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Preliminary screening of key genes for biosynthesis of active components of
Ziziphi Spinosae Semen based on metabolome and transcriptome
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Abstract: Objective This study aimed to comprehensively identify the key genes involved in the biosynthesis of spinosin and
jujuboside A. Methods Ziziphi Spinosae Semen samples at green fruit and mature stages were selected as experimental materials to
construct transcriptomic and metabolomic datasets. Key candidate genes associated with the spinosin and jujuboside A biosynthesis
pathways were systematically analyzed through functional annotation and differential expression gene analysis. Results Metabolomic
profiling detected 1 646 metabolites, while transcriptomic sequencing and functional annotation identified 7 316 differentially
expressed genes. Results revealed that spinosin was relatively enriched during the green fruit stage of Ziziphi Spinosae Semen, whereas
jujuboside A accumulated predominantly at the mature stage. Through phylogenetic and heatmap analyses, 50 key candidate genes
were screened, including 33 UGTs, 12 OMT5, two OSCs, and three CYP450s, which are hypothesized to participate in the downstream
biosynthesis of spinosin and jujuboside A. Conclusion This work systematically deciphers and proposes biosynthetic pathways for
these components, laying a foundation for subsequent functional gene validation. It advances molecular biology research on Ziziphi
Spinosae Semen bioactive compounds and provides novel insights for the development and utilization of traditional Chinese medicine
resources.
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B AN R ZERMEIIR . Ziziphus jujube MilL.
var. spinosa (Bunge) Hu ex H. F. Chou HJ /g s
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SR (2R P e AR IR AR 0] 7R 2R P B AT AT 4
Mrge, HRNARMZES (phenylalanine ammonia-
lyase, PAL) fiE{LRNZML (phenylalanine) Wiz 2k
MW ER, BHELNWER-4-RNHE Crans-
cinnamate-4-monooxygenase, C4H) ¥ AV X 7
TR, B 4-H RN A ER (4-coumarate-
CoAligase, 4CL) A Bl B Hh [H) 40t 75 7 I il
A (p-coumaroyl-CoA). 7£ 5B ZLTE B B,
A HEi A Rl (chalcone synthase, CHS) LR #
TR A SN BEAHEE A ARG SOV AR kil B
REHM, 2&HE 7 (chalcone isomerase,

CHD) S M ATE it 2 3= . BB & B (flavone
synthase, FNS) i i U it 0 s S A A R 2% 40
NITER, GWED R C-HEE A B
RV S TAARLT . R S SIAHEINS J UDP-H
H L FE I (UDP-glycosyltransferases, UGTs) ff#ELI1]
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2 O-FH LR M (O-methyltransferases, O-MTs) fif
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BAmRILF A JIER: L5 Alacetyl-CoA)
H R RI&AE (mevalonate pathway, MVA) A%
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diphosphate, DMAPP) 17, H.Ht MVA I&1E7E =il
RHREY & R 35 HIP8. IPP F1 DMAPP
FEME 5 LB fE B R & 1§ ( geranyl diphosphate
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(2,3-epoxysqualene) B0, HEW 2,3-58 4k & 47 452 6 AL
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BT T % F B (113°25.20"E, 33°54'28.80"N)
7] — AR IR AW FRA . SRR AU, RS2 )
Frich QZI GEERED M ZT (D, AN
YT 3 IRE A (QZI-1. QZI-2. QZJ-3. ZJ-1. ZIJ-
2. Z1-3). SWEEE, FERPERFET-80 CIK
FErh o TR ML AR T R 24K 25 MO R A%
%08, BN RZERPEBEMR A Z jujuba var.
spinosa [PJFff.
1.2 NS5

Vanquis M HT2ALTAH €0 2R 5 (R ER KR AL
HiAF]), Orbitrap Exploris™ 120 /=73 HHREA (5§
BRI REBHE AT, Fresco™ 17 T B Ol (FEER
KA RBHE AR, PS-60AL ABAEAL GRYITHEEmE
HAARARD, 2 3R PuE B CEEER
FAMWRATD, BARGHTEN (NUIMERRHRH R
RAMWRAR D xFH &= (k5 MUST-
24112303). B BFH A (5 MUST-24031604)
T Rt = BRI RHA TR A R, FESHIRT
98%. BTN FEE. L. R AR TR ALY A ik
FHEAARA R HAUKIETFKITACARA A .
2 Rk
2.1 AEEBFRRIER AR
2.1 AREWIREL  XASEN K E I R
KAy E 3 ANMEYEER, L6 MEARATA
W WFERRETIRIG, TR MRS
FREUEAREA (25+1) mg T EP &, AL
Bk, FRANIN 1000 pL $EH0K (BEEGKHFHRE. O

FUKIZARALL 2 02 0 1 FhlmEe, HAA AL EbR
WWHPFR) . IR IENRZ 2815 30s J&, 4 EP &K
ANEJFACH, LL35Hz B A)HK 4min. ZJ5,
FEA RS BIVKOKGE RS Smin, BHEMIPIR 3 IR,
&, 140 CHAFTREMNA 1h. BE)5, KA
7E4 “C. 12000 r/min (B5.037) 13 800X g, #72F
% 8.6cm) MM NEL 15min, B EJER. FHX
W B IEMRAEAH R BE A1 B0 15 min J5, KR
A LIRS B, AR
2,12 EHURIRIE A AbFE R IR AT i JE AR
PEARUIEAT 734, 1A Vanquish (Thermo Fisher
Scientific) i = R AH (L3, F14H Phenomenex
Kinetex Cis yAHELHEAE (50 mm X 2.1 mm, 2.6 um)
XF H AR ST (i 73 B o AR (i 1 A MO
0.01% LR HIZKIE, B AL 11 1 157 AT
MOHERE W FEE IR EYERFAE 4 °C, 3R
RN 2 pL.

JRRE 43 #7145 ) Orbitrap Exploris 120 J5i 153,
1t Xcalibur ¥ 3f4 (WA 4.4, Thermo AF]) 1]
BHIN, RE—M PSR . &G, FIH
ProteoWizard #-Ks IR 46 254 4% 4  mzXML #% X,
Jif it BiotreeDB i E (V3.0) MHAREHIEAT S
€, BEJEITREATAAL 7 T o
2.2 RNA R=ZESNF

KSR EY) Trelief® Hi-Pure Plant RNA Plus
Kit &t RNA $2HGAIE, 2 WA F A KR B I
FR A RIS RNA . B85 S 35 R B E L LI
TR 5 66 FE T Nano Drop One 25X $2HXU 1 RNA
HATIREE . 2HEE. SEEER RNA (EEE R, L
Aseo/Aago FLAETE 1.8~2.1. HVK S5 HAIE I HLIGHE
RNA B AT 5 80 BB

FFH 1% ME#% VAHTS Universal V8 RNA-seq
Library Prep Kit for Illumina ¥4 5% 4 SCE M) i
FIRF & NR60S M AL RNA H 4 55 H R A1)
mRNA, B id B mRNA BEHLT 247 300 bp
)/ B, BL mRNA NI R 3% %6 — 5%
cDNA %, B 5Kt 17 Xk cDNA G, Bt
E Y OUEE S R U7 o PR HEAT 3 S, TR A A
A AE PCRAXCH BEATIE R N, 244 J5 B T PCR
CH FEAT SCEE Y 8E I N, 8 Agilent 2100
Bioanalyzer XJ 14 4 (1) 3C 2 @47 5T & VP Al o A0 5L
Y RNA S IR 7 TAEZ el MR A
PR 2 7] 58 o
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B P J5 1) Raw Reads 4TI 08, KBRSk
HE(KRER T, 343 Clean Reads, ] fastqe
(hAS: 0.11.9) iy f5 B A7 o 4, 7
PREAE AR A AT 5P, )5, 12 StringTie 21
BEAE (RAS: 2.1.4) X} Clean Reads #H4THH%, 13
#I| Contigs, F-i# — A0 Hi AT 2H 23645 ) Transcripts.
i Star (JRA: 2.7.9a) #AFH cleanreads 5ERA
C SN (PRINA974227) BEATELXT, FExiss
RIAT A ST .
24 HRADNEEER. SRR

KH Diamond blastp #2/7 (hitA: 2.0.6.144, &
e 1X107°) K AR A b K SR 751 5
uniprot. Nr &4 FHBiEdE ZE LU, PLSRBUF ZIHI D)
FEAEEZSSGHRESE S, 8 Uniprot s
PEadsr () o 555 HE K44 (gene ontology, GO)
DIRETT RPN RIOC R, T A b 2 1 ) AR 2
Thie o A BB e 8] (55t 3R 9F481H KOG/ICOG
HREER, AN T kgt 54 .

iz Hl hmmscan B/ (hfiAc: 3.3.2), 3T KOfam
A Pfam 8 PR 45 AL T, LA BA 1 2 15 1)
PR A1 motif FNZE#3. FIF topGO X GO
Diaesrkgiit, i clusterProfiler 2 F (AAS:
3.143) 5RHER EERRFHA TR 2T (Kyoto
encyclopedia of genes and genomes, KEGG) %4 ¢ Lt
Xt WE ERRISHER S S5 WAV ERER, HxT
FHORIBAR AT 73 b 2
2.5 ERFRIEERTFERTH

12 € B RIK LK AAE S AF 5 Y reads count
Bls, FETHEFRIEIKH reads count HfE, @it
DESeq2 #AF /3 Hrie AT B R 5 3 s AR ) 22 e R IA
110, 1z A FDR {A ik {2 3% 22 e RIK M B N, e
i e br it FDR<<0.05 H.|log, foldchange|>1.0, 4t
THEEDR B B 22 e RaA G O . IR AN T W 1 22
PR FERIFEAS [RIRE i A RAA K1 DR RE AL T
fie & SRR,
2.6 HRESKHAKEST

ik 72 e RIS B R 5 2 A L R & AR 1
KEGG il #%, $KEHESANZOR, H R FH] cor
PR HCTHET Pearson AHCPE REL (11>0.8. P<<0.05),
T H Cytoscape #4) 3k PR -AR ) AH IS A 19 26 ]
27 HiRERREE A 26 RHEXEETFE

WY SR RN 2 RIE R R, 46

V& A TP RS EE RV 3R, FIF Thbtools FRAFXF
AN R B R AR AR AT IE YR RIB 2
WE AT [FN, SRA MEGA B RZ R B,
P R 5 O D RE R EAT LU, DAVPAL %S
CRITE] R PP A [RIAE o 3 — P ARIEAN R B B B )
[RIAR B ARG U ige 126 J1k R IEA T RS AL T I o
2.8 SCREESLAT PCR (realtime PCR, RT-PCR) I3

W AL 32 3¢ e 3 2L A3 v 7 a2k Y ) O Bk ik ik
[Al, {8 Primer Premier 6.0 {34 14514
(% 1), f# H QuantStudio 5 Real-Time PCR
Instrument 245, &AL SYBR Green Qpcr MasterMix
IR W#E 1T RT-PCR. PCR Nk R 45 55 ng
cDNA. 10 pL FiJE# . 0.8 uL 514 (IE[A514 0.4
ul, 5404 ul), INIEHE K EARF 20 ul.

YRR BEAN: 95 CHAM 3 min; 95 C
AP Ss, 60 ‘CiBK30s, 40 MEH. FAFE 3
WAEY)EE S, @it 2722 L H AR RIS &

&1 RT-PCR3|¥ER
Table 1 RT-PCR primer information

FEATE SR 55 (5-37)
CYP450-1 CYP-1-F cccagttcagttgggttecg
CYP-1-R tecccatacattgteetgeg
CYP450-2 CYP-2-F tgaggtttactcgtgcggtt
CYP-1-R tccaatctcttgtccageca
OSC-1 OSC-1-F catggttteccgtagagggt
OSC-1-R ggatctatgtcageetgeee
OMT-1 OMT-1-F tggttactctctcetegeca
OMT-1-R caatcttgtgggcaacaccg
OMT-2 OMT-2-F accgtgtgggatcattggtg
OMT-2-R cgcatcagcactagggacg
UGT-1 UGT-1-F cctececccacatceteatge
UGT-1-R tggttgeeccattggtaagaa
UGT-2 UGT-2-F gaccgtgttegtgtcgttte
UGT-2-R cctegatctectacectttcg
UGT-3 UGT-3-F atcccaccacagatgaccct
UGT-3-R aagcgttggaaggtaageca
3 GR5SH

3.1 ARRHBF CHREMESIRRESH

N ZR G FEATIR A G M LA 1R 2 5 R R K
BB RRFAE , AHIF TR P e A5 AE i - B
BB (UPLC-MS/MS) HiAR, 7E 1E 71 2 116 5
SR R R A A AT R )
K, SR ENIARE 3 ANEYEES, it 6
AR, DI R A AR T S 5 R
Mo G HEHEE N ks BT &
fE, L%l 1 646 FCHYD. WIBWY %0
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e, KX SR> N 13 4, SIEAR BRI R
9T (484, 29.4%). KNRIFFEEIZ (221,
13.43%) UL EY) (212, 12.88%). HHLR
K HATAEY (179, 10.87%). KL EY (151,
9.17%) BHLEEMLEY (122, 7.41%) BHHLER
&P (35, 2.13%) AWH S HAT A (23, 1.4%)
KHEZ . BIARRER A EY (17, 1.03%). #
. HERASEUY (10, 0.61%). HHLK RS
Y (2,0.12%) AHLERLEY (2, 0.12%) FiHAh
Ry (188, 11.42%). FNHHAAIFE K G B BR &
AR Bk 22 5, SRR BEAT 3 o o T
(principal component analysis, PCA) F11EAZ iz /s
3% A 5] 43 M1 Corthogonal partial least squares-
discriminant analysis, OPLS-DA) (K] 1-A. B) B3,
SRR RS SO ARE AR R] 4 B R R
RRRHEIEMNT, 0 — PRI AR B A
VBRI AFEES . L SRR 5t R4
(CZD), WA NI (EZD, ¥ CZ)
HxT BZ) HAT 4T AL, R Fold_Change<<0.5

A
100
. e CZ]
50 = E7J
0 . s~}
. g
1002
=50 = //50 N
0 =
Zs0 &

—100 -100
=150 —100 —50 0 50 100 150
PC1(58.9%)

Status
not significant

up-regulated
VIP

; .0

2 ®]3

-10 -5 0 5 10
log, Fold_Change

down-regulated

5>2 H P-value<<0.05 fiikpriE (Kl 1-C), 3%
JE H 845 Tl 25 22 AR, Horh 263 FhE i
HXTE IR L, 582 METIHES. £ AR
ZR AU, LAY 02 B, AFE 25 Fib
B, 67 iR, RAEERA AV E RIAE )
B FR, B EYILE e 57 PR E R A
gy, b 18 B, 39 R RE, B bRIRESS
WEMEAET R RAM (B 1-D). £5
BT REIEMERSRy, AN TR R
BEIFAKSEES (B 2-A. B). 45 B E IR
FRUETF RN RER S, SR CKEIRER S
SRR 7) B A B SR AR T o TR B A A
PR R R, X450 Zhao ZPUXT
=S B YA IR R R e SRR . b
Ab, HABARFR M BB S 2 2 (B 2-B).
BETILEER (H2-0). i REHE (K 2-D)
PLE s 2R A4 diderroside (& 2-F). EMNEEEE
(K 2-G) kAT (B 2-H) 24 AR 2 45R4E
B3 J7 5 R AR A BT A S R 2 I —

200
S
& . - e CZ]
IS " EZ)
= 0 O
@] L
E [ ]
—200
—400 0 400
t[1]P[55.8%)]
ABC transporters+ * .
Aminoacyl-tRNA biosynthesis = PR S
Caffeine metabolism | . ,2
Flavonoid biosynthesis E
Biosynthesis of amino acids'| o )
Glycine, serine and threoniney ——~— @ ————m—————— 6)
metabolisma- — — — -~ e R E
Glyoxylate and dicarboxylate | *
metabolism| | o
Flavone and flavonol biosynthesis Vi
D-Amino acid metabolism] ~ 1~ e B 2§ }8
Alanine, aspartate and glutamate - I2>< 10
metabolism+ .
Galactose metabolismg o | W=
Starch and sucrose metabolism | - - .EE
Carbon metabolism 25
Propanoate metabolism ] ® - @50
Metabolic pathways'.‘ ““““““““““ . 75
0.1 0.3

0.2
WHRRNT

A-CZJ # vs EZJ 411 PCA T =445 /3 WS ;. B-CZJ 41 vs EZT 411f) OPLS-DA RIS Al C-CZT 41 vs EZT 1102 SR 1% K 1L

El: D-CZJ 4 vs EZJ 411 % R KEGG 73 25Kl

A-3D score scatter plot of PCA model for CZJ group vs EZJ group; B-score scatter plot of OPLS-DA model for CZJ group vs EZJ group; C-volcano plot for screening

differential metabolites between CZJ group and EZJ group; D-KEGG classification plot of differential metabolites between CZJ group and EZJ group.

1 PCA. OPLS-DA REFBHHRARERKEHMHINLEF KEGG EEER
Fig. 1 Score plot of PCA and OPLS-DA models, as well as volcano plot of differential metabolites and KEGG enrichment

results
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A 1X107 B 1.5X10™ C  3x10%9 D 3X1077 QzZJ
il ZI
83X 10° %
- ~ 7 8 7
E o106 & 1X10 w 2X10 _ 210
= * = = =
£ 4xios 4 -t E
® T E 5x10 B 1x10% = 1x1074
Z Z m =
2% 106 = .
*k dkk
0 , 0 0 : 0
Wi B AR A WEFILRE s Siaen !
E F H
2.5X107 2.5X 1067 4X10°+ 61057
Ea 7 :
2.0X10™ 2.0X 1097 3% 106 - ol
X = X £ 4x1001
E 1.5X 107 E 1.5X 106 E —T_ E
& 5 E 2X10° .
= 1.0X107 - o] =t =
_@% EE 1.0X10 % ) = 2X10°4
05)(107_ 0.5)(106_ 1 X100
0 . 0- 0 = : 0
R B A Diderroside AR TAEAT

QZI A, ZI A, AR FEIN ISR 3 AEERA, 5 QzZI thE: "P<<0.05, P<0.01, ""P<0.001.
QZJ represents the green fruit stage, and ZJ represents the mature stage, black dots indicate three biological replicates at different stages. *P < 0.05, *"P <

0.01, and ™" P < 0.001 vs QZJ.

2 BT AR HARER S AHE IS RSN 4E

Fig. 2 Metabolic detection results of flavonoids and terpene metabolites in Ziziphi Spinosae Semen at different stages

FRAFR R BN BEBRE IR RER, NE
BRI RO EE R A S R IR A A
Y& oS AL R K T IR SR AL T 5% .
3.2 A RIRHARRF{ZHRENF Ko

D9t T R A M A AR B G A% ) R
BEREELDN, R R A B 3L 6 M
AHFATHFHANF . FAH BGl mi@EENFTE
DNBSEQ-T7 X FEAMEATIN R . JE a6 Fr#idh 421d
JEJG L1531 240 197 432 4% clean reads, Qx fEAT O3
8 0-FBME 5> BITE (97.87£0.15) %F1 (94.50+
0.38) %, GC &E-FMHEN (46.00£1.54) %, &
PR E R . 46 Li SEITIIIRE 727 3
RIZHE RS ., R I8 M s A7 51 5 25 5L
ZHEEXT, 3RS 240197356 %% cleanreads, FLAEk
X B2 BRI reads 21t 227997088 2%, ik
K1) 94.92%. fii ] StringTie FAFHEAT Se % AL 3,
454 TransDecoder PNHE AL X, FLARI 47
619 255 A (Nsoy=2 379 bp), 29 089 % genes,
HA SR A 20 961 46 (Nsp=1 680 bp), T gene
2 431 5% (B 3-B). N 7 RATRED Hh AR RAZ e 5
Hrp iz dE H BA RT3 R, A 2 PR E
[ZEEIAAA (gene ontology, GO). HLERIER 5L H
HAEMHEF (Kyoto encyclopedia of genes and genomes,

KEGG). KOG. NR. NT. Pfam. Uniprot. TF]XZ&
RIFEATIERE, JLf 28378 2% genes #yERE, HATE
NR %4 2 f1 Uniprot (35 B rR A L 90% [ 514
vk, A 60%[1)HE R #ER R KEGG. GO,
Pfam 4 2 .

BT IR L AR LS E B 20 961 5%
WA, A 18682 SR AN RIAR, Hh
15 584 %% (74.3%) it GO ThREFRMATH A4
Y%L 2 (biological process, BP). 45 ¥ Ujfg
(molecular function, MF) M 4Hfi2H 43 (cellular
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Fig.3 Transcriptome assembly and functional annotation of new transcripts in Ziziphi Spinosae Semen
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Fig. 4 Analysis of differential genes and functional annotation statistics of Ziziphi Spinosae Semen at different periods
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A-Correlation network plot showing the correlation relationships. The node size represents the magnitude of log,FC, the node shape represents different
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Fig. 5 Correlation analysis of transcriptional metabolism, KEGG enrichment analysis and nine-quadrant chart
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A-Solid arrows represent experimentally verified reaction steps, and dashed arrows represent reaction processes inferred based on existing evidence. Red

numbers indicate the number of candidate genes for each key enzyme; B-Tissue-specific expression of candidate spinulosin biosynthesis genes; Heatmap

of gene expression in three biological replicates of green fruit stage and mature stage; Color intensity reflects gene expression level, with red indicating

high expression and blue indicating low expression.
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Fig. 6 Biosynthetic pathway and candidate genes of spinosin
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Fig. 7 Tissue-specific expression of FNS in candidate spinosin biosynthesis pathway
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Fig. 8 Phylogenetic analysis of candidate UGTs in spinosin biosynthetic pathway
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Fig. 9 Heat map analysis of candidate UGTs gene expression in green fruit stage and mature stage
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The MTs used for clustering included 49 genes screened from the transcriptome and 31 functional genes from different species; OMT5 screened from the

transcriptome are labeled in red; The phylogenetic tree was constructed using the neighbor-joining method in MEGA X.
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Fig. 10 Phylogenetic analysis of candidate OMTs in spinosin biosynthetic pathway
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Fig. 13 Analysis of expression heat map of the candidate jujuboside A biosynthetic genes
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Fig. 14 Phylogenetic tree and heat map analysis of candidate OSCs in jujuboside A biosynthetic pathway
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Fig. 15 Phylogenetic analysis of candidate CYP450s in jujuboside A biosynthetic pathway
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