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Transcriptome analysis reveals the role of withering treatment
in flavor formation of oolong tea (Camellia sinensis)
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Abstract: Oolong tea is a semi-fermented tea with strong flavor, which is widely favored by
consumers because of its floral and fruity aroma as well as fresh and mellow taste. During the
processing of oolong tea, withering is the first indispensable process for improving flavor formation.
However, the molecular mechanism that affects the flavor formation of oolong tea during withering
remains unclear. Transcriptome sequencing was used to analyze the difference among the fresh
leaves, indoor-withered leaves and solar-withered leaves of oolong tea. A total of 10 793
differentially expressed genes were identified from the three samples. KEGG enrichment analysis
showed that the differentially expressed genes were mainly involved in flavonoid synthesis, terpenoid
synthesis, plant hormone signal transduction and spliceosome pathways. Subsequently, twelve
differentially expressed genes and four differential splicing genes were identified from the four
enrichment pathways for fluorescence quantitative PCR analysis. The results showed that the
expression patterns of the selected genes during withering were consistent with the results in the
transcriptome datasets. Further analysis revealed that the transcriptional inhibition of flavonoid
biosynthesis-related genes, the transcriptional enhancement of terpenoid biosynthesis-related genes,
as well as the jasmonic acid signal transduction and the alternative splicing mechanism jointly
contributed to the flavor formation of high floral and fruity aroma and low bitterness in
solar-withered leaves. The results may facilitate better understanding the molecular mechanisms of

solar-withering treatment in flavor formation of oolong tea.

Keywords: Camellia sinensis; withering; flavor quality; transcriptome
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Table 1  Primers used in qRT-PCR
Classification Primer names Accession No. Forward primers (5'—3") Reverse primers (5—3")
Differentially CsCHI CSS0035109 GCTCCGAGGCAGATGGATAC TCCACACTCATCGTTGCTGT
expressed genes
CsC4H CSS0002506 GGCACGAACTTGACACCATG TGCATCGTGGAGGTTCATGT
CsHCT CSS0019978 GGGTTAGGCTGCCGATTCAT TCATTGGTTGGACTCGGCAA
CsAACT CSS0022458 CATCCTCTCGGTTGCAGTGG TGATGCACCTCCTCCTCCAT
CsDXS CSS0023867 TTGTTGGTGCAGATGGTCCT TTGGTGGAAGAATGGAGCCA
CsTPS CSS0027229 AGGACGAGTTGGAGAGAGGT CCGAGCAAGGTTAACAGTGG
CsGH3 CSS0001919 GCCTCTGGAGATTCGTGTGG AAAGCTAACACACCTCGGCA
CsJAZ CSS0010510 GCAGCGAAACCAATCCTGTT CACTGGCAGATCGGAATGAGT
CsMYC2 CSS0019249 GAGACCAACATGTTCCTCCA CAACGACGACTGTGATCCCT
CsPrp5 CSS0043015 ACAACAAGGAGGAAGCGGTT AAAGCACAGGATCCTCGAGA
CsPrp22 CSS0034806 AGCGCTGCCAATATCATCTCT GCAACGGATGTGAGAGCTCT
CsSR CSS0017692 CACGCAGCAGTTCCATTCAT ACACGAGTTTCAGCGAGAGT
Alternatively CsFLS1 CSS0013328 GACGATCTCTTCCACTGCGA GAGATTCTCGGCATACAGTGG
spliced isoforms
CsFLSI-a CTGTGTGTGACTTTTGGCTGG CGGACAAAGCAGATAAAGCCA
CsFLSI-b CACTTAAACTGTGCCTGCCT AGTATCACATCTCAGGCCCT
CsFLSI-c AGGCATGCATAGAATGTGGT TACAGTGGCGTATAACCTCT
CsFLSI-d ATCTGAATCACTGGCCTTCA TGGCATTGGTGGATTGAAAGC
CsFLS?2 CSS0036983 ACGTGGAAGGTCTGCAGATT TTGTCCACTGCACGACCTTC
CsFLS2-a CTGGGAAGCTCACTCCTTGT GGACAACGAGCACCATACGA
CsFLS2-b TCGTATGGTGCTCGTTGTCC CCCGAGTCTCCATCTTCACC
CsFLS2-c GATTGTTACCAATGGAACTTATCG TGGGGTAATCAAACTAGGTGCA
CsFLS2-d CCACAGTTTTCATGGCCACAG ACTGCCTGCATCCCTTCTTC
CsGIDI CSS0018506 ATCTACGACACCTTCTGCCG CCAAGGTCTCGAGTGAACCC
CsGIDI-a CTTGTGGTAGACGGTAGGCA GAGCCAAGGTCTCGAGTGAA
CsPIF CSS0039844 ACAGGGTTTGCTGTTATGAGAG GACGGCCCAGATGAGAAGTT
CsPIF-a TGCACGTGTTCAAGTAAGCAG ACTTGATCTGGGTTGTTCGA
Reference genes GAPDH TTGGCATCGTTGAGGGTCT CAGTGGGAACACGGAAAGC
B-actin GCCATCTTTGATTGGAATGG GGTGCCACAACCTTGATCTT
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Table 2 The quality indicators of transcriptome sequencing

Samples  Total raw Total clean Total clean Clean reads Clean reads Clean reads Total mapping
reads (Mb) reads (Mb) Bases (Gb) Q20 (%) Q30 (%) Ratio (%) ratio (%)
FL1 72.22 65.60 6.56 96.84 88.85 90.84 82.62
FL2 72.22 65.78 6.58 96.81 88.53 91.08 83.13
FL3 72.22 65.62 6.56 96.77 88.72 90.87 83.25
w1 74.70 66.12 6.61 96.55 88.53 88.51 81.40
W2 74.70 66.29 6.63 96.64 88.77 88.74 81.69
W3 74.70 66.55 6.66 96.63 88.73 89.09 80.98
SW1 74.71 66.97 6.70 96.83 89.25 89.65 82.47
SW2 74.71 66.70 6.67 96.69 88.81 89.28 82.52
SW3 72.22 65.72 6.57 97.07 89.81 91.01 82.03
_ The distribution of gene length
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Figure 1 The distribution of gene length.
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Statistics of differentially expressed genes (DEGs)
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Figure 2 Statistical analysis of differentially expressed genes. (A) The total number of up-regulated and
down-regulated genes in each group. (B) Venn diagram of all differentially expressed genes.
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Figure 3 GO enrichment analysis of differentially expressed genes. (A) FL vs. IW. (B) FL vs. SW. (C) IW

vs. SW.
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Figure 4 KEGG clustering analysis of differentially expressed genes. (A) FL vs. IW. (B) FL vs. SW. (C) IW

vs. SW.
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Figure 5 KEGG enrichment analysis of differentially expressed genes. (A) FL vs. IW. (B) FL vs. SW. (C)

IW vs. SW.
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Figure 6 Expression profiles of differentially expressed genes related to main KEGG enrichment
pathways.
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[ 11 696 AJE PR rh A3 5 Y 31 872 A AJ AR B 4%
Ff (R 3). EENZERIFHSEZER %
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Table 3  Statistics of alternative splicing events

Bi (retained intron, RI), iX 57E T KO 4£ 141
H B () AT AR B R R B, T
fiif -, RIZEAY A AR By 2 45 A 2 N Z2 PR A H
JEZER R R B BT B, SRR
AbPRAE I H OGS AL P PR T R 2
AT AR BT A I R A AR

FLF A AR B LR AT RS SR E I (FPKM),
%} FL vs. IW, FL vs. SW 1 IW vs. SW =# Fu4%
W 2E S BT EL RN T T T S8 (3R 4). 7E FL
vs. IW FIFL vs. SW P 505 H 9 22 S BT R 800
A 303 1 590, LT IW vs. SW H L B2 5
B ELN L (248), RUIEMAI B EHS T AR
ZESERESL R B P o WHIT 25 S BT R ]
AR T R, ZES BT kA RI
RSBy S N B e &, X, ENE
PRI H SEZS R b ) e S B AT AR B R A
i3, R HOEZE AL 5 m ] AR BT
AR, T H RS AT AR BT SRA I FRIA KT
PRSI . i IR 25 5 5T
PR B R P T R AR Y T RE X
FL vs. IW ., FL vs. SW 1 IW vs. SW =4 H# 22
SN T KEGG B80T, 48R s (B
7), FL vs. IW Hve S HE4 A 100038 2% 53 0l 26
B . FEYIERE S AR e
B IR RN AR, 2R A (6 s R
R TS A A Y R i Sl
TEFL vs. SW FIIW vs. SW X P& Lty T+
EEHEATT IR, MR 2 5 RA T

Samples Alternative 5" splice ~ Alternative 3’ splice

Mutually exclusive

Retained intron  Skipped exon Total

site site exon
FL 818 1469 347 6 047 1411 10 092
W 797 1404 403 6 387 1343 10 334
SwW 856 1501 449 7159 1481 11 446
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x4 ERTEERSZIT
Table 4 Statistics of differential splicing genes

Pairwise Alternative 5’ splice  Alternative 3’ splice  Mutually exclusive  Retained Skipped Total
comparison site site exon intron exon
FL vs. IW 40 47 13 138 65 303
FL vs. SW 79 102 40 199 170 590
IW vs. SW 23 42 22 93 68 248
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Figure 7 KEGG enrichment analysis of differential splicing genes. (A) FL vs. IW. (B) FL vs. SW. (C) IW

vs. SW.
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Figure 8 Structural analysis (A) and expression profiles (B) of alternatively spliced isoforms of differential
splicing genes.
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Table 5  Correlation analysis of alternatively
spliced isoforms, flavor metabolites and
phytohormones

Isoforms Flavonoids Catechins GA

CsFLSI -0.880"" -0.813™" -0.618
CsFLSI-a  —0.505 -0.521 ~0.504
CsFLSI-b  —0.598 ~0.630 —0.642
CsFLSI-c  —0.620 ~0.638 ~0.669
CsFLSI-d ~ —0.776" -0.774" ~0.655
CsFLS2 0.377 0.445 0.360
CsFLS2-a  —0.742" -0.755" -0.627
CsFLS2-b  —0.792 -0.723" ~0.638
CsFLS2-c~ —0.805" -0.822"" ~0.805""
CsFLS2-d ~ —0.520 ~0.540 ~0.561
CsGIDI -0.515 ~0.594 -0.716"
CsGIDI-a  —0.563 —0.547 ~0.662

CsPIF 0.570 0.544 0.750"
CsPIF-a 0.556 0.536 0.717"

Note: * indicates a significant correlation (P<0.05); **
indicates a highly significant correlation (P<0.01).
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