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BGC26 (40 086 bp). BGC28 (39 392 bp). BGC30 (20 282 bp). BGC31 (53 657 bp). BGC34 (20 787 bp)
F2 BGC35 (40232 bp). (4] ABrRi@ 4 FAFpMRAFT AR HAE S AN L RL
AARS XA EZENERBHE, oM THAESLREATSFIAFNEFARNE, HhEHFES
FHEAMSRERORAAT RNE L OB RATREERENM BB RSZSFIAETETOENHE
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XEIR: ZFEF; MBS RAE, HRASN,;, RHERE; ZHRALE PCR

i

Mining of crucial enzyme genes in the synthesis of spinosad in
Saccharopolyspora spinosa based on transcriptomics

WANG Xiaoyu"?, CAI Zhaohui’, QIAO Changsheng', XUE Chaoyou®’

1 Tianjin University of Science and Technology, Tianjin 300457, China
2 Tianjin Institute of Industrial Biotechnology, Chinese Academy of Sciences, Tianjin 300308, China

Abstract: [Objective] To mine the key enzyme genes associated with spinosad synthesis and
the biosynthetic gene clusters (BGCs) in Saccharopolyspora spinosa at different developmental
stages by transcriptomics, thus laying the groundwork for the construction of high-yield strains.
[Methods] The transcriptomes of S spinosa during the logarithmic phase (T2-48 h) and the
stationary phase (T6-144 h) were compared. The results from qRT-PCR and transcriptome
sequencing were mutually validated. Gene ontology (GO) annotation and Kyoto encyclopedia
of genes and genomes (KEGG) enrichment were performed for the differentially expressed
genes (DEGs). Central carbon metabolism analysis was performed. [Results] The
transcriptome sequencing of S spinosa revealed 2 542 DEGs, including 1 188 genes with
significantly up-regulated expression and 1 354 genes with significantly down-regulated
expression. GO annotation indicated that the DEGs were primarily involved in carboxylic acid
metabolic process, oxoacid metabolic process, organic acid metabolic process, and amino acid
metabolic process. KEGG enrichment analysis demonstrated DEGs were mainly involved in
pathways such as glycine, serine, and threonine metabolism, oxidative phosphorylation, and
arginine biosynthesis. Further analysis identified seven genes related to spinosad biosynthesis.
Among them, accB, Pfk, G6PD, and dsdA showed significantly up-regulated expression, while
GAPDH, aceE, DLAT involved in the consumption of spinosad precursors, as well as genes in
the TCA cycle and arginine biosynthesis, exhibited significantly down-regulated expression.
The results of qRT-PCR were consistent with the trends observed in transcriptome sequencing,
which revealed 12 upregulated BGCs: BGC2 (43 846 bp), BGC4 (18 330 bp), BGC9 (20 501
bp), BGC18 (62 621 bp), BGC22 (19 626 bp), BGC25 (42 896 bp), BGC26 (40 086 bp),
BGC28 (39 392 bp), BGC30 (20 282 bp), BGC31 (53 657 bp), BGC34 (20 787 bp), and
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BGC35 (40 232 bp). [Conclusion] This study elucidated DEGs in S spinosa at different
developmental stages through transcriptome analysis, and analyzed the biosynthetic pathways

and BGCs of spinosad. These findings pave the way for optimizing the spinosad biosynthetic

pathways and genetically modifying S spinosa to enhance the spinosad production in

subsequent studies.

Keywords: spinosad; Saccharopolyspora spinosa; transcriptomics; metabolic pathways; qRT-PCR
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95 °CAEPE 15's, 60 °CiB kK IFF4EM 30 s, L 40 4~
TR, vt Z%8: 95 °CA5PE 10s, 65 °CiR
KIFIEfR 60 s, 97 °CAEME 1's, 37 °CE#130 s,

#z1 KARERB qRT-PCR 514

Table 1 qRT-PCR primers used in this study

FIFH Microsoft Excel (2019)8 44475341, %
278 sk A He A TRl — A 3 DRAS [ Rl 390 g R
Fiktm, WSEEH B R A 3 N AL

Genes name Primers name Primer sequences (5'—3') Product (bp)

16S rRNA 16S rRNA-F F: GCTCCTCAGCGTCAGTATCGG 228
16S rRNA-R R: GTAGGGTGCGAGCGTTGTCC

TIAG28 RS00170 WX566 F: ACAGTGCGTTCGAGCTTT 84
WXS567 R: CAACCAGCTGTACCAGATCTAC

IAG28_RS00395 WX393 F: CCACGTTGGCCCAGATAAA 89
WX394 R: CCAGCAAACTGGCATTGATAC

IAG28_RS00620 WX425 F: GCCTTCATCGCGTAGAACAT 149
WX426 R: CGTGACCAACTGGTGAAACT

TAG28_RS00960 WX303 F: GACGACCACACCTTCTTTCTC 105
WX304 R: CAGAGTGACCATCCGGTTTC

IAG28_RS01350 WX307 F: GAAGAGAACTTCTTCGTCGCT 102
WX308 R: TACGTCCACAATCGACACATC

IAG28_RS02195 WXS562 F: TCGGTCCACTCAGGACA 134
WX563 R: GCGATCTGGTCGAACTTCTT

TAG28 RS02415 WX461 F: GTGAGCAGGATGCGATACA 126
WX462 R: CCACCACATGGCGATCAA

IAG28_RS03445 WX269 F: GTAATGCCCTGGTGGGTAAT 115
WX270 R: GGACTGGAAGTGGATCAATGT

TIAG28_RS03940 WX257 F: GTAGAGGACCTGTTTGACGAC 141
WX258 R: TGGTACAACGGAAACACCTAC

TAG28 RS04310 WX261 F: CTCGGACCGGTTGAATCAC 110
WX262 R: GCTCCGTTGTCTTCGAACT

TAG28 RS05015 WX387 F: GGGTGTGTTCATGGACTGG 104
WX388 R: TCTCCTCGAGCAGTACCC

IAG28 RS17280 WX247 F: GGGTGTCTCGTCGTCCT 97
WX248 R: ACGGTGTGCGTGTTCAA

TAG28_RS19485 WXS558 F: GGTCCGAAGTGGACTGATG 134
WXS559 R: ACGAGAACAGGACGAGGA

TAG28 RS21680 WX455 F: TGGAGCCGTAGAGGTTGTA 115
WX456 R: TACGACCACAGCACGTTG

IAG28_RS27575 WX453 F: CGTTTGTCCTGCGTGTAGT 110
WX454 R: GTCGTGGTGGGCAACAA

TIAG28_RS28375 WXS556 F: CTCACCACGGTTCTCATCAA 89
WXS557 R: GTCGCGCGGAAGTACAA

TAG28 RS28930 WX431 F: GTCCGACTTCGAGTCCTTTAC 120
WX432 R: ATCACCGTGGCGATGTC

IAG28 RS41855 WX522 F: GGTGATCCTCTTCGACACCTA 83
WX523 R: GCTCGAACATCGCTGTCATAA

(f48)
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1)

Gene name Primer name Primer sequences (5'—3") Product (bp)

IAG28_RS29870 WX433 F: TGGAAACCGTAGATCTCGAATG 101
WX434 R: GAGATCGGGTTCGTGATGAAT

IAG28 RS30210 WX355 F: ACGCCTTCAATCCGACAC 80
WX356 R: CTTCGACATCGGTGGTTACTC

TIAG28_RS30460 WX309 F: CCAGTGTTTGATGCAGTTGATG 121
WX310 R: CTCCATCGTTGAGAACTTCCTG

IAG28 _RS31085 WX449 F: CGAAGGAAACCACTTCTACCTC 111
WX450 R: GGCATGTCCGTCCATTCA

IAG28 RS31250 WX317 F: AGAACCGATGGCATTCTCAC 126
WX318 R: GTGGTAGCAGAACACAGTCTC

IAG28_RS31565 WX429 F: GCCATCAGGACCACTTCTTC 95
WX430 R: GGACAGGTCGATGTCGAAAG

IAG28_RS34085 WX213 F: GAAGCCGAACTCCTGCAT 111
WX214 R: GAACTGTGGCGGAACTTCTA

TIAG28_RS34730 WX574 F: GTCACGTGCAAGACCTAGT 86
WX575 R: ATGCAGGTCGACGATTCC

IAG28_RS35620 WXS550 F: CTACTGGGCCACCAAGAAC 89
WX551 R: AGATGGTGTTGACGGTGATG

TAG28 RS36170 WX333 F: GGAAGTTGGTGAGCTGGAAAG 96
WX334 R: TCCAGTTGCTCCCGGTATT

IAG28 RS36440 WX447 F: GCCGTGCTCCTTGATGA 97
WX448 R: GATGTCGCAGTCGTTGGA

TIAG28_RS36875 WX542 F: GTATCCGTCGTTCATCAGGTAG 142
WX543 R: CAAGAAGTGGCGTTTCAACC

TAG28 RS37920 WX389 F: CAGTGCGGATTTCGGTGAG 81
WX390 R: CGACAGTGCTGGTCCTAGA

TAG28_RS38995 WX443 F: ACCTTCGCGTTGTAGGTAATC 141
WX444 R: GGTGCTGCCGTTCTACTT

TIAG28_RS39220 WX467 F: AGCTCTACCTGGGCTACAA 102
WX468 R: GGCGGAACGAGTTCATCTG

TAG28 RS39440 WX572 F: ATCCGCCGTGACGACTA 90
WX573 R: CGTGACGTAAGCGGAGAAG

IAG28 RS39740 WX241 F: TCCCTCGATGACATGGTCTA 100
WwX242 R: CCAGATGCGGTACGGTTT

TIAG28_RS39845 WX534 F: AAGCACATACCGGTGAAGAC 113
WX535 R: TTGTCCGGCGTTGAGAAG

SpnE WX504 F: GTACTGCTGGACACCTACATC 88
WX505 R: AAGTCGCGAGCTTCTCATAC

spnD WX506 F: AACGAGAAACCGCCATCA 102
WX507 R: GATCCACGATCTCTTCCAACA

spnH WX510 F: AAGCACGTCGTTGTACTCG 103
WX511 R: TACCGTCTGGGTAGTGGATT

spnl WX512 F: ATCGACGGCCTGCATTATC 106
WX513 R: CGAATACCAGGTTGTGGTAGAA

<l actamicro@im.ac.cn, & 010-64807516
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Figure 1 The growth of Saccharopolyspora spinosa
SAS-002 in different periods and the amount of
spinosad.

Samples  RAW reads Clean reads Total bases Q20 G+C Uniquely Multiple Total mapped
(million) (million) (Gb) (%) content (%) mapped (%) mapped (%) (%)
T2-1 33.26 23.06 3.5 96.83 92.59  67.82 88.25 6.55 94.80
T2-2 37.89 26.48 4.0 97.05 9291 67.72 89.84 6.11 95.95
T2-3 37.65 27.00 4.1 97.19 93.11 67.85 90.26 5.53 95.79
T6-1 41.25 29.58 4.4 97.22 93.23 6792 88.58 5.68 94.26
T6-2 38.01 27.69 4.2 97.12 93.01 67.63 88.16 6.17 94.33
T6-3 40.73 29.20 4.4 96.99 92.72  67.69 88.54 5.63 94.17

Q20: The percentage of bases with a Phred value>20; Q30: The percentage of bases with a Phred value>30.

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



3770

WANG Xiaoyu et al. | Acta Microbiologica Sinica, 2024, 64(10)

i) Sample
12
50 + ® 16
3 25
<
(o]
@]
b=
’ ! 4
25t @
9 . . . .
=50 =25 0 25 50
PC1 (62% )

2 RIPEZTEE SAS-002 45 F4H7E T6 (144 h) vs.
T2 (48 h)FTEAtE A PCA o4
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Figure 3 Cluster analysis of differentially
expressed genes at T6 (144 h) vs. T2 (48 h) periods
in transcriptome samples of Saccharopolyspora
spinosa SAS-002.
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vs. T2 (48 h) periods in transcriptome samples of
Saccharopolyspora spinosa SAS-002.
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Figure 5 Gene ontology (GO) enrichment analysis of differential expressed genes at T6 (144 h) vs. T2 (48 h)
periods in transcriptome samples of Saccharopolyspora spinosa SAS-002. Y-axis label represents pathway, and
X-axis label represents gene ratio (gene ratio=amount of differentially expressed genes enriched in the
pathway/amount of all genes in background gene set). Size and color of the bubble represent amount of
differentially expressed genes enriched in the pathway and enrichment significance, respectively.
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Figure 6 Kyoto encyclopedia of genes and genomes (KEGG) enrichment analysis of differential expressed genes
at T6 (144 h) vs. T2 (48 h) periods in transcriptome samples of Saccharopolyspora spinosa SAS-002. Y-axis label
represents pathway, and X-axis label represents gene ratio (gene ratio=amount of differentially expressed genes
enriched in the pathway/amount of all genes in background gene set). Size and color of the bubble represent
amount of differentially expressed genes enriched in the pathway and enrichment significance, respectively.
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Figure 7 Transcription analysis of 19 genes situated in the spinosyn biosynthetic gene clusters (BGCs).
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Figure 8 To analyze the carbon metabolism pathway of spinosyn biosynthesis center based on transcriptome

data. Red region represent glycolysis.

%] 8

Green region represent TCA cycle. Blue region represent pentose

phosphate pathway. Orange region represent glycine, serine and threonine metabolism. Purple region represent

arginine biosynthesis. Yellow region represent fatty acid metabolism. Metabolic steps are represented by
arrows. Dashed lines represent multiple metabolic steps. Genes encoding the enzymes of these pathways are

labeled in blue. Up-regulation of mRNA expression and down-regulation of mRNA expression based on

RNA-seq data are indicated with red upward arrows and green downward arrows, respectively.
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Figure 9 Model of 37 secondary metabolite biosynthetic gene clusters in the Saccharopolyspora spinosa genome.
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Figure 10 qRT-PCR and RNA-seq mutual confirmation.
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