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Uncovering the molecular mechanisms behind steroidal
saponin accumulation in Liriope muscari (Decne.) Baily
through transcriptome sequencing and bioinformatics analysis

CHEN Ying, QIU Mingyue, HU Ruoqun, CAO Jiayu, LIANG Wanfeng, YAN Shujun*

College of Landscape Architecture and Art, Fujian Agriculture and Forestry University, Fuzhou 350100,
Fujian, China

Abstract: The leaves and roots of Liriope muscari (Decne.) Baily were subjected to
high-throughput Illumina transcriptome sequencing. Bioinformatics analysis was used to
investigate the enzyme genes and key transcription factors involved in regulating the
accumulation of steroidal saponins, which are the main active ingredient in L. muscari. These
analyses aimed to reveal the molecular mechanism behind steroidal saponin accumulation. The
sequencing results of L. muscari revealed 31 enzymes, including AACT, CAS DXS and DXR,
that are involved in the synthesis of steroidal saponins. Among these enzymes, 16 were in the
synthesis of terpenoid skeleton, 3 were involved in the synthesis of sesquiterpene and triterpene,
and 12 were involved in the synthesis of steroidal compound. Differential gene expression
identified 15 metabolic enzymes coded by 34 differentially expressed genes (DEGs) in the
leaves and roots, which were associated with steroidal saponin synthesis. Further analysis using
gene co-expression patterns showed that 14 metabolic enzymes coded by 31 DEGs were
co-expressed. In addition, analysis using gene co-expression analysis and PlantTFDB’s
transcription factor analysis tool predicted the involvement of 8 transcription factors, including
GAl, PIF4, PIL6, ERF8, SVP, LHCA4, NF-YB3 and DOF2.4, in regulating 6 metabolic enzymes
such as DXS DXR, HMGR, DHCR7, DHCR24, and CAS. These eight transcription factors were
predicted to play important roles in regulating steroidal saponin accumulation in L. muscari.
Promoter analysis of these transcription factors indicated that their main regulatory mechanisms
involve processes such as abscisic acid response, drought-induction stress response and light
response, especially abscisic acid responsive elements (ABRE) response and MYB binding site
involved in drought-inducibility (MBS) response pathway. Furthermore, qRT-PCR analysis of
these eight key transcription factors demonstrated their specific differences in the leaves and
roots.

Keywords: Liriope muscari (Decne.) Baily; transcriptome; steroidal saponins
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Liriope muscari (Decne.) Baily plant and tubers.
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Table 1 The primers used for qRT-PCR analysis

Gene Gene ID Forward primer (5'—3") Reverse primer (5'—3")

CAS Cluster-24987.64706 TTGCCGAATGGTTTATCT AATACTGTCTCCGTAAGC
DHCR24  Cluster-24987.62838 TGTGTCTGTGATAGTATT AATGAAGGTGTTATGATG
DXS Cluster-24987.76982 TATACACTGGCTCAATGCTA GGAGAGGCTTGCTTAGAT
HMGR Cluster-24987.91060 TCACATACCACTGACTTC GACATCATTAGCATCTCTG
GAl Cluster-24987.209392 GATGAAGAATAGAGTATAGAGTT GCATATCCACAGTTACAG
DOF2.4 Cluster-52215.0 AACAACGGTAACAACAAC ACTGAACTGAGGCATATC
PIF4 Cluster-24987.88916 AGAGGAGAAGAAGAGATAGA AAGTTGGAGTTGAAGTGA
SVP Cluster-24987.110418 ATCATCTTCTCGGCTACT CATCCTGTGCTTCTCAAT
TUB Cluster-24987.108659 TCAACTAATGTGGAATCA TGGTCAATGTATCAACTT
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B FEEERIMENEZ, A 151 5811,
Ji A B 1Y 52.01%, HKR45r5102 GO PFAM,
SwissProt £, J3A 115 264, 114 483,
114 1874, (5 ML E1) 39.55% .39.28%.39.18%,
MAE KOG £dis 2 b v B3 iy B A H b, Y
A 453511, R 15.56% (K 2A).

dE— 20 BT 22 A S A N 50808 e
oA, FEERIIE S Fp o3 A i 2B B, s
PR B R AR, A 43 270 4%, dilb

Fz2 BELUZZREMBERALE
Table 2

28.7%; HUUTHFRYIM, £ 37 715 45, Gt
25.0%, Wi/NREFE . W4 . 5] 9.1%.
3.5%. 3.2%.
2.3 Unigene B KEGG 24

Fi11132 4 unigene 5 KEGG FdliE FbxT, 4
Hrili 22 2119 unigene Tl 685 5 86 AR ETE
ERL I, A 61 205 4% unigenes FIEREE] 5 2K
BEH, ALFE AN F2 (cellular processes). PRl

i S Ab P (environmental information processing) .

Transcriptome data of the roots and leaves of Liriope muscari (Decne.) Baily

Sample Raw reads Clean reads Clean bases (Gb)  Error (%) Q20 (%) Q30 (%) G+C content (%)
L1 51938 224 51133 004 7.67 0.02 96.47 90.83 48.78
L2 56 686 812 54 663 590 8.20 0.02 96.44 90.77 48.88
L3 59 943 194 57 663 032 8.65 0.02 96.42 90.74 48.91
R1 47 380 770 46 548 894 6.98 0.02 97.85 93.87 49.34
R2 55010 324 54302 348 8.15 0.02 97.87 93.91 49.43
R3 46 382 218 45502 646 6.83 0.02 97.71 93.58 48.99
A Nr B
a’“éﬂ(’; ‘&}a
}14 A
yF N Species classification
/\1 \ KOG
Nt :
3288
W Elaeis guineensis Jacq Vitis vinifera L.
B Musa acuminata Colla @ Nelumbo nucifera Gaertne
B Phoenix dactviifera L. O Others
Pfam

B2 ERINGEIERE A
FERE I A

5 ORISR 1 unigene VERETS BUEL B J 42 1L 22 4411 Nr B0 R Py

Figure 2 Gene function annotation diagrams. A: Unigene annotated Venn diagrams for 5 different databases.
B: Distribution of species annotations in the Nr database of Liriope muscari (Decne.) Baily.
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AP o ELAE B /R B (translation, 5 806 £%); 1
TEA LRGP 24 I AE PR IV (environmental
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L IE(S 515 F (signal transduction, 1 644 55);
T 41 o 2ok F A 32 2 4 v 7 as B RN a3 A A
(transport and catabolism, 2 771 %%), 33,
24 WEXFHAEAEEEMSHEXER SR
Wk KEGG Rt B f ik — 2 #r, &
ARSI = NS b7/ RS g1 W EP S R A B
% F A 3 5%, a3 2R A ) B 42 (terpenoid

% 3 Unigene 89 KEGG g5 2£
Table 3 KEGG function classification of unigene

backbone), 45 Ko00900, AHKCIHEE 396 4%;
i 2 il A =5 A= ¥ & A (sesquiterpenoid  and
triterpenoid biosynthesis), 45 Ko00909, #HIcHE
72 % S 1L-E W6 Ri(steroid biosynthesis),
%' Ko00100, FHICHEED 214 4%,

¥ k20 B AR R AR A B AR A
FHOCHGEE R R IBME 0L, ARSI 2 5 1
R AEYE R 31 MCEEGER 4), H,
RS ERRE R BA 16 1, 645 AACT,
HMGS., HMGR., MVK., MVD., MCT, MCS.
HDS, HDR. DXS, DXR., CMK, PMK. IDI,
GPPSHI FPS; fis il Fl =il A= W5 U BeAT 34,
f14% FDFT1, SQLE. CAS; kb & W& M
B 124, {245 SMT1, SMOL. CPI1, CYP51,
TM7SF2, EBP, SMT2, SMO2, SC5DL . DHCRY .,
DHCR24 il CYP710A ([& 3).

Group Pathway Number of unigene
Cellular processes Transport and catabolism 2771
Environmental information processing Membrane transport 310
Signal transduction 1 644
Genetic information processing Translation 5806
Transcription 2708
Replication and repair 1228
Folding, sorting and degradation 4742
Metabolism Overview 3989
Nucleotide metabolism 1785
Metabolism of terpenoids and polyketides 1258
Metabolism of other amino acids 1565
Metabolism of cofactors and vitamins 1750
Lipid metabolism 2679
Glycan biosynthesis and metabolism 1104
Energy metabolism 2 650
Carbonhydrate metabolism 5775
Biosynthesis of other secondary metabolites 1552
Amino acid metabolism 3087
Organismal systems Environmental adaptation 1986

http://journals.im.ac.cn/cjben



FE % | ETHRENFSEMERFEEMITEELELPIHEEEEERRN S THH 1127

x4 LWELEHABETELSYESHAIKIHEERER

Table 4 Genes for metabolic enzymes related to the synthesis of steroidal saponins in Liriope muscari

(Decne.) Baily

No. Name Abbreviations Ko number Number of unigene
1 Acetyl-CoA C-acetyltransferase AACT Ko000626 29
2 Cycloartenol synthase CAS Ko01853 28
3 Cycloeucalenol cycloisomerase CPI1 Ko08246

4 Sterol 14 alpha-demethylase CYP51 Ko05917

5 Sterol 22-desaturase CYP710A Ko009832

6 Delta 24-sterol reductase DHCR24 Ko09828 8
7 7-dehydrocholesterol reductase DHCR7 Ko00213 17
8 1-deoxy-D-xylulose-5-phosphate reductoisomerase DXR Ko00099 22
9 1-deoxy-D-xylulose-5-phosphate synthase DXS Ko01662 24
10 Cholestenol delta-isomerase EBP Ko01824 7
11  Farnesyl-diphosphate farnesyltransferase FDFT1 Ko00801 31
12 Farnesyl diphosphate synthase FPS Ko00787 7
13 (E)-4-hydroxy-3-methylbut-2-enyl-diphosphate synthase HDS Ko03526 25
14 Geranylgeranyl diphosphate synthase GGPS Ko13789 3
15 Hydroxymethylglutaryl-CoA reductase HMGR Ko00021 11
16  Hydroxymethylglutaryl-CoA synthase HMGS Ko01641 12
17  Isopentenyl-diphosphate delta-isomerase IDI Ko01823 14
18  2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase MCT Ko000991 6
19  4-diphosphocytidyl-2-C-methyl-D-erythritol kinase CMK Ko00919

20  2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase MCS Ko01770 28
21  4-hydroxy-3-methylbut-2-en-1-yl diphosphate reductase HDR Ko003527 5
22 Phosphomevalonate kinase PMK Ko000938 13
23  Diphosphomevalonate decarboxylase MVD Ko01597 10
24 Mevalonate kinase MVK Ko000869 5
25 Delta7-sterol 5-desaturase SC5DL Ko000227

26  Plant 4,4-dimethylsterol C-4alpha-methyl-monooxygenase SMO1 Ko14423

27  Plant 4alpha-monomethylsterol monooxygenase SMO2 Ko14424

28  Sterol 24-C-methyltransferase SMT1 Ko00559 17
29  24-methylenesterol C-methyltransferase SMT2 Ko008242

30 Squalene monooxygenase SQLE Ko00511 24
31 Deltal4-sterol reductase TM7SF2 Ko000222 5

25 WEEHE
w2

T2 AT R L 2 A RIAR I S R R Ak
B AR 2E 555, HA 34 4% DEGs;
Hrp, WSV E A BGERT A 3 AT
f) DEGs, 11 45 i) DEGs; f5Fkf1 =if 4=
Y& st A 1 45 L DEGs; $i kL&)

EEEMENERFRIZER

&: 010-64807509

HRRIETHA 4 £ FHK DEGs, 15 4% B
DEGs, X672 5 BE ALy K 3 5 A R 1 2R &
P& iy 15 AR EE(E 4), SN XL CH i
TEJE £ 11 A2 & S AR A (5 R R A 5 ilad e
AR T —E MR, B SRR
MR IL R RIA T A B, 34 S5 AU L DY i Ay
27 AN R AR M rp SR M AEAR HH AR08 5
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4 it phosp it butenyl 4-diphosphate
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Isopentenyl diphosphate | tgeries: | GF Isopentenyl diphosphate
GPPS GPPS
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Geranyl diphosphate
7 ungenes | FPS

Famesyl diphosphate

31 unigenes | FDFTI

Presqualene diphosphate

FDFTI

31 unigenes

24 unigenes | SQLE

Sesquiterpenoid and triterpenoid
biosynthesis

Squalene 2 3-epoxide

Steroid biosynthesis

28 unigenes

SMTI N\ smol
24-methylidenceycloartanol |—
17 unlgenes  \ /9 unlgenes

EBP \ TM7SF2 { \ CYP51
-« dalph: hylfecosterol 14-sterol :
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SGTase T
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3 unigenes

DHCR7

5-dehydroa
17 unigenes

3 WEXFEHASEEYMREMERE  EOSCFRRE K P ACHTEE & unigene Bit, SRR
U BB R, HEZk 7R AR U A0 T S 1o
Figure 3 Synthetic pathway of steroidal saponins from Liriope muscari (Decne.) Baily. The blue text

indicates the number of key enzymes and unigenes in the pathway, the solid arrow indicates the identified
enzyme reaction, and the dotted line indicates the unrecognized enzyme reaction.
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Figure 4 Differential expression analysis of metabolic enzyme genes.
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Figure 5 Co-expression network of steroid saponin biosynthesis pathway enzyme genes.

FUE T 8 039 25 unigenes =54t 81 > TFs
K. Hd MYB (605 4%). C2H2 (426 4%). C3H
(419 %4%). FARL (326 4%). AP2-EREPB (321 %%).
Orphans (310 4%). bHLH (305 4%). HB (292 %%).
NAC (272 )1 bZIP (217 %) W% H £ 1y ET
10 4~ TFs F ik .

R IR 5 s PR - PR AR B R R
R, MR Pearson AHIEZRE COR>0.98,
P<0.01 HGf1E H 109 4~ 5 CHk il H AT L RAH
KA T, E— X H st s o Rk AT
T, 298] 8 A% 25 AR R AT PR AR
MBS N T HR A, 525N A
LRI A MR A A AL B C =44,
A 6. LA L AN (B 6). TE A
ZHrf, GAI. SVP. LHCA4 il PIL6 3 HilH 2 4%
ROSTEEIEIN , PIF4 P8 3 ZCHI 3L IR, ERF6

http://journals.im.ac.cn/cjben

PP 1 SRR A ; 76 B 41h, DOF2.4 4%
3 AL IR 5 1M C 47 NF-YB3 Ja ¥ 2 4448
T EEEE A
28 WEEHRETFRHSFIRKXTHESR
R T 2 B UE T 2 (1% 5 5% T 745 R
Jip 360 S g AT BE R PERLED, X EN R A 8 A
AT AT A s TR IT B (B 7). 4558
TR, PR R L2 A S R R AT A R I
B 5% SR TR 2 R G B 3% 2 000 bp 195 31 X 8
W, FE 5 F ABRE.G-box MBS ,GATA-motif ,
GA-motif il AE-box ZEi=Conff; HH, MBS
S O 515 5 a8 AH SC 1 T 4, ABRE
S A A A B R oe kR 8 AN
SR PR IR 2 oo, SRR, X
8 AN S B IR PE L 5 A g A B A L R
G 7/ISEINR € S E SIS E AT S



FE % | ETHRENFSEMERFEEMITEELELPIHEEEEERRN S THH 1131

’GA]

SVP
Cluster-24987.62838

PIF4

LHCA4 PILG

@.
Cluster-24987.128272
Cluster-24987.76982

ERF8

CAS DHCR24 DXS

’ Transcription factor

Cluster-15809.0

Cluster-24987.70204

Cluster-24987.64706  Cluster-24987.151001

& 4

DOF2.4 NF-YB3

Cluster-24987.119469
Cluster-24987.91060

B brcr?

HMGR

@) DXrR

6 HAEHLEYVANERREAENBEERETERSHBERBIZME

Figure 6 Regulatory networks of steroid saponin biosynthesis genes, their possible regulatory transcription
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Figure 7 Analysis of the promoter elements of 8 transcription factors.
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