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Abstract12
Background: Alpinia oxyphylla is an important edible and medicinal herb, and its dried fruits are13
widely used in traditional herbal medicine. Flavonoids are one of the main chemical compounds in A.14
oxyphylla; however, the genetic and molecular mechanisms of flavonoid biosynthesis are not well15
understood.16
Methods: We performed transcriptome analysis in the fruit, root, and leaf tissues of A. oxyphylla to17
delineate tissue-specific gene expression and metabolic pathways in this medicinal plant.18
Results：In all, 8.85, 10.10, 8.68, 6.89, and 8.51 Gb clean data were obtained for early-, middle-, and19
late-stage fruits, leaves, and roots, respectively. Furthermore, 50,401 unigenes were grouped into20
functional categories based on four databases, namely Nr (47,745 unigenes), Uniprot (49,68521
unigenes), KOG (20,153 unigenes), and KEGG (27,285 unigenes). A total of 3,110 differentially22
expressed genes and five distinct clusters with similar expression patterns were obtained, in which 2723
unigenes encoded 13 key enzymes (such as CHS, CHI, F3H, FLS, ANS) associated with flavonoid24
biosynthesis.25
Conclusion：The tissue-specific expression of the genes corresponds to accumulation of flavonoids26
in these tissues.These results provide insights into the molecular mechanism of flavonoid biosynthesis27
in A. oxyphylla and application of genetically engineered varieties of A. oxyphylla.28
Keywords: Alpinia oxyphylla; transcriptome analysis; differentially expressed genes; secondary29
metabolites; flavonoid biosynthesis30

31

Background32

Alpinia oxyphylla, a member of the Zingiberaceae family, is an important plant species for33
traditional Chinese medicine, which originates in the Hainan Province and is widely cultivated in34
southern China [1]. The dried fruits of A. oxyphylla are regarded as a valuable drug that has a long35
clinical history as a well-known constituent of the four southern Chinese medicines in China [2, 3]. The36
fruits of A. oxyphylla are widely used in the treatment of ulcerations, gastralgia, diarrhea, dementia,37
diabetes, and Alzheimer's disease [4-9]. Numerous studies have reported that the fruits of A. oxyphylla38
are rich in flavonoids, diarylheptanoids, terpenoids, volatile oils, and steroids and their glycosides39
[10-13]. Among these compounds, flavonoids and terpenoids are the main active ingredients of A.40
oxyphylla fruits, which have been found to exert various pharmacological activities [13].41

Usually, there are variations in the distribution of secondary metabolites in different tissues of42
higher plants [14,15]. The concentration of chemical constituents was comparable in roots and leaves43
of A. oxyphylla, but was significantly higher in fruits [16]. Therefore, the secondary metabolites44
accumulate preferentially in fruits, instead of roots or leaves. In addition, the content of chemical45
compounds in the fruits of A. oxyphylla harvested at different times indicates that the 45-day harvested46
fruit had the highest content of chemicals [16,17]. The metabolic processes and regulatory mechanisms47



of these chemical compounds in different tissues and fruits at different stages have not yet been48
elucidated.49

The transcriptome is a complete set of RNA transcripts in a cell at a specific developmental stage,50
and provides information on gene expression and regulation related to a variety of cellular processes51
including secondary metabolite biosynthesis [18,19]. With the development of next-generation52
sequencing, RNA sequencing is an effective method for investigating the metabolic pathways53
influenced by active ingredients and associated gene expression in different tissues or samples, such as54
flavonoid biosynthesis in Ampelopsis megalophylla [20], terpenoids metabolism in ginseng roots [21]55
and polysaccharide and alkaloid content in Dendrobium [22]. To date, there are no studies on the56
genetic modification of A. oxyphylla either toward increased production of secondary metabolites or57
biomass accumulation. Therefore, it is important to explore the whole genome transcriptome of A.58
oxyphylla to identify candidate genes contributing to metabolic processes and regulatory mechanisms.59

In this study, fruits at three different growth stages, roots, and leaves of A. oxyphylla were60
collected and transcriptome sequencing was performed by Illumina 4000 sequencing technology. We61
attempted to predict accumulation of compounds and metabolites among different tissues and stages of62
the fruits through this analysis. The assembled unigenes were annotated by searches against public63
databases such as NCBI non-redundant protein (Nr), Universal Protein (Uniport), EuKaryotic64
Orthologous Groups (KOG), and Kyoto Encyclopedia of Genes and Genomes (KEGG) classifications.65
After assembly and annotation, the differentially expressed genes were identified in specific tissues and66
stages of fruits. We also identified the pathway of flavonoid biosynthesis and analyzed the expression67
of associated genes. Therefore, the results of this study may serve as a significant resource for68
developing genetically engineered varieties of A. oxyphylla with improved quality and yield.69

70

Results71

De novo assembly72

The three tissue samples (fruits of different developmental stages, leaves, and roots) of A.73
Oxyphylla were sequenced using Illumina HiSeq 4000 which generated approximately 29.50, 33.67,74
28.93, 22.98, and 27.84 million pair-end short reads with a length of 150 bp for early-fruits,75
middle-fruits, late-fruits, leaves, and roots, respectively. After filtering out low-quality reads and76
adapters, we obtained 8.85, 10.10, 8.68, 6.89, and 8.51 Gb clean data for each sample, and the clean77
data ratio were estimated to be 99.84%, 99.85%, 99.84%, 99.80%, and 99.86%, respectively (Table 1).78
The raw reads were deposited in the NCBI Sequence Read Archive (BioProject accession79
PRJNA559252, SRA accession SRR9937427, SRR9937428, SRR9937429, SRR9937430,80
SRR9937426). De novo assembly of the short reads generated 262,114 contigs and 140,126 unigenes81
for the whole transcriptome, and N50 was calculated to be 1567 bp and 1073 bp and the mean lengths82
were 916 bp and 658 bp. The average GC content of contigs and unigenes for the A. oxyphylla83
transcriptome were 43.76% and 43.78%, respectively (Table 1).84

Table 1. Sequencing statistics and assembly summary for the fruits, leaves, and roots of A. oxyphylla.85

Samples Fruits Leaves RootsEarly Middle Late
Raw data

Total Reads 29496176 33671483 28927107 22975241 27836177
Total length (bp) 8848852800 10101444900 8678132100 6892572300 8350853100
Read length (bp) 150 150 150 150 150

Clean data
Total Reads 29448034 33622040 28882070 22928184 27796543
Total length (bp) 8834410200 10086612000 8664621000 6878455200 8338962900
Clean data ratio 99.84% 99.85% 99.84% 99.80% 99.86%

Contigs
Total Number 262114
Total Length (bp) 240350061
Mean Length (bp) 916



N50 (bp) 1567
N70 (bp) 939
N90 (bp) 352
GC Content 43.76%

Unigenes
Total Number 140126
Total Length (bp) 92262411
Mean Length (bp) 658
N50 (bp) 1073
N70 (bp) 507
N90 (bp) 263
GC Content 43.78%

Functional annotation and classification86

To investigate the function of unigenes, annotation was performed based on four databases. A87
total of 50,401 unigenes were grouped into the databases, Nr (47,745 unigenes), Uniprot (49,68588
unigenes), KOG (20,153 unigenes), and KEGG (27,285 unigenes), respectively, while an additional89
89,725 unigenes were not found in these databases. A detailed comparison of the unigenes annotated90
by four different databases are illustrated in Fig. 1.91

92

Figure 1. Venn diagram describing the unigenes annotated by four different databases. The integration93
of unique similarity search results against the NCBI non-redundant protein (Nr), Universal Protein94
(Uniport), EuKaryotic Orthologous Groups (KOG), and Kyoto Encyclopedia of Genes and Genomes95
(KEGG) databases.96

GO analysis illustrated that 218,989 unigenes of A. oxyphylla were annotated into three97
categories: molecular function (43,557), cellular component (61,441), and biological process98
(39,881), respectively (Fig. S1). The binding (19,730) and catalytic activity (17,452)99
functional groups were the most prominent molecular functions (Fig.S1, MF). A total of100
20,153 unigenes of A. oxyphylla were further annotated and grouped into 25 molecular101
families in KOG database (Fig. S2). These molecular families were grouped into four102
categories: information storage and processing (5575), cellular processes and signaling103
(7377), metabolism (6180), and poorly characterized (5803). For KEGG analysis, 29,211104
unigenes of A. oxyphylla had significant matches in the database and were assigned to five105
primary categories: cellular processes (3324), environmental information processing (2571),106
genetic information processing (5073), metabolism (13,599), and organismal systems (4644)107
(Fig. S3). A majority of unigenes were assigned to metabolism, and global and overview108
maps had the highest number of annotated unigenes (5005).109

Differential gene expression analysis110



There were 35,278 differentially expressed genes (DEGs) identified between the leaf vs fruit111
sample, including 15,063 up-regulated and 20,215 down-regulated DEGs (Fig. 2a). A total of 34,846112
DEGs were identified between root vs. fruit sample, including 14,807 up-regulated and 20,039113
down-regulated DEGs (Fig. 2b). There were 19,776 DEGs between root vs. leaf sample, out of which114
8797 were up-regulated and 10,979 were down-regulated (Fig. 2c). Using a Venn diagram, we115
compared the data sets from the three comparison groups (leaf vs. fruit, root vs. fruit, and root vs. leaf).116
In this comparison, 19,266 DEGs were identified as common (Fig. 2d) to all three groups. A total of117
16,213 DEGs were identified in both “leaf vs. fruit” and “root vs. fruit” comparisons; 19,266 DEGs118
were identified in both “leaf vs. fruit” and “root vs. leaf” comparisons; while 19,266 DEGs were119
identified in both “root vs. fruit” and “root vs. leaf” comparisons.120

121
Figure 2. Volcano plots of the differentially expressed genes (DEGs) in the comparison group of (a)122
leaf vs. fruit, (b) root vs fruit, and (c) root vs. leaf. Venn diagram of DEGs in three different123
comparisons groups represented by three circles. The overlapping parts of the circles represent the124
number of DEGs in common in the comparison groups.125

Cluster and KEGG enrichment analysis of DEGs126

To investigate the expression trends of DEGs in different tissues, we performed a cluster analysis127
using normalized expression values from each individual replicate of five different samples of A.128
oxyphylla. As a result, a total of 3,110 DEGs and five distinct clusters with similar expression patterns129
were obtained, containing 606, 807, 954, 725, and 18 genes, respectively (Fig 3a). As shown in Fig. 3b,130
the expression level of cluster I (606) and cluster IV (725) genes in fruits of A. oxyphylla were higher131
than in roots and leaves，and the expression levels of cluster II (807), cluster III (954), and cluster V132



(18) in fruits were lower than in roots and leaves. The secondary metabolites in fruits are higher than133
roots and leaves, for instance, flavonoids in fruits are 1000 times higher than roots and leaves [16].134
Therefore, the DEGs related to secondary metabolite biosynthesis should be in cluster I and cluster IV.135
Signal pathway analysis of DEGs in the five clusters showed that cluster I contains DEGs involved in136
flavonoid biosynthesis, isoquinoline alkaloid biosynthesis, and biosynthesis of secondary metabolites137
(Fig. 4).138

Through further comparative analysis, there were 35 and 44 DEGs related to secondary139
metabolites in root vs fruit and leaf vs fruit, repetively (Table 2). These DEGs were mainly140
distributed in phenylpropanoid, flavonoid and isoquinoline alkaloid biosynthesis pathways. For141
phenylpropanoid biosynthesis pathways, 14 DEGs were up-regulated and 3 DEGs were142
down-regulated in root vs fruit, and 19 DEGs were up-regulated, 5 DEGs were down regulated in143
leaf vs fruit. It is noteworthy that all the 8 DEGs mapped to flavonoids biosynthesis, and they144
were both up-regulated in leaf vs fruit (Table 2 and Fig. S4). In addition, 2 DEGs were145
up-regulated in anthocyanin biosynthesis, 3 DEGs were down-regulated in diarylheptanoid and146
gingerol biosynthesis, 1 DEGs were up-regulated and 2 DEGs were down-regulated in147
sesquiterpenoid and triterpenoid biosynthesis. In conclusion, phenylpropanoid, flavonoids and148
isoquinoline alkaloid biosynthesis related DEGs were significantly up-regulated, while149
diarylheptanoid, gingerol, sesquiterpenoid, triterpenoid and carotenoid biosynthesis related DEGs150
were down-regulated in fruits compared with roots and leaves.151

152

153

Figure 3. Cluster analysis of DEGs (a) Heat-map showing the expression of DEGs using RNA-seq154
data derived from mean value of three replicates of each sample based on log 2 (FPKM) values. Color155
code indicates expression levels. Similarity between samples and unigenes with hierarchical clustering156
is shown above and on the left of the heatmap, respectively. (b) Cluster analysis of all DEGs. The157
y-axis in each graph represents the mean-centered log2 (FPKM+1) value. Expression of a single gene158
is plotted in gray, while the mean expression of the genes in each cluster is plotted in blue.159



160
Figure 4. Distribution map of DEGs in cluster I signaling pathway.161

162
Table 2 Comparative analysis of gene expression regulation of secondary metabolites biosynthesis in163
fruits, roots and leaves164

Candidate genes associated with flavonoid biosynthesis165

Flavonoids are one of the main chemical compounds found in A. oxyphylla and are important for166
evaluating its quality [17]. To understand the regulation of flavonoid biosynthesis in A. oxyphylla, key167
regulatory genes involved in the pathways for phenylpropanoid and flavonoid biosynthesis were168
identified in this study. Twenty-seven unigenes encoding 13 key enzymes observed in this study were169
mostly associated with biosynthesis of flavonoids. Furthermore, results of the microarray analysis of170

Group ROOT Second mapID Description DEGs
up-gene
in Fruit

down-gene
in fruit

root
vs
fruit

metabolism

biosynthesis of other
secondary
metabolites

map00940
phenylpropanoid
biosynthesis

35

14 3

map00942 anthocyanin biosynthesis 2 0

map00945
stilbenoid,

diarylheptanoid and
gingerol biosynthesis

0 3

metabolism of
terpenoids and
polyketides

map00909
sesquiterpenoid and

triterpenoid biosynthesis
1 2

leaf vs
fruit

metabolism

biosynthesis of other
secondary
metabolites

map00940
phenylpropanoid
biosynthesis

44

19 5

map00941 flavonoid biosynthesis 8 0

map00950
isoquinoline alkaloid

biosynthesis
7 0

metabolism of
terpenoids and
polyketides

map00906 carotenoid biosynthesis 0 5



tissue-specific transcriptomes demonstrated that the majority of genes encoding enzymes in the171
biosynthesis of flavonoids were expressed preferentially in the fruit of A. oxyphylla (Fig. 5a). In172
particular, 9 DEGs, including CHS, CHI, F3H, FLS, ANS, DFR, and ANR unigenes, were significantly173
up-regulated in fruits, whereas expression of 11 DEGs including F3’5’H, HCT, CCoAMT, 4CL and174
PAL, were highly up-regulated in roots. However, the flavonoid biosynthesis associated genes175
exhibited low expression levels in leaves, particularly 4CL and FLS displayed an expression value of 0176
(Table S1). In previous studies, flavonoids are found in high concentrations in fruits, followed by roots,177
and are found in the lowest concentrations in leaves [16]. Expression analysis of flavonoid biosynthesis178
genes in the present study also showed a similar trend. The putative flavonoid synthesis pathway is179
shown in Fig. 5b. Flavonoids are synthesized via the phenylpropanoid pathway and are converted from180
phenylalanine to chalcone by the enzymes PAL, C4H, 4CL, and CHS. CHI catalyzes the isomerization181
of chalcones into flavanone. Flavanone can be converted either to flavonols through the subsequent182
action of F3H and FLS, or to flavone through the action of DFR and LAR. However, no unigene183
coding for flavone synthase (FNS) was detected in the transcriptome analysis. A similar situation has184
been reported in the transcriptome sequencing of other plants such as Sophora japonica, which may be185
attributed to the fact that FNS genes are short fragments without sequence similarity [23].186

187
Figure 5. Putative flavonoid biosynthesis pathway in A. oxyphylla. (a) Expression level of candidate A.188
oxyphylla unigenes coding for key enzymes involved in flavonoid biosynthesis pathways. Green and189
red colors are used to represent low-to-high expression levels (mean centered log2-transformed FPKM190
values). (b) Pathway for flavonoid biosynthesis. The numbers in brackets following each gene name191
indicate the number of A. oxyphylla unigenes corresponding to that gene. Enzyme abbreviations are as192
follows: PAL, phenylalanine ammonia-lyase; C4H, cinnamate 4-hydroxylase; CHS, chalcone synthase;193
CCoAMT, Caffeoyl Co-A transferase; 4CL, 4-coumarate-CoA ligase; CHI, chalcone isomerase; F3H,194
flavanone 3-hydroxylase; F3’5’H, flavonoid-3’, 5’-hydroxylase; DFR, dihydroflavonol-4-reductase;195
flavonoid-3-O-glucosyltransferase; ANR, anthocyanidin reductase; ANS, anthocyanidin synthase.196

Discussion197



There are about 250 species of Alpinia plants distributed in tropical Asia [24]. The roots and fruits198
of Alpinia plants are often used for medicinal applications [2, 25]. The capsular fruit of A. oxyphylla199
has been used as a medicinal constituent or health supplement for centuries as one of the four famous200
southern Chinese medicines [2, 3]. Studies in natural product chemistry reveal that the capsular fruit,201
root, and leaf contain flavonoids, sesquiterpenes, diarylheptanoids, essential oils, glycosides, and202
steroids [14,16]. The main chemical components of A. oxyphylla flavonoids comprise of tectochrysin,203
izalpinin, chrysin, and kaempferide, of which tectochrysin is the second most abundant flavonoid204
concentrated in fruits [11]. Therefore, flavonoids are one of the most important active chemical205
components in A. oxyphylla and are important for evaluating its quality. However, the molecular206
mechanism of tissue-specific flavonoid biosynthesis and accumulation in A. oxyphylla remains largely207
unexplored.208

In this study, we collected three tissue samples (fruits of different developmental stages, leaves,209
and roots) of A. oxyphylla and performed a comparative transcriptome analysis, with a particular focus210
on flavonoid biosynthesis genes. The characterized flavonoids, including tectochrysin, izalpinin,211
chrysin, and kaempferide, are found in greatest concentrations in fruits, followed by roots, and are212
found in the lowest concentrations in leaves [16]. To analyze if the gene expression of biosynthetic213
genes also follow this pattern, high-throughput transcriptome sequencing technology was employed.214
Indeed, transcriptional analysis showed that a large number of transcripts exhibited a tissue-specific215
expression. The number of DEGs in the ‘leaf vs. fruit’ and ‘root vs. fruit’ comparison groups was216
higher than that in the ‘root vs. leaf’ comparison group. These results suggest that the medicinal217
properties and associated biological processes are concentrated in the fruits of A. oxyphylla. To218
investigate the trends of DEGs in gene expression, we performed a cluster analysis using normalized219
expression values from each individual replicate of five different samples of A. oxyphylla. A total of220
3110 DEGs were divided into five distinct clusters according to their expression patterns. Further221
analysis showed that only the cluster I of DEGs were related to flavonoid biosynthesis, isoquinoline222
alkaloid biosynthesis and biosynthesis of secondary metabolites, and the expression level in fruits was223
significantly higher than that in leaves and roots. The expression level of flavonoid related genes was224
consistent with that of chemical components. The enriched KEGG pathways results showed that all the225
DEGs related to flavonoid biosynthesis were up-regulated, and most of the DEGs involved in226
phenylpropanoid biosynthesis were also up-regulated, but the DEGs related to stilbenoid,227
diarylheptanoid and gingerol biosynthesis were down-regulated in fruits, indicating that flavonoids228
were the main secondary metabolites.229

The biosynthesis of flavonoids has been reported in many other medicinal plants such as230
Astragalus membranaceus var. mongholicus, Apocynum venetum, and Eucommia ulmoides, and231
phenylpropanoid biosynthesis is the common core pathway for the synthesis of flavonoids [26-28]. The232
first step in flavonoid biosynthesis is regulated by enzymes (PAL, C4H, and 4CL) in the233
phenylpropanoid pathway. The substrate 4-coumaroyl-CoA is converted into chalcone by CHS in the234
first rate-limiting step of flavonoid biosynthesis [29]. Next, different flavonoid subgroups are235
synthesized through modification of the molecular backbone, which is controlled by flavonoid, flavone236
and flavonol biosynthesis enzymes such as HCT, CCoAMT, CHS, CHI, F3H, F3′,5′H, DFR, ANR, and237
ANS [28-31]. In this study, homologous unigenes and the expression levels of these genes were238
investigated in samples of different tissues from A. oxyphylla.239

Interestingly, DEGs encoding CHS, CHI, F3H, FLS, ANS, DFR and ANR were highly expressed240
in the samples from fruits than the other two tissues, and DEGs encoding PAL, 4CL, HCT, CCoAMT,241
and F3’5’H were highly expressed in the samples from roots than the other two tissues. It is242
noteworthy that PAL and 4CL display high expression in roots, but the flavonoids are not concentrated243
in the root [16]. It is speculated that in the initial stages of flavonoid synthesis, phenylpropanoid244
biosynthesis pathway initiates synthesis of substrates in the root, part of which is converted into245
eriodictyol by HCT, CCoAMT, and F3’5’H, and the rest is transported to the fruit, where it is modified246
and processed by CHS, CHI, F3H, FLS, ANS, DFR, and ANR to form flavonoids, flavones, and247
flavonols (Fig. 5). Therefore, it reasonable to primarily utilize fruits of A. oxyphylla as components of248
traditional medicine, rather than the root as done in species such as A. officinarum. These results249
provide insights into the molecular processes of flavonoid biosynthesis in A. oxyphylla and offer a250



significant resource for the application of genetic engineering to develop varieties of A. oxyphylla with251
improved quality.252

253

Methods254

Plant Material255

A. oxyphylla were collected from cultivated fields in Baisha County, Hainan Province, China256
(N.109.437569, E.19.19680). The fruits were sampled at the following three developmental stages:257
early-fruit (15 days), middle-fruit (30 days) and late-fruit (45 days). Fresh A. oxyphylla fruits were258
obtained from the three plants simultaneously during each phase. Then, the materials of same phase259
were mixed for further experiments. After harvesting the fruit, the leaves and roots were obtained from260
the same plant. All the samples of A. oxyphylla were immediately frozen in liquid nitrogen and stored261
at -80℃ prior to processing.262

RNA sequencing and De Novo Assembly263

The total RNA was extracted from different plant tissues using the RNAprep Pure Plant Kit264
(Tiangen, Beijing, China) as per the standard protocol [32]. The RNA concentration and quantity were265
assessed using the Nanodrop 2000 spectrometer (Thermo Fisher Scientific, Wilmington, DE, USA) and266
Agilent Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA, USA). A Stranded Total267
RNA Library Prep Kit (Illumina, Inc., San Diego, AR, USA) was used for cDNA library construction268
and normalization. The cDNA library was sequenced using Illumina HiSeq 4000 as per standard269
protocol. Raw reads were filtered by removing the adapter and low-quality sequences to produce270
high-quality clean reads and the reads were assembled to generate unigene libraries. Trinity software271
(v.2.8.5, the Broad Institute, Cambridge, MA, USA) was used to assemble the clean data into unigenes272
according to a basic group quality score of more than Q30 [33].273

Functional Annotation274

Function annotation of the assembled unigenes were obtained from public databases NCBI275
non-redundant protein (Nr) (http://www.ncbi.nlm.nih.gov), Universal Protein (Uniport)276
(https://www.uniprot.org/), EuKaryotic Orthologous Groups (KOG) (ftp://ftp.ncbi.nih.277
gov/pub/COG/KOG), and Kyoto Encyclopedia of Genes and Genomes (KEGG) classifications278
(http://www.genome.jp/kegg/).279

Analysis of DEGs280

Unigene expression level was calculated using the fragments per kilobase of transcript per million281
mapped (FPKM) method. The DEGs were screened using the edgeR package with the threshold set as282
described previously [34]. GO and KEGG enrichment analysis of the identified DEGs was performed283
using the GOAtools version 0.5.9 (https://github.com/tanghaibao/Goatools) and KOBAS version 2.0.12284
with default settings, respectively. The corrected p-value for identifying significant differences in285
expression was calculated and adjusted by the hypergeometric Fisher exact test. GO terms with a286
corrected p-value < 0.05 were considered to be significantly enriched. Next, we employed the same287
method for KEGG pathway functional enrichment analysis of DEGs.288

289

Supplementary Materials: The following are available online at www.xx/xxx/s1, Figure S1: GO290
classification of assembled unigenes of A. Oxyphylla., Figure S2: KOG classification of assembled unigenes291
of A. Oxyphylla., Figure S3: KEGG functional classification of assembled unigenes of A. Oxyphylla., Figure292
S4: Diferentially expressed genes (DEGs) involved in the flavonoids biosynthesis pathways in leaf vs fruit,293
Table S1: Expression level of candidate A. oxyphylla unigenes coding for key enzymes involved in flavonoid294
biosynthesis pathways.295
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Appendix A398

Figure S1. GO classification of assembled unigenes of A. Oxyphylla. A total of 218,989 unigenes were399
annotated into three categories: molecular function (MF, blue), cellular component (CC, green) and400
biological process (BP, red).401

Figure S2. KOG classification of assembled unigenes of A. Oxyphylla. [J] Translation, ribosomal structure402
and biogenesis; [A] RNA processing and modification; [K] Transcription; [L] Replication; recombination403
and repair; [B] Chromatin structure and dynamics; [D] Cell cycle control, cell division, chromosome404
partitioning; [Y] Nuclear structure; [V] Defense mechanisms; [T] Signal transduction mechanisms; [M] Cell405
wall/membrane/envelope biogenesis; [N] Cell motility; [Z] Cytoskeleton; [W] Extracellular structures; [U]406
Intracellular trafficking, secretion and vesicular transport; [O] Posttranslational modification, protein407
turnover, chaperones; [C] Energy production and conversion; [G] Carbohydrate transport and metabolism;408
[E] Amino acid transport and metabolism; [F] Nucleotide transport and metabolism; [H] Coenzyme transport409
and metabolism; [I] Lipid transport and metabolism; [P] Inorganic ion transport and metabolism; [Q]410
Secondary metabolites biosynthesis, transport and catabolism; [R] General function prediction only; [S]411
Function unknown.412

Figure S3. KEGG functional classification of assembled unigenes of A. Oxyphylla. The unigenes were413
divided into five primary categories: (A) cellular processes, (B) environmental information processing, (C)414
genetic information processing, (D) metabolism, and (E) organismal systems. The x-axis represents the415
number of unigenes, whereas the y-axis represents the functional categories.416

Figure S4. Diferentially expressed genes (DEGs) involved in the flavonoids biosynthesis pathways in leaf vs417
fruit. The red columns indicate genes expressed at a signifcantly high level in the fruit of A. Oxyphylla. This418
color-coded map of DEGs corresponds to map00941 in the KEGG database.419



Table S1. Expression level of candidate A. oxyphylla unigenes coding for key enzymes involved in420
flavonoid biosynthesis pathways.421
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430

Figure S4431

432
Table S1.433

Name Gene ID FPKM



early-fruit middle-fruit late-fruit root leaf
FLS unigene139585 458.62 179.04 82.35 0.09 59.11
F3’5’H unigene117017 27.31 12.91 14.99 49.87 0.12
ANR unigene115607 1020.66 2113.57 1768.39 498.78 337.65
HCT unigene109484 4.55 6.74 2.05 3.14 8.03
HCT unigene109483 68.88 53.75 71.79 210.44 70.62
4CL unigene108821 43.81 37.85 42.6 128.7 6.12
4CL unigene108819 98.89 150.82 118.44 39.41 5.2
4CL unigene108818 2.7 2.03 1.94 68.18 7.12
C4H unigene106999 51.68 34.58 131.28 60.8 0.37
4CL unigene095558 10.83 25.16 19.73 7.38 23.21
DFR unigene092310 307.69 440.88 231.95 73.62 2.67
PAL unigene077933 12.25 22.33 18.37 12.17 1.38
F3H unigene076049 4797.64 6785.61 4773.57 2370.02 427.85
ANS unigene074219 911.45 1216.78 774.03 348.66 9.27
HCT unigene067708 53.92 45.31 53.43 26.37 75.53
CHS unigene065545 43.39 13.51 8.57 46.91 3.58
CHS unigene065542 1158.04 870.33 562.51 81.74 160.18
CCoAMT unigene053332 355.08 147.74 245.95 591.43 53.1
4CL unigene050620 1.34 1.89 5.85 0 0
CHI unigene042446 1129.52 588.88 300.05 235.97 17.68
4CL unigene023081 33.21 34.13 35.64 96.7 14.42
4CL unigene023078 28.25 35.02 21.21 35.23 8.07
FLS unigene018259 15.21 0.97 0.1 23.87 0.19
FLS unigene018258 25.59 1.04 0 38.39 0
PAL unigene017890 165.85 211.45 167.33 409.88 56.49
F3’5’H unigene007819 7.61 1.53 1.58 41.96 3.93
F3’5’H unigene007815 116.68 12.14 11.78 219.54 153.46
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Figures

Figure 1

Venn diagram describing the unigenes annotated by four different databases. The integration of unique
similarity search results against the NCBI non-redundant protein (Nr), Universal Protein (Uniport),
EuKaryotic Orthologous Groups (KOG), and Kyoto Encyclopedia of Genes and Genomes
(KEGG)databases.



Figure 2

Volcano plots of the differentially expressed genes (DEGs) in the comparison group of (a) leaf vs. fruit,
(b) root vs fruit, and (c) root vs. leaf. Venn diagram of DEGs in three different comparisons groups
represented by three circles. The overlapping parts of the circles represent the
numberofDEGsincommoninthecomparisongroups.



Figure 3

Cluster analysis of DEGs (a) Heat-map showing the expression of DEGs using RNA-seq data derived from
mean value of three replicates of each sample based on log 2 (FPKM) values. Color code indicates
expression levels. Similarity between samples and unigenes with hierarchical clustering is shown above
and on the left of the heatmap, respectively. (b) Cluster analysis of all DEGs. The y-axis in each graph
represents the mean-centered log2 (FPKM+1) value. Expression of a single gene1
isplottedingray,whilethemeanexpressionofthegenesineachclusterisplottedinblue.



Figure 4

Distribution map of DEGs in cluster I signaling pathway



Figure 5

Putative �avonoidbiosynthesispathway inA. oxyphylla. (a)Expression level ofcandidateA. oxyphylla
unigenes coding for key enzymes involved in �avonoid biosynthesis pathways. Green and red colors are
used to represent low-to-high expression levels (mean centered log2-transformed FPKM values). (b)
Pathway for �avonoid biosynthesis. The numbers in brackets following each gene name indicate the
number of A. oxyphylla unigenes corresponding to that gene. Enzyme abbreviations are as follows: PAL,
phenylalanineammonia-lyase; C4H, cinnamate 4-hydroxylase; CHS, chalcone synthase;CCoAMT, Caffeoyl
Co-A transferase; 4CL, 4-coumarate-CoA ligase; CHI, chalcone isomerase; F3H, �avanone 3-hydroxylase;
F3’5’H, �avonoid-3’, 5’-hydroxylase; DFR, dihydro�avonol-4-reductase; �avonoid-3-O-glucosyltransferase;
ANR,anthocyanidinreductase;ANS,anthocyanidinsynthase.
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