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Abstract: Objective To investigate the differences in sterol contents and gene transcription levels in different tissues of Stellaria dichotoma
var. lanceolata, and explore key enzyme genes related to the biosynthetic pathway of sterols in this plant. Methods The contents of sterols
in the roots, stems, leaves and flowers of S. dichotoma var. lanceolata was determined by high-performance liquid chromatography (HPLC).
Combined with full-length transcriptome sequencing and comparative transcriptomic analysis, weighted gene coexpression network analysis
(WGCNA) was used to mine key enzyme genes associated with sterol biosynthesis. The expression levels of these genes were further validated
using RT-qPCR. Results The sterols contents in the roots, stems, leaves, and flowers of S. dichotoma var. lanceolata exhibited significant
differences. A total of 372 483 high-quality full-length transcripts were obtained by transcriptome sequencing, of which 128 646 full-length
transcripts were successfully annotated. Differential gene analysis revealed that 43 354 genes were expressed across the four tissues (roots,
stems, leaves and flowers), accounting for 50.02% of all total genes. There were 9 647 differentially expressed genes (DEGs) between roots

and flowers, 12 143 DEGs between roots and leaves, and only 388 DEGs between leaves and stems. A total of 119 key enzyme genes involved
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in sterol biosynthesis were identified, and 43 gene co-expression modules were identified by WGCNA. In the MEblue module, six key enzyme
genes involved in sterol biosynthesis were identified, including NP _NY transcript 168676 (FPPS), NP _NY transcript 335811(SQS),
NP _NY transcript 44001(SOS), NP _NY  transcript 246835 (CAS), NP_NY transcript 328932(CAS) and NP _NY transcript
183565(GPPS). The expression levels of the above-mentioned key enzyme genes were validated by RT-qPCR, and the results showed

expression trends consistent with those obtained from the transcriptome data. Conclusion This study revealed the key enzyme genes involved

in sterol biosynthesis in S. dichotoma L.var. lanceolate, providing a research basis for analyzing the biosynthetic pathways and molecular

mechanisms that regulate its active ingredients.
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BISEH, AR LSRR, AR WL,
AR5, NAMTRIELBHEYRSEEN Sellaria
dichotoma L. var. lanceolate Bunge [ T/GARMN, FE )
T HE . WS BRIGILAT T2/ b vb AR B R X,
W52, ERGEEARH 1 SE, BATERR BRI
DR, ImARH TR AR B2 S AN LGS
JEBL, HAEN (R EZjH) 2025 iRl ) f£ g+
25, fElmR BNz, UHRAE N BRI
AL G b B2 3 AL, EIm PR B ARG 1)
B, SR R FEARE RS TR, R
Y. RIS, b IR SR SE
FEEMERG, FUORAEVIRSEYI SRR A
T S B R A3 -9 S8 B AL 7 B -7 & B sy,
APRIERSEREO, F34h, ARSI R
APudi, ¥okInE . PumsFEL B EHIS, BT
KN FAEARSER S R 2 BB E A, 4RSS
BN I AL BSOS S R S BRI 1) 5
R A AR R

TEARIZ5 Y, SR AEYE ORI
KAl SR LB — 2 5, IR SE 72 Al
PIAEAE YD S BE AN & 2 2L 2 R0, m
S 25 R ) A K AT 256 I 2R E Y. (HE
V) BE B AE YA BOL R MG T = RIRTEH P 1)
P TR Ao 2RI QBTG A TR, &l
Z M2 (mevalonic acid, MVA) B,
B R R FERERR  (isopentenyl pyrophosphate,
IPP), &1k, 46 tE it ) LR LR (geranyl
pyrophosphate, GPP). ZJ& IPP 5i% e BLEE IR &
F (farnesyl pyrophosphate synthase, FPPS) 45,
33035 e SLEBERZ  (farnesyl pyrophosphate, FPP).
Wit & JE A R (squalene synthase, SQS) A& 15
P&, AEMmIERE (squalene epoxidase, SQE)
FIAFEEE A B (cycloartenol synthase, CAS) {1k
A A S B AR S AR TR . o 35203
R R B A &5 ( 3-hydroxy-3-

methylglutaryl-CoAreductase, HMGR) #& MVA 1&1%
[IPRE RS, FPPS. SQS. CAS %5 R iz & h ity
SR, BA ST o A AR ) S B A A R )
B, 20— RINE IR A B, EAE R
MR JF A RS IR, 1B A N 2 AR
Y EE, AT AEANE VR

K25 FIAEY) S T S o3 A6 A S R
EIHRAC, FEBRRR. BRECAM B ARG A ek
il PR AR SR T o A2 S50 20R F e S 2H 2 A A
oriraif RT-qPCR RIURIRACE RS, AR
FBFRE TS E LM, CAS KRR, N 2,3-
WeMEIRmIN CAS g, st SRS .
ARV SO B A st 2 AN A T e S T, LR
FES B & BOSRBRAE R [ Rk, I CAS FEKIH
MEGIHRIA B RAR, TRSAHZE . S
HEEFEME (sterol methyltransferase, SMT), SMTI 1]
FKILEWAKIAE, SMT2 AR AT REAM; [FH
—H, SMT1 R SMT2 {EmZRIE EHIL A .
W AR T ERSE A i 7 32 A p A R S A )
SRS RS ONCDRPHE. A5y 293 A
PRI T T IR TT, AR T A5 I b,
A ERARIERIZH . DNA 25 5 THIfIE .

H HT R S8 2 R LA B R A K I s L OO
RIHGE, $14) 7 HorFEA A R R,
H oG T RS 8 B 2R o A=W & g A AT 2 B
b R FEEE T PacBio =AU & 1 4RSEHH
R K SRR, IR EAR L 2K
. A8 4 DAFRHSM R R A 04, 456
PHE PR H: R I M 2% (weighted gene coexpression
network analysis, WGCNA) 4 Hr2 4l 4R 52 #H A 5 i
Ko W6 s Bl IE R, Jfilid RT-qPCR
X H R AT IR, E s RS S S o)
A=) BRORH DRFE DR B - AL B0 Bl o 4R
SEEA R A R B E R IRRTERIEE
HHAHRM B R A EEE L.
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1 #MRIE{EE
1.1 ##

RIS R A R R T L R T B
B (106.1244° N, 35.5048° E). 2T HPNEL
AR 22 5008 i B 4 e NAEWNERSEH S, dichotoma
L. var. lanceolate Bunge. T 2025 4 6 HEEHLIEHL 3
PRERSEH], WE 3 MNMEYEES, RS, W
M. B . RREEESCRIEE. BRAs,
HARE T Bl iiie &2, 58908 THf
B, bRl EREHE, 1B s E-80 CIHEMk
IRUKFERAT
1.2 iRk

XTI o FS S (65 DSTDBO013101, E#REE.
FEEPIRIEAA TR AT B 8-7-060E (IS 202412257,
R RHAARA D RS EUIKT 98%.
TRBIAHFTF H R (BG4l VKBS N Gt 2l, K s
K SERUAFI ALK, RSN TEE. T
RNA #EGRAFE (RN53-EASYspin Plus ZHEL /2
JRHEH) RNA PUdSRIBGAGIED 18 B AL RAR A R
~#], HiScript Q RT SuperMix for gPCR (+gDNA wiper)
112X ChamQ SYBR COLOR gPCR Master Mix 754
W H AR A R A PR A A .

1.3 {425

Thermo scientific Vanquish- = R AH €213 43 e
7% UV.CAD fuill#5 (ZEBR Kt /RG BR A F] D ;s Mettler
Toledo XPE26. XS-205 M Hi -4 #r K F (Hi+
Mettler £ BRA]); Milli-Q AUHA/KHL CBR 7 %557
HAMRAFD; TI00PCR X CEEMASHRATD;
qTOWER3G HYSEI %t € f PCRAX (P [EHREA
FRAF]D,

2 ik

2.1 AELRRFEEEERT S ENE

2.1.1 NSRBI S RETE o-3E . ©
§-7-ME R R G R, BT 10 mL B, W
WIEMBEZEZIE, 85, HEEREN 134.65
ug/mL o-7 S EE AT 104.28 pg/mL 5§ -7-4 B 4T 1
pEaRT L

2.1.2  HEHASERRIH S REEER. X, bl JE
4 FRAZRES B TR, A0S0, K
KR Sk K2 5.0 g, BT 100 mL [F R eH A
FE M EE 100mL, #2257, FR@E B, InAER
Lh, JOA, BFERE, 75 FRH RN 2
BRI TR RRS), JEt, JEZET, FRE /K 30 mL

AR, R ZBHEE 3 R, 2508 30, 30, 20
mL; AIHPRIR, &1, FREINTEAIER, B
% 5mL, #&5), g, JEMH 0.45 um JEEE,
HIFC

213 {aif%fF SHIMADZU Shimpack GIST Cis %
WA (250 mm X 4.6 mm, 5 pm); JRATHA FPEE-K
(98 @ 2); K 210nm, HE 30 C, AR E
1.0 mL/min, #FFfE 20 L.

214 RYERRFEHE I “2.1.17 DR IEH SR
o- V% 5§ BE AN 58S -7 0 B VR A 0 B RV R, R
“2.1.37 AT IEERE 1L 24 37 5. 7. 10pL Wl
SEVETHIAR, DUGTIRUNIALRR (YD, BRI AL
br QO HATEMERIE, 15 o-3 SEEEETRE: Y=
1.487 X+0.1808, R2=0.9994, & {&-7-1mE Ry
& Y=6.2957X+0.1607, R*=0.999 3. 4 FKH,
o3 S EAE 0.179 5~1.795 0 ug/mL, & §&-7-1BEAE
0.1390~1.390 0 pg/mL, ZRMEXRRLF. LAMEEELL
(SIN) R 3AENRIHER, BLS/IN A 10 1E e =R,
o- % S A RN 0.06 pg/mL, EEIRN 0.18
ng/mL 58 -7-1AEE AT B 0.04 pg/mL, & &R
4 0.14 pg/mL.

2.1.5 RESPEERLS  HOGHER SR SRR 6 1K,
FEVHERE 20 pL, W15 o 5 BEAN G S -7 -0 I 1) 0
AR, THEUEIFN RSD 737008 1.22%F1 0.84%, 45
ARG 5 AT o

2.1.6 FEEMRL BURSEHARMOGAT 6 1, %
R “2.1.27 TR 7 e g VA, AR 20 uL
Mg, WEFETHE o9 BB S 8 -7-J B 5T & 50
0, HiH5 RSD 435N 1.53%F1 1.14%., 45 1K,
A E S R

2.1.7 Rt BURSSHIRES, %I “2.1.27
TR J7 i & R AR, 76 04 24 44 64 8. 10
12, 16+ 18 24 h 435l HEFE 20 uL WiE, FHINE a-
9% G B AN S -7 BT AR, TR RSD 400l
1.82%M1 2.47%. 45 RFWI B MIFRAE 24 h NAS
EPER T

2.1.8  fAEEICRES B E A B R AR S A
mREEFRE 2.5 g iR, AT 3 A, B3, &1
0.8+ 1: 1 1: 1.2 ML I o9 S B AN 5 -
TIEEER A IR, “2.1.27 TR JTiEd AR
PERSIA, B S RIS . - SR T 8 -7-JA
SEEINEE [R50 50 100.17%F1 93.44%, RSD 43
A 1.76%F1 2.60%
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2.2 RNA RELSMF

FHMEERE = 80 2 BB 2 ) sk RNA R BGH
ALY o PR R SR AR L 22 o, 2
£ RNA, FJH Nanodrop2000 X ffrfE RNA )
AR FEE R0 R AT R, BB 4 Je P ksl RNA 56
Bk, Agilent2100 WIE RIN fH. K FIRFERIRE S5
5T PacBio Sequel =AM 71 & 17 2 KF x4
WP, FRGEHAM 25, 2 464 7T [llumina HiSeq
2000 A -1 G BEAT He s I Py, & 3 NMED)
PEE. AT H ESEE AR AGREA IR
AIE
2.3 MFHERIESHERE

Z BRI P AR R AR T B IR &R SR AR
FIBHIE N & 21 Reads, 5= &R (clean
reads). i/ Trinity v2.15.1 X} clean reads #1779t
2, WRIERHFERETA Corset v1.09 #—H 7
PN 2 TUR A, 53] Unigenes.
2.4 EEIhEETRERS A

FIFH BLAST # 4 Chttps:/ftp.ncbi.nlm.nih.
gov/blast/executables/blast+/LATEST/) ¥ 3 [K 43 51
54K E AT YIEPEE (non-redundant protein
sequence database, NR). FEPRAAREHEE (gene
ontology, GO). JER I R RN E B R FIVEHE
( evolutionary genealogy of genes: Non-supervised
orthologous groups, eggNOG ). H#SHE: K5 HE R 4H
H #}4= 15 (Kyoto encyclopedia of genes and genomes,
KEGG ) . & A /5 4 £ #& FE  ( swiss protein
knowledgebase , Swiss-Prot) . & [ i 5 ik £ ¥5
(protein families database, pfam) ZEHE(TELXGHARE4],
ARAFHE R RS B

2.5 HEFJEERST

FI I RSEM v1.3.3 B AF 73 #7 % L4 il iR 3 A
RIEIK, B Gk EEXT 2 225 7 H1 0 R 25 [R] 1)
reads %\ (read count), H-7+5 H TPM {H ( Transcripts
Per Million), Z&T TPM X/ read count £ #& it 17 FrifE
fEAbEE, FEfFH R 185 4.4.1 DEGseq2 fifiik 2 5 3%
ISFEA, ik BR{E M|loga(fold change)|>1 H. ¢ H <
0.005.
2.6 fIIREREHFZ AN K GO #1 KEGG 734

FIF WGCNAVL.72-5, HETHSEIAR. 2.
FHAE 4 AR ZH 2 1 2 s 2H 3004 DL % 2 AR )
TEELR, MWE TIPCERILREM LS . BESE
IR B E DY 12, HRMEYCR/ANECE DN 30,
G IFBUHE MR PARIARI L BN 035, IRIEBHEERRE
T3 HA A R R R e R 73 o — A s e
Fl H  clusterProfiler v4.10.0 Xf % 7 £ & 3
(differentially expressed genes, DEGs) 4347 GO
ThaeiR 5 KEGG gk = &5 .
2.7 RT-qPCR &3 DEGs

FJFH Primer Premier 5.0 BVt 1 3 R4 5=
PE G031 T RT-qPCR 56, A TAY TREFRA
F AR (£ 1. FIH HiScript Q RT SuperMix for
qPCR (+gDNA wiper) il /il G IWERSE AL . 25, 1
PEAEAN R GRS 3R B RNA S 55l cDNA.
% H 2X ChamQ SYBR COLOR gPCR Master Mix iz
A&, fEPE & PCR A EiEAT RT-qPCR il &
FRIE, RMNFHEAPE: 95 C 3min, 1 M
H; 95 C. 30s, 56 C. 30s, 72 C. 40sX354
PE¥: KA 18 S RNA fEANS R, BAFEM 3
MEE, R 2722515 DEGs B RIE & .

%1 RT-qPCR 3|55
Table 1 Primers for RT-qPCR

AL

EIE/ELR

SITE] (53)

NP_NY transcript 168676 (FPPS)
NP _NY transcript 335811(SQS)
NP_NY transcript_44001(SQS)
NP _NY transcript 246835(CAS)
NP_NY transcript_328932(CAS)
NP_NY transcript_183565(GPPS)

18s rRNA

NP_NY _transcript 168676-1F
NP_NY _transcript 168676-1R

NP _NY transcript 335811-2F
NP NY transcript 335811-2R

NP_NY _transcript 44001-3F

NP _NY transcript 44001-3R
NP _NY transcript 246835-4F

NP_NY_transcript 246835-4R
NP_NY_transcript 328932-5F

NP_NY _transcript 328932-5R
NP_NY _transcript 183565-6F

NP_NY_transcript _183565-6R

18s rRNA-F
18s rRNA-R

AAGGTTGGCATGATTGCTAC
CAGTCTGAAATTCAACCTCG
GGTATTTTGCGCTTCATCTG
ACACAGCCACAGCAAAGAAG
TGAGCTTTTACAACCAGGAG
TAGAGGATATGCAAGTTTGG
TCTTTCTTTACAGAATCCCG
GAAGCAGAGGTACACTCAAC
CATGTGAATTCCTGTTGTCG
CTAAATGAGCTGTATTGCCC
CTGCTTGTGCTCTTGAAATG
CCAAGAGGAAAAAGTGCATC
GGGCTCGAAGACGATCAGAT
GTTTCAGCCTTGCGACCATA
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3 EBR5SH
3.1 REHPEEFERSNSENE
HRECHIANFRIHAEAAR, 25, . fE HPLC (1
W TS RN 2 PR, o-3E S ERAETE T i) & B i
s M S BRI, AR P& B R R,
REZEEREE, RMHERANRZE . 5H8-7-6GE
FEAEH S BiRm, SRPHEEERNEE, M
RG22 KRS M i & AR ] .
R2 REATRIARBUEELR I E
Table 2 Sterol contents in different tissues of S. dichotoma

var. lanceolata

LA o3 6 B/ % S -T7-JA I %
R 0.003 44:0.000 3*  0.010 3£0.000 7°
= 0.005240.0002°  0.0122+0.001 3°
I 0.002440.000 1*  0.009 70.000 7*
4 0.019140.0006°  0.0251+0.001 I°

AHFRFRRZEREE, P<0.05.

Different letters mean significant differences, P < 0.05.

32 REASKERBEARSHRESN

JHid PacBio Sequel I JF~F & X 42 42 1)
ML 2K b R 5 AN SRR ATRE AT
WP, HL3R1G 5514 628 %ML —BUEF 41, T
K 1444 bp o H 2K ARk G 741 (full-length non-
concatemer, FLNC) ¥ HR& I 20 R MG
JLIR1F 372 483 m i E S KERATY], Pk
¥ 1527 bp, N50 KJF 1753 bp. K BUSCO v5 #k
PR A A PP B AT o B e B VA, LR
PEIE R 96.4%. 9 11— B IPAL RS A i
2, BEAMREHEKESRTFIENSET
Hl, EELSEEH R A 2R MY clean reads £ 2% 751
A mapping 43 #r, 5 2H ZLRE N B EL X R ER TR

Bk

13 431(10.45%)

176(0.14%)
255(0.2%) =\
267(0.21%)./
284(0.22%) /.

318(0.25%) /
328(0.26%)
584(0.45%)/
1 284(1%)
3 638(2.83%)
5 483(4.27%)
7 709(6%)
11 495(8.95%)

13 867(10.79%)

77.31%~89.93%. %3 LR, AR HIRICH]
RS TR BT S, AL 2 S
B Bl L LA B 7 AT K
3.3 SRECEAEFTHREIERFINGE ST 3

B A KERHS 6 RKEURELLX, 3k
BIERGEE. REY], LH 128 546 KR A
FRENERE, HAaflie R AN 91.74% (£ 3). M
£ eggNOG Fl NR H#5 Pe o 38 3 1) % e AR B
%, 5N 128471 Rl 117969 Sk A, HIL
N 91.62%A1 84.13%, TM{E KEGG H i 2 ) #%
AR RD, VR 67 241 KR AT,
i 47.95%. HRIE Nr BB ER LT SR, 5
TH R 2 5 iy B HT 10 MR, b B AR SE B[R]
PE 7 21 B B I W B R K BH A6 Heliosperma
pusillum (Waldst. & Kit.) Rchb (69352, 53.98%).
ff =% Beta vulgaris L. (13 867, 10.79%). 3
Chenopodium quinoa Willd. (11495, 8.95%). %
3¢ Spinacia oleracea L.(7 709, 6%) W Amaranthus
tricolor L. (5483, 4.27%), WK 1 fimx.

R3 REPERANINEEIRER
Table 3 Functional annotation results of transcripts in S.

dichotoma var. lanceolata

R BOEREI R A /%

GO 107 150 76.41
KEGG 67 241 47.95
NR 128 471 91.62
Eggnog 117 969 84.13
Swiss-Prot 107 642 76.76
Pfam 104 214 74.32
SRR AN KL 128 546 91.74
SRR 140 226 100.00

® Heliosperma pusillum

@ Beta vulgaris

® Chenopodium quinoa

® Spinacia oleracea

Amaranthus tricolor
© Camegiea gigantea
Mesostemma dichotomum
69352 : l;;anthuj{ caryophyllus
o itis vinifera
(53.98%) Silene latifolia
@® Nepenthes gracilis
@ Zea mays

® Helianthus annuus
@ Brassica napus
@ other

E 1 NRIEBGIHIMSHE

Fig.1 NR annotated statistical species distribution map
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3.4 DEGs $#h
IRABARSEEHAN RSB (e e B, 2l A
LA R 35 B (B 2-A), RBUR. 25, i
1 4 NMUGILEIERAE 43 354 %6, HIEREBEE
50.02%. AN[EZHZR A DEGs @1/ 2-B Fis, M vs 22
171£ 388 2 DEGs, Fiff 174 %%, T 214 % R vs
ZEA74F 8800 %% DEGs, 12840 4%, N 5960 4;

A

f£ ES

i

M vs TEA71E 9 647 2% DEGs, il 3 427 %, Fif 6
220 %; M- vs fEA71E 3221 % DEGs, i 1788 4,
N 1433 2% 2 vs fE17(E 1838 45 DEGs, [l 894
%, N 944 %; W vs IRAELE 12143 % DEGs, Liff
7959 %%, T 4184 % . i DEGs H i FI4R[1) DEGs
%, WEEAREEMKZ, HHZEZ ] DEGs

&b

B

174214
)

0 d
Y vs JG_vs_ JG_vs_HY vs_HJ vs HY vs G

G-R; J-25; Y-M; H-A¢t.
G-roots; J-stems; Y-leaves; H-flowers.
2 SRECHAFERLBUTEEFEE A) REFFTIESHT B)

Fig. 2 Venn diagram (A) and differential expression analysis (B) of genes in different tissues of S. dichotoma var.

lanceolata

3.5 RECIAERFXE YA R XEEEERIL S

o T B 2R A S W& BGR IR T — % i 4 B
il A BPART R AR AR, 2 A 6
KEERE, 2 HMGR. H4 )L5E M 05 R &
(geranyl pyrophosphate synthase, GPPS). FPPS.
SQS. SQE 1 CAS. AHfFu kT 5 HH e s A
PERIEEBEVERZAIR, b %EH 119 4> Bk KRG
BRH, W& HMGR (30 4). GPPS (14 4~). FPPS
(14 ). SQS (23 /). SQE (10 4~) F1 CAS (28
A B 3D ARV R 2 7E X 0 5C i il i [X] o
HMGR W S A%z RS, HAEN MVA i&42 1
PRI RG, FIE A DO ) S B AR B R
AUoEEE, EEEYIER KR EHEE T K%
R OTIEDIRE

N BE— 25 o0 B bk O g DR R AR S A
[F2H 2R ALK, XX Lo B R BEAT T 243 57 1
FRE (Taw) . ISR ER, 119 4 KHB
P 19 MR R IR (Tau>0.8), H
o9 MERREELT SRS, N 8 A GPPS
( NP_NY_transcript_132189 . NP_NY_transcript_
147927 . NP_NY_transcript_195133 . NP_NY_
transcript_195975 . NP_NY_transcript_241513 .

NP_NY_transcript_311237 . NP_NY_ transcript_
72354, NP_NY_transcript_ 125513). 1 > SOS
(NP_NY_transcript_220193); 5 N 3L K fEAR 5 %
i5, B8 2 A~ HMGR(NP_NY _transcript_31349,
NP_NY_transcript_77176) . 3 4~ SOS (NP_NY_
transcript_95705 . NP_NY_transcript_135146 il
NP_NY_transcript_161510) ; 4 N LK 7E M- 5 %
%, BN 2 A HMGR # [H ( NP_NY_
transcript_160396. NP_NY_transcript_66779) . 2
A cas = ( NP_NY_transcript_145417 .
NP_NY_transcript_311885) ; 1 /NFE K 7E 2= it 47
m#RIE, 1 4 GPPS 3K (NP_NY_transcript_
346261) .
3.6 WGCNA

N TIRANIZIRAE ARG B R AW & O 1%
FHORI DGR [H], T8I WGCNA J7 ik A i AR 25
2 MR o3 £ B RN 52 655 -7 B 1 A R IR 3
RikM L, RIS TTUIRIERIARHE R 70 B,
HAGH] 43 NEPFILRIAM S, FFAMEHRAA
FIREEARER (K 4-A).

R4 AL & B3t 3Rk W% B 45
MEblue fH ) FE K 5 o-3% 8 A G -7-4
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Fig. 6 RT-qPCR verification of key enzyme genes in sterols synthesis pathway of S. dichotoma var. lanceolata
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