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Differential Expression of Isoflavone Biosynthetic Genes in Soybean During
Germination
Jin-Su Lim', Seo-Young Kim?, and Yong-Ho Kim®'

ABSTRACT Soybean isoflavones are essential secondary metabolites synthesized through the phenylpropanoid pathway, and
they play vital roles in human health. Isoflavone content is a complex quantitative trait controlled by multiple genes, and the
genetic mechanisms underlying isoflavone biosynthesis remain largely unknown. Therefore, the present study analyzed the
content of isoflavone and expression of six key genes involved in its biosynthesis (i.e., CHS6, HID, IF7GT, IF7MaT, GmiMaTl,
and GmIMaT3) during soybean seed germination. Isoflavone content was quantified using high-performance liquid chromatography,
and isoflavone biosynthetic gene expression was analyzed using quantitative real-time PCR. Two cultivars, namely ‘Daepung2ho’
and ‘Pungsannamulkong’, which are high- and low-isoflavone cultivars, respectively, were used. Isoflavone accumulation
gradually increased with the progression of the germination period. As such, malonyl glucosides accounted for over 80% of the
total content, whereas acetyl glucosides were present at trace amounts. Transcriptional analysis of isoflavone biosynthetic genes
demonstrated expression patterns parallel to isoflavone content; however, there was no clear correlation between isoflavone
content and gene expression. Moreover, most isoflavone biosynthetic genes showed different expression patterns depending on
the individual gene or genotypes. Among the tested genes, HID showed consistently higher expression, except at 3 days after
germination, and its expression was upregulated in ‘Daepung2ho’ but downregulated in ‘Pungsannamulkong’. In addition, all
tested genes exhibited different expression patterns between cotyledons and hypocotyls and responded differently to the
germination period. These findings suggest that the expression levels of isoflavone biosynthetic genes are not consistent with the
germination period and appear to be genotype-dependent.
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OlABatE e vadzo|=y His 4% sgERs 29 ol4ZeHe phenylpropanoid Ao} & 7] o
Fol wol BHpElo] itk ol olaBeh WS 8 9 o AECKFig 1). o] Fze] ATAE Lo,
718 21 = oy 20l JES WXyl M @4k = 0] PAL (phenylalanine ammonia lyase), C4H (cinnamate
93t 95k sh=t|, Miladinovi¢ ef al. (2019)2 8-%7%] 4-hydroxylase), 4CL (4-coumarate CoA ligase)= 7] Coumaryol

7]
ol o8l FF9Y olaFed TEE Y 4 kL §kal CoA® Hgheth 1e|i Setieolt A4S 93t A ¥
o} wheba] 2ol olaEehE AR I fARbel] tigk A S8k 7491 CHS (chalcone synthase)E A2k = CHI
A7} BdeHA 48l QItKim ef al., 2021; Lim ef (chalcone isomerase), IFS (isoflavone synthase), HID (2-
al., 2020; Wu et al., 2020; Jia et al., 2019). hydroxyisoflavone dehydratase)E 7] X|'HA4] aglycone (genistein,
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daidzein)& AAJ5lH o]+= IF7GT (isoflavone 7-O-uridine
diphosphate glycosyltransferase)o]] 23l glucoside & Eff
(genistin, daidzin)2 AgtE] 31 t}A] IF7MaT (isoflavone 7-O-
glucoside-6-O-malonyltransferase)ol] 2]3] malonyl-glucoside
2 AAJSIT) SHA isoflavone ] St 591 glyciteine genistein
o|L} daidzeini= 24 thE ARE FAEH= A0E U
2] Qi (Ahmad et al, 2017; Gupta et al., 2017; Yuk et al.,
2016).

Gutierrez-Gonzalez et al. (2010b)< isoflavone synthase
genes (IFS1 % IFS2)7} Al &AW o|aZetd S4of B2
A 7| thaL 312, Devi ef al. (2020)2 IFS2 -4
A7} ol aBehi ZHo] B4 SeHS FTHL STk Yuk
et al. (2016} FUAIo|A o] sZelron AYs
T Bolehe CHS 5 2 711 RS 3
olxe] BE AES wusigov, oF Asdse o
olaZel T4 B SAASY WA Al g A7
A7 HREJATHLim ef al., 2020; Chennupati et al.,
2012). E3 3 SEHAe] B2 GARSe) wae Halo
st At 2 Wo] BE i Qtk(Devi ef al., 2020,
Gupta ef al., 2017; Chen ef al., 2011). 3+, o|AZfE Y
T4 el SAR U ATE PARS 5 GH 2L
Soto] AEAY B Ak IEE &2 knockdown=
Sgto R ARtel olameh ke B of
3t AP BT RITHWu et al., 2020; Ahmad et al., 2017,
Chu et al., 2017).

ojdfof| o]aZetE A B FHA A= GWAS
(genome-wide association study)& 53t o] AZetE o)
T = SNP (single nucleotide polymorphisms) +21(Chu ef
al., 2017), QTL (quantitative trait loci) &4}(Pei et al., 2018;
Gutierrez-Gonzalez et al., 2010b), miRNA <-*(Gupta et
al., 2017) 5°] =22, cytosine methylationof 2]t
St 2dof tigt At HEUTHGupta et al,
2018).

B3 SRS FF5 Sstdnh YoldF A% 19,
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o :
2 3 of AHgSheTh B, Wol 5UR AR 19
9 3Uxehs T Ago] WAE AFelgonz gt
WS w2 Beld 5 olhZeh ghu LA A4gs
ek
s .

o|AEat= e 2AM

gholA]7] H2 A ARE TZEAZR A]7]2 100 mesh
37]2 B3 & HPLC (Ultimate3000 HPLC, Thermo
Dionex, USA)E AF&5to] olaZehd TS #4513
o}, WA AR 0.1 g 80% WEFE(30 m)E & E3teta
3087 20 A2 & &, thA] 147k shaking (180
rpm) A|7]3 0.2 um PVDFZ ST A| o2 A& &
2319tk HPLC £4-2 Inno C-18 Z8(4.6 x 250, 5 um,
Youngjinbiochrom, Koera)2 AF8-5F¢] UV-detector 260 nm
Ao A =331t Efl= 0.1% formic acid?} acetonitrile
23R 333t & gradiento] wet 1.0 mL/min X2
Aol olaZel BEBAL AFolA FYste] A
5

¥+=d|, aglycone (glycitein, genistein, daidzein)T} HJ|

oo o o

A (glycitin, genistin, daidzin)+= ExtrasyntheseA{France),
malonyl-glucoside (6’-O-malonyldaidzin, 6’-O-malonylgenistin,
6’-O-malonylglycitin)2} acetyl-glucoside (6’-O-acetyldaidzin,
6’-O-acetylgenistin, 6’-O-acetylglycitin)= WakoAKJapan)
o AEe 27t ALt

qRT—PCRO]| 2|st |} Wi

Total RNA+= TaKaRa MiniBEST Plant RNA Extraction
Kit (Takara Bio Inc.)& A}83}0] 323+ &, ReverTra Ace™
qPCR RT Master Mix with gDNA Remover (Toyobo Co.,
Ltd.) & AF8-5}o] Reverse transcription2 21§ A Zt}. ¢cDNA
9] 34 o]& NanoDrop™ Lite Spectrophotometer (Thermo
Scientific™)& AMg-5}e] cDNAS] <28 e & 2%
223} BE cDNAQ =2 100 ng/pl o2 2A3}3 PCR
of A3ttt Gene primersi= 7]£9] A& FE5}o]
NCB (National Center for Biotechnology Informations)2]
Primer-BLASTo| A &l & AR5} S H(Table 1), PCR
48] 3 normalized expression 2-215}7] 9]t internal
control2= 9] SKIP16 SHAS A5l 0™, relative
gene expression 27 “‘method (Livak and Schmittgen, 2001)
v o 2 AlAFsI T gRT-PCR-2 CFX96 Touch Deep Well
Real-Time PCR Detection System (Bio-Rad Inc.)S A}8-5}
o] =89l o iQ™ SYBR® Green Supermix (Bio-Rad
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Table 1. Primers used for quantitative real-time PCR.
Primer Forward (5’ to 3’) Reverse (5’ to 3°) Reference
CHS6 CTCACTTTCCATCTCCTCA ATCCAAAAGATAGAGTTGTAATCATC  modified Yuk et al. (2016)
HID CACTCTTGCCTTGCTCTAAGTT CTCAACGGTGTGGTGGTAG modified Yuk er al. (2016)
IF7GT  CCCCACCATTCACCCAAC TGGCAAGCGTAACTCAAGG Yuk et al. (2016)
IF7MaT  CCCTCTCTTCAAACCTCG TGGTGGCTTGTTATTCCTAG Yuk et al. (2016)
GmiMaTl ATAGAGGAGCAGAATCAGAGCC CAATCCVACTGTGAACGCAAA Ahmad et al. (2017)
GmiMaT3 TAACAACCACCGCCGAAAC ACAAATATGCGCCCACGAT Ahmad et al. (2017)
SKIP16 GAGCCCAAGACATTGCGAGAG CGGAAGCGGAAFGAACTGAACC Hu et al. (2009)
Table 2. Mean content (ug g, DW) of individual isoflavones during soybean germination.
;errif;lc-l Aglycone Glucoside Malonyl-glucoside ACfaty}- Total
(day) Daidzein Glycitein Genistein  Daidzin Glycitin Genistin =~ M-daidzin M-glycitin M-genistin Daidzin
0 5.2¢e* 0.0 7.6¢ 326.8bc  127.8c  523.9a 1735.2b 277.5b 2355.6¢ 0.0 5359.6bc
+0.3 +0.5 +21.6 +8.5 +34.7 +114.9 +21.4 +155.9 +354.8
1 7.6d 3.0d 10.6d 366.1bc  148.0b  589.9a 1672.5b 322.6b 2692.2a 2.4c 5814.9b
+1.7 +0.2 +2.3 +57.6 +32.5 +79.6 +102.8 +23.1 +146.9 +0.6 +330.4
Dae 23.9¢ 10.5¢ 28.2¢ 383.7b 141.8b 581.3a 1683.6b 318.0b 2711.9a 4.9b 5880.0b
s 3 29 £19 220 £369 142 2732 +58.2 £250 1108 07 2272
5 46.7b 17.1b 35.1b 297.0c  130.6bc 461.3a 1374.4c 154.6¢ 2602.4ab 2.9¢ 5122.0c
(Cotyledon) +5.8 +4.6 +3.5 +32.4 +12.9 +17.8 +82.30 +9.7 +46.5 +0.7 +154.4
5 165.2a 72.2a 43.8a 1305.9a 681.8a 808.4a 3780.4a 2455.4a  2400.4bc 8.8a 11722.3a
(Hypocotyl) 187  =5.6 438 £133.9 4515 4443 42711 1952 +1833  £12  +499.]
0 1.5¢e 0.0 2.8e 182.1c  37.0c  232.4c 1196.8b 96.0b 1386.3ab 0.0 3135.0b
+0.2 +0.2 +12.1 +2.4 +15.4 +79.2 +6.4 +91.8 +207.4
1 5.7d 1.2d 3.4d 165.0bc  43.7b  201.5¢ 1138.7bc 109.1b 1501.6a 1.8¢c 3171.8b
+0.6 +0.1 +0.2 +9.8 +1.1 +10.0 +80.1 +6.9 +50.6 +0.2 +177.2
:r?:iﬁ 3 387c  40b  146b  211.1b 378bc 2134c  1107.1bc  999b  1561.0a  34b  3291.0b
kong +1.2 +0.3 +1.2 +31.4 +5.8 +20.6 +142.0 +8.0 +168.8 +0.3 +218.8
5 43.6b 3.4c 11.5¢ 127.9d  27.3d 164.4c 1000.1c 104.5b 1348.3b 2.2¢ 2833.1c
(Cotyledon) +3.3 +0.2 +1.2 +10.2 +2.5 +13.7 +132.2 +12.2 +52.8 +0.3 +58.2
5 147.4a 38.3a 67.0a 712.5a 358.5a 244.9c 3217.8a 1101.9a 991.8c 5.8a 6885.7a
(Hypocotyl)  +13.2 +0.6 +5.9 +33.7 +14.4 +19.4 +199.4 +90.6 +78.2 +1.0 +379.3
* Different letters within a column of the same variety indicate statistically significant difference by DMRT (P<0.05).
Inc.)E real-time DNA quantificationo]| AF8-3}%th. PCRS Zn} o pEt
initial denaturation 40 A}o]Z 95°C/3E, denaturation 95°C/
15%, annealing 57°C/30%, extension 72°C/30% = ZI13)5} diotA|Z Zatol| 2 o|AZ2E ghaf
ek 25t FAETS ez oS AAT &
e A ol 319, 39, 59 5 oAt Ao E o]
SHEA S e EA8HHH(Table 2). =W F SAES 5
HE AR 3dhRo R ayuEglon, A¥ A= SPSS f2oe ojaZhd o] 2 W SFAUETE W
(Version 17.0, SPSS Institute Inc., Chicago, IL, USA)E 2o Aoy IdHA Qow(Lee ef al., 2018), ESF tF25
AHgsto] EAAE sHeiTh = ARTOIAN FAUEFTE FUHETLE AHEE T
Az o=k FAARS] 2 FF B5F Hoba|zto] gl
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: |
o] ol el 1ol 3l Hla) tha 28 AL 5

= sl o1 Gare sistelh

O] AZTHE £5H 2 = malonyl-glucoside $FFo] 249
80% oA AR5t o, 222 glucoside>aglycone>
acetyl-glucoside =42 o|AZEHE s}afo] Ut o] AL
2 Zxof F9E FH o|AZeHE S malonyl-glucoside®}
L 7)zo] ¥e} Ax|FtHAhmad er al., 2017). L8] 1 2
T AY EAEA e
acetyl-daidzin ®to] uoju]dl =S e RITE Aglycone
oA glyciteing BN 710 BAEA) hgrort
obAIzbo] Aahatol weh kol olHon] Sl w4
= 1 geFo] =olA tiE259] 7S genistein HU} o]
=A% 9}

Aee] % olaZehe guke 47 9 ot 193, 3
5 e wskon ol Aze $5H e 4F U
193, 33 53 W2E PO FAu oA
5 aglycone Yo 3U% S| MRS Hek ol
th s E ol A oln] Qg glyciein 45 Buk ofjet
AMUEF o A& glycitin $F5F0] genistin Bt} =32
malonyl-glucoside 0] &2] 9FAbo] A49-S H|ESH ThE A
S5} 2 ekt weby wolr|zt Bok o]42
FRu 34 gt 240 weh thau, 1 Aol 24
§ 4ol ot e A1 ¥ 4 g
FAA olaBele FAe B4 IS
wjEro A 01] o Wzsith= —',L7§51}(Berger et al.,
2008)7} 9Lop, FoA] olaZe P 270 waby
b2/ 2R A7 AzkE BE v 9ckAhmad o
al., 2017; Gutlerrez—Gonzalez et al., 2010). o]¢} & A1}
£ E3) 7129 dA7HLim et al., 2020; Jia ef al., 2019; Lee
et al., 2018)53} o] F Hho} A o]/\Ea-i slero o7
A Qolox oJ3F vrrl= AL o 4~ 91101, Gutierrez-
Gonzalez et al. (2010)2 Fo|A o|AZeE ke 954
4 Q9l, B4 QW ohfe} 4474 o7 $AH 8
olo] AsAew Frolateha 349k

Z 5T acetyl-glucoside 3+

gHeodm e e
L2k

2k

B o

i
HJD{H e b s
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r
ra
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LOLA|ZE Zatol MHE o|ASalE MY FHx

=13

o]&Z2hE2 phenylalanine© 2 8 Al2tEof tf
o]

AR THUE U0 W

of Eth & Ao es STt olE TS fIvE A
WA F93% G491 CHSE A7 = 44 5 shtel
CHS6, aglycone (genistein, daidzein) 2§40l ¥ojst= HID,
glucoside & Elj(genistin, daidzin)2 HAEHA|7|+= IF7GT, malonyl-
glucoside S A= IF7MaT Y isoflavone malonyltransferase
A Ao BHE SR 2= LBl GmIMaTIZ GmIMaT3
%6 7] 447 3 Wob Itk 5 ol wEHEA
3?}?_]0}9&11}'. I9d glycitein® genistein®]1} daidzein
e 22 02 A28 L= Aos oA glo] B o
-l 1‘—‘:- CHS6WF glycitein A7} BT o] AMEH OX%
}a} S17IckFig. 1). 38, QRT-PCR 434 VA%
i gl FaTEl TE BE AN 2 U
R s EUE F2 LAY £ drol
L Fbox thild 4ol Tolals SKIPI6S AHE3H3T). Hu
et al. (2009)& 147H reference genes52] MAA H7 At
SKIP16, UKNI 2 UKN2 QAZS0] 744k ottt af
9o, Wan ef al. (2017)% Zo| 4 qRT-PCR B4 AHE

mlm o

N

%= 97119] reference genesS2] QFAAl H7lo Al QLAY
Phenylalanine
PAL
A\
C4H
\
4CL
Coumaroyl CoA
CHS CHS CHR
Naringenin Chalcone Isoliquiritigenin
| chi Jom Tl
Naringenin Liquiritigenin e
. IFS l IFS
2-Hydroxyisofiavone 2-Hydroxyisoflavone
naringenin
| HD l HID
Genistein Daidzein
IF7GT IF7GT
v v
Genistin Daidzin
| F7MaT | F7MaT

Malonyl-Genistin Malonyl-Daidzin

Fig. 1. Schematic representation of the phenylpropanoid pathway
for isoflavone biosynthesis (adapted from Yuk et al.,
2016). Abbreviations: PAL (phenylalanine ammonia lyase),
C4H (cinnamic acid 4-hydroxylase), 4CL (4-coumarate:
CoA ligase), CHS (chalcone synthase), CHR (chalcone
reductase), CHI (chalcone isomerase), IFS (isoflavone
synthase), HID (2-hydroxyisoflavone dehydratase), IF7GT
(isoflavone 7-O-uridine diphosphate glycosyltransferase),
IF7MaT (isoflavone 7-O-glucoside-6-O-malonyltransferase).
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Fig. 2. Relative expression levels of isoflavone biosynthetic genes during soybean germination. Data are presented as the means
of measurements from three replicates. Bars represent SE. Gene expression levels were normalized to the expression
of the internal control SKIPI6.
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of measurements from three replicates. Bars represent SE. Gene expression levels were normalized to the expression
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Table 3. Relative expression levels of isoflavone biosynthetic genes compared with the CHS6 gene during soybean germination.

Germ. CHS6 HID IF7GT IF7MaT GmIMaTl GmIMaT3
Cultivar  period Expression Expression Index  Expression Index  Expression Index  Expression Index  Expression Index
(day) (A)* (B) (B/A) ©) (C/A) (D) (D/A) (E) (E/A) (F) (F/A)
0 0.98+0.41 2.32+0.39 238 213022 2.18 1.36+0.14 139  1.60+£0.06 1.64 1.63+£0.21  1.67
D;;Egn 1 0.85+£0.20  50.12+14.65 59.35  3.87+1.31 4.59 19.47+£0.29 23.06  2.86+0.15 3.39 15.05+£0.55 17.82
3 1.29+0.34 8.07+0.28 6.23 1.86+0.52 1.44 1.38+0.14 1.07  2.85+0.70 2.21 1.394£0.01  1.08
Pungsa 0 1.10£0.10 0.16+0.04 0.15  0.66+0.13 0.60 0.09+0.01 0.08  0.05£0.01 0.04 0.05+£0.03  0.05
nnamul 1 1.06+0.06 2.7840.15 2.62  4.96+1.03 4.68 0.94+0.14 0.89  2.29+0.03 2.16 0.48+0.03  0.46
kong 3 1.14£0.18 5.65+0.26 497  1.40+0.18 1.23 2.51+0.40 221  0.60+0.01 0.53 0.99+0.08  0.87

* Relative expression of mRNAs were analyzed by qRT-PCR. Data were normalized against expression of the internal gene SKIPI16 and
calculated based on CHS6 value.
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Fig. 3. Relative expression levels of isoflavone biosynthetic genes in the cotyledon and hypocotyl at 5 days after germination
in soybeans cultivars ‘Daepung2ho’ (A) and ‘Pungsannamulkong’ (B). Relative transcript levels were analyzed using
qRT-PCR. Gene expression levels were normalized to the expression of the internal control SK/P16 and calculated based
on the CHS6 value.
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