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Abstract: Crataegus pinnatifida is a traditional Chinese medicine, which contains organic acids, triterpenoid
acids and other active components, has important medicinal and edible value. In order to study the difference of

gene expression level in different developmental stages of hawthorn and explore the genes of active ingredient
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biosynthesis in Crataegus pinnatifida, high-throughput Illumina HiSeq 2000 technology were used to conduct tran-
scriptome sequencing and bioinformatics analysis on Crataegus pinnatifida fruits from the same origin at different
developmental stages. 78 496 Unigenes with an average length of 941 nt were obtained by Trinity software. Among
them, 58 395 Unigenes can be annotated by NR, NT, Swiss prot, KEGG, COG, GO and other public databases.
KEGG pathway analysis showed that 52 Unigenes encoding 15 key enzymes involved in the citric acid cycle.
There are 62 Unigenes were involved in the triterpene biosynthesis pathway of Crataegus pinnatifida. Two key
enzymes SQE of triterpenoid metabolism pathway in Crataegus pinnatifida were cloned and performed bioinfor-
matic analysis. The results showed that ORF of CpSQFE! and CpSQE2 were 1 594 bp and 1 597 bp, respectively,
encoding 530 and 531 amino acids. The molecular weight of proteins was 57.6 kDa and 57.5 kDa. Bioinformatics
analysis showed that both CpSQE1 and CpSQE?2 proteins have a PLN02985 superfamily conserved domain,
belonging to the squalene monooxygenase superfamily. The phylogenetic tree shows that CpSQE1 and CpSQE2
are clustered together with SQE with squalene epoxidase function in other plants. This study provides a research
basis for further exploring the key genes in the biosynthesis process of hawthorn active ingredients and analyzing
the regulation pathway of its active ingredient biosynthesis.
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Table 1 Summary of length distribution from Crataegus pinnatifida Unigenes

Species Number =500 nt =1 000 nt =2 000 nt =3 000 nt
C. pinnatifida Unigenes 78 496 35042 17 949 5108 1203
CDS 52570 30 605 16 288 3501 703
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A BE E R (R 2).

Table 2 The functional annotation statistics of Crataegus pinnati-

fida Unigenes in public databases

Database 78 496 Unigenes
Number annotated Annotated unigenes ratio
NR 53972 68.8%
NT 51237 65.3%
Swiss-Prot 34 557 44.0%
KEGG 31043 39.5%
COG 20 624 26.3%
GO 35051 44.7%
ALL 58 395 74.4%

DA NR ##fs B2 AT EEXT, 19 3 53 RAE B AR K [
PERE B & 1 s, £EAE AR, 51 DG E FE 48 e I 4
e 1 5 8k Amygdalus persica W FIJR 14 7 51 LE 451
i, 18 71.7%; F R N B ¥ %F Fragaria vesca (11.7%)~
38 Malus domestica (3.6%)~ i %] Vitis vinifera (1.9%)
K45 K ¥ Populus balsamifera (1.1%). X 4545
NI FINERRAL T 2%,

2.2 COG 92  JTIM Unigenes ] GE 11 T RE, ¥ 3K

B Amygdalus persica
B Fragaria vesca

W Malus domestia

W Vitis vinifera

W Populus balsamifera
W Other

Figure 1 Species distribution of transcriptomic Unigenes against
NR database
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Figure 2 COG functional annotation distribution of Unigenes of transcriptome for Crataegus pinnatifida
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Figure 3 Functional classification of Crataegus pinnatifida using GO database
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Figure 4 Citric acid biosynthesis pathway in Crataegus pinnatifida. S1, S2 and S3 correspond to early August, late August and October,

respectively; red and green represent high and low expression levels, respectively

Table 3 Key enzyme genes involved in citric acid biosynthesis

L Number of
Key enzyme Abbreviation EC number
genes
Pyruvate dehydrogenase E1 component AceE EC:1.2.4.1 6
Dihydrolipoyllysine-residue acetyltransferase component of pyruvate dehydrogenase complex DLAT EC:2.3.1.12 3
Dihydrolipoyl dehydrogenase DLD EC:1.8.1.4 3
Citrate synthase CS EC:2.3.3.1 2
ATP-citrate synthase ACLY EC:2.3.3.8 4
Aconitate hydratase Aco EC:4.2.13 3
Isocitrate dehydrogenase IDH1 EC:1.1.1.42 4
Isocitrate dehydrogenase (NAD+) IDH3 EC:1.1.1.41 4
2-Oxoglutarate dehydrogenase OGDH EC:1.2.4.2 2
Dihydrolipoamide succinyltransferase DLST EC:2.3.1.61 5
Succinate--CoA ligase [ADP-forming] subunit alpha LSC1 EC:6.2.1.4 2
Succinate--CoA ligase [ADP-forming] subunit beta LSC2 EC:6.2.1.5 1
Succinate dehydrogenase SDHA EC:1.3.5.1 4
Fumarate hydratase class I fumA EC:4.2.1.2 3
Malate dehydrogenase MDHI1 EC:1.1.1.37 6
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a-AS 1N B-ASHIZRIEN 8 WA 10 A & Lt
#; DXS\2 " MCT. 1/~ MDS. 1/~ SQE [f1&IiA M 8 A
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October, respectively; red and green represent high and low expression levels, respectively

Table 4 Key enzyme genes involved in triterpene biosynthesis

Figure 5 Triterpene biosynthesis pathway in Crataegus pinnatifida. S1, S2 and S3 correspond to early August, late August and early

Key enzyme Abbreviation EC number Number of genes
Acetyl-CoAc-acetyltransferase AACT EC:2.3.1.9 4
Hydroxymethylglutaryl-CoA synthase HMGS EC:2.3.3.10 4
3-Hydroxy-3-methylglutaryl-coenzyme A reductase HMGR EC:1.1.1.34 4
Mevalonate kinase MK EC:2.7.1.36 3
Phosphomevalonate kinase PMK EC:2.74.2 2
Mevalonate 5-diphosphosphate decarboxylase MPD EC:4.1.1.33 4
1-Deoxy-D-xylulose-5-phosphate synthase DXS EC:2.2.1.7 5
1-Deoxy-D-xylulose-5-phosphate reductoisomerase DXR EC:1.1.1.267 2
2-C-Methyl-D-erythritol 4-phosphate cytidylyltransferase MCT EC:2.7.7.60 3
2-C-Methyl-D-erythritol 2,4-cyclodiphosphate synthase MDS EC:4.6.1.12 4
4-(Cytidine-5-diphospho)-2-C-methylerythritol kinase CMK EC:2.7.1.148 1
4-Hydroxy-3-methylbut-2-en-1-yl diphosphate synthase HDS EC:1.17.7.1 3
4-Hydroxy-3-methylbut-2-enyl diphosphate reductase HDR EC:1.17.1.2 3
Isopentenyl-diphosphate delta-isomerase IDI EC:5.3.3.2 1
Geranyl diphosphate synthase GPPS EC:2.5.1.12.5.1.10 2.5.1.29 3
Farnesyl diphosphate synthase FPPS EC:2.5.1.12.5.1.10 4
Squalene synthase SQS EC:2.5.1.21 3
Squalene epoxidase SQE EC:1.14.13.132 2
a-Amyrin synthase a-AS EC:5.4.99.40 4
f-Amyrin synthase p-AS EC:5.4.99.39 3
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MHHE ) SQE £ 1A i 1 [A] R v, e CpSQE1L Al
CpSQE2 5 1113]F MbSQE (TQE12093.1) HI{EE 53 51l
95.4%- 69.30%, ‘5 it i EjSQE (AFI33133.2) A L &
53979 °91.54%.68.38%, Atk PpSQE (XP_007199788.1)
FAALLEE 43 531 4 87.13%+ 69.30%, 5 3 5 MdSQE (XP_
028948392.1) 8L & 43 71l N 58.16%+ 94.77% . Lt Xt
45 AW TR P 2% TR I T % A4 B SE U 0%, B % A
fir %4 N CpSQEI (GenBank vE fit 5 5 MW915483).
CpSQE?2 (GenBank ¥ it 58 MW915484).

52 ZEEEUMRSH FIH ExPASy 1E 2 B )
CpSQE1CpSQE2 kK 2 ih £ [ o 1) B A% JiT i2E AT 43
Mr, 45 3 5 7R CpSQEL CpSQE2 3£ A 43 51 4 i 530 Al
531 REEIR; B> T FiE 7 54 57.6 kDa.57.5 kDa;
B A B H T (P 4358 8.71.8.88; CpSQEL 47 1
HLIEHE (Asp + Glu) A947, #FIEHIIRHE (Arg + Lys) 454,
e E R BN 40.96, J& T R Fa 52 B A ; CpSQE2 i 1
HERHE (Asp + Glu) 945, fF IE GRS (Arg + Lys) 453,

A
10000 bp
5000 bp
3000 bp
PMDI8-T
2000 bp
CpSQEI

1500 bp

1000 bp

PMDI18-T

RrasE 2B 4245, & T AR EEA.

53 HMmhEEESEELEME S R A NCBIK
Conserved domains 7E£% T 2 %€ 43T CpSQE1.CpSQE2
[ Ih fig 45 # 4 (1 7), CpSQEL « CpSQE2 4 (443 il £
79~526 aa.42~527 aa fb R 57 X & H — 4> PLN02985
superfamily {57 45 35K, 328 T & ) 5 S8 g 68 X%
£ 4 A TMHMM Tl 45 3 27K, CpSQE1.CpSQE2
YA 1 B Bt 3, o CpSQE1 1 CpSQE2 & AN
A 4 aa PR TN, 5~27 aa ¥4 T 5 5 02 i 45 4,
1M CpSQE1 ] 28~530 aa i T~ i£ 7, CpSQE2 ] 28~
531 aafii T JEEAL .

54 ZREMF=KLEMWTUN  PDBsum WK B,
CpSQE1. CpSQE2 % [ — 4% &5 1 #B i1 o W3 JiE (alpha
helix) « #E fif 5% (extended strand) A1 & # N 45 iy
(random coil) 41%. A CpSQE1 ] a-IZiE N 20.75%
TEAHEE 23.77% oL 1 2 55.47%; CpSQE 2 1] o1
W& N 26.37% 4E A 8 20.90% T B U 2 14 52.73%.

— 10000 bp

5000 bp

— 3000 bp

2000 bp

CpSOE2
50 1500 bp

1000 bp

— 500 bp

Figure 6 Cloning of CpSQEI and CpSQE2. A: Product of pMD-18T-CpSQE! digested by enzyme BamHI and Sall; B: Product of

pMD-18T-CpSQE?2 digested by enzyme BamHI and Sall
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Figure 7

—— Transmembrane ~ —— Inside —— Outside

Structural functional domains and transmembrane domains of CpSQEL, CpSQE2. A: The predicted conserved domains of

CpSQEL; B: The predicted conserved domains of CpSQE2; C: The predicted transmembrane regions of CpSQEL; D: The predicted trans-

membrane regions of CpSQE2
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Figure 8 Secondary structure and tertiary structure model of CpSQE1 and CpSQE2. A: The predicted secondary structure of CpSQEL; B:

The secondary tertiary structure of CpSQE2; C: The predicted tertiary structure of CpSQEL; D: The predicted tertiary structure of CpSQE2
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Figure 9 Alignment of amino acid sequences and phylogenetic tree analysis. A: Alignment of amino acid sequences of CpSQE1, CpSQE2

and other plant SQEs; B: Phylogenetic tree of SQE proteins
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