANSE J9F Z2Y A BHETRT) o 3 W 429 Uehirh(Fig. 3B). MYB759] WHEo] Z71E AA
2y A2lFolA DFRY} F35HE| B sEk S7HAAT, CHSS| 2 F2 vlv|et o] =it 0|39 d+tol =
MYB757} DFRO] ¥& Z7to] #ojstal CHSS| ¥rdolle A3 Holx] ottt shw, o]ef vlsgt Aoz Hgwche].

B3 ANTI H@o] =9td A4 ZWA oA DFRO ¥d 7Pt B Eglon, AA & ANTIo| DFRY] W3S 243
AT et Ashs dFe HEHTH13]. o2t &0 CHSSF ANSS| HH & fae ATV T3 & S7I=25H #Het
Ao® FZ5Hh

of
:Od|
<
<
%
o
>
. i)
on P~
ﬁ&

=
=
A % ek ook vlag

mS mlo
K+
)
%;
fqr

Table 1. Primer list used for real-time qPCR analysis

Primer Sequence Target
Solanum-l-actin-F CTTCCCTCAGCACCTTCCAG
Reference Gene
Solanum-l-actin-R GCATCTCTGGTCCAGTAGGAA
SIHY5_RT_F TTTCGGGTGGATTGTTCTGA
Light signaling factor

SIHY5_RT_R CCACAATCCTTCACTCTCTGCT

PAft-RT-3-F TGCCAAGACATTGGGAGTGA

PAft-RT-3-R CCAGAGCAAAGTCACCTCTCT

R2R3-MYB

SIMYB75-RT-F GGCAATAGGTAAGTCTATGCTGC
SIMYB75-RT-R TCTTGATCCACATCAGACAACGA

SIATV-RT-F CCAGGAGGAAATACAGGCCCAATC R3-MYB

SIATV-RT-R CCAACGAATGGGCCTCAACAGCTA

SICHS-RT-F GGGCAGACCCATTTCAGACA

SICHS-RT-R CCTTGGCCACTCTAAAGCCA

SIDFR-RT-F CCTTGAACGCGGTTATAATGTCC

SIDFR-RT-R CAGCCTTGAATGGCTTCATCAAA

Anthocyanin Synthesis Gene

SIANS-RT-F TAATGTCCACGGCTATGGAAGCA

SIANS-RT-R CGGACACCACCATTGTCAAAAA
SIF3'5'H-RT-F ATTCACTGCTGGTACAGACACTT
SIF3'5'H-RT-R TAGGGAGATTTAGTGGCGTTGAG
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Fig. 3. Expression of anthocyanin synthesis genes in tomato hypocotyls under nutrient deficiency conditions: (A) Expression levels of
MYB transcription factors under nutrient deficiency conditions, (B) Expression levels of anthocyanin biosynthesis genes under nu-
trient deficiency conditions.

The expression levels of each gene were normalized to the ACTIN gene. Control means seedlings grown on a complete nutrient MS
medium, -N represents seedlings grown on an MS medium deficient in nitrogen, and -P represents seedlings grown on an MS me-
dium deficient in phosphorus. The expression level of seedlings grown on the complete nutrient MS medium was set to 1. Error bars
represent the standard error.

2 K20l 2 E0pEe) otEAlopL! 32

F Aelo] mE ErtEo] kEAok] AR $52 Bls] EntE $HE 29 5 AZE AT T, 4843 5% &
A me ¥ 270] £EAAT 7 Ael 7 3Eon SuEglT Entro) shlEe e Told 71 Hag Uehion,

# Aol ol Ak oF7te] AAe w9IrhFig 4A, 4B). oloh AX3A FEAlCM FFe AT A9 Sl 1 g 0.52,
W el 7 1882 A Ele Eubo] shiiSnc BT Erpeo] shlEold o RS X% UehiickFig 4C).
ol Aolo] §OI5Ee 0,055 T Wrom, FojulEt Aol A=,

l‘N

2 X2(0fl (2 E0HES| OHE AJOfL MBH QTR LH A
9 Aol t Eofel Ao AT R R4Sl IR S22 D) 49 B AR % S fuo Sae
Yk 2 Hel e AR, 71e40E A7 urEste] Sgs ek, 420 FU ¥ A2 TR HYsO U
SAeI T 3 AT o RSO (F 54), ESHEGIA SHEAOR] AR A0l Boishe 402 IS MYB BHIA
S0 E3 B F A PolA BT ol F S8A0] 8 T S0] 7Kt HYS7H R2R3-MYB Q140 HEL 434
2 4 9eS ek, A2 HYs: MYB759 Afre] Z2ue| Rolo] A% 4 UeHled7). BE R3-MYB oAz Lejdl
ATV WAL ghxe| 7oA Wd S5o0] § EUthFig. 5B).
olo HlsaHA] QEAlORD BT SAAE ThEE F Aol o ek HEAlod AR S04 F EBGsR 2eix]
CHSO} F¥5'H E3F % A ToA 71 & 429 WS e, LBGs % 5h}el DFRE sHb 2 3 X 7oA
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Fig. 4. Anthocyanin contents of tomato hypocotyls under light conditions: (A) Tomato seedlings in the dark treatment group, (B)
Tomato seedlings in the light treatment group, (C) Anthocyanin content in tomato hypocotyls for each treatment group.

Hypocotyls were collected 4 pieces for each treatment. Anthocyanins were extracted from hypocotyls grown for 7 days under differ-
ent light conditions. The quantified anthocyanin content was expressed per fresh weight of the hypocotyls. The treatment was per-
formed in triplicate. Error bars represent the standard error.

2 BTk 50). ol Zebdl FHe] F $A] 98] fEH AnE F2Ark4s). 53] HYsE: eHEAlokY
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BT AR T S/l R2R3-MYB QAR ohleh HYSE 7]ol P82 #2F & itk Lot ANsS] 59
HelTe QAP AL e SRS Heirkg 50, DEAORIE 351 3 3 Skl /oA WA REE STRE
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718491 QhEAlobd 3h4 2 Aol siFich. o] e Aok $HY ABAT ARE ErtE o T2 ARolAE wrEs
27 AREA, B A7 EntgolA] Ak, o 29 EX P wsle] thak /1Al HEAoR AT WS, 5 2% ol
ol e Wh3-S SISKIA SHk. webA] SHEACH Y ARE 7V HHEA) 102 B9l ZRsd 2H fRY SRS
B0z AEsigit. & SR AlRA] ZRiAE 3 wak 5 o] B4l % Aeieh U £AL ST oS3
QREAlob o] A Alo]9] ABAS Eobe FEY Shi%olA BAFOZA MG AEdA 24 ool EukE E

62 https:// K . https://doi.org/10.5338/KJEA.2025.44.07
ttps://www.korseaj.org Agric. Environ. Sci. 2025, 44, 55-67




Article

(A)
HY5
8_
Z 6-
=
2)
<
o 4
>
L
g 2-
0_
Dark White
(B)
MYB75 Aft ANT1 ATV
3 2.5+ 2.5+ 1.5+
= ~ 2.0 == = 2.0 -
5 : 5 E
g 21 o 1.5 2 15 c "
I < = <
b~ b
o < 1.0 Z 1.0 E
= 17 [¢] P 1 0.5+
= © ¢]
(¢] 0.5+ 0.5+ 14
o
0 0.0- T 0.0- 0.0-
Dark White Dark White Dark White Dark White
(C)
ANS CHS DFR F3'5'H
1.5 2.0+ 3 5
£ Z 154 z &+
5 104 = £ 5
< O o < 34
2 @ 1.0 ¥ =
5 054 o S 4 o 2
& g 0.5+ g g 1]
0.0- ) 0.0- 0 0
Dark  White Dark White Dark White Dark White

Fig. 5. Expression of anthocyanin synthesis genes in tomato hypocotyls under light treatment conditions: (A) Expression levels of
HY5 under light treatment conditions, (B) Expression levels of MYB transcription factors under light treatment conditions, (C)
Expression levels of anthocyanin biosynthesis genes under light treatment conditions.

The expression levels of each gene were normalized to the ACTIN gene. Dark refers to the complete darkness treatment, and White
represents light treatment. The gene expression level under dark conditions was set to 1, and error bars represent the standard error.
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MYB transcription factors can promote anthocyanin biosynthesis in tomato under stress conditions. When the expression of
R2R3-MYB factors increases under stress, they form MBW complexes, which bind to the promoter region of anthocyanin biosyn-
thesis genes, inducing an increase in anthocyanin content. In addition, the MBW complex enhances the expression of R3-MYB re-
pressors to regulate the balance of anthocyanin biosynthesis.
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