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Abstract: Mallotus japonicus is a valuable traditional medicinal plant in East Asia for applications
as a gastrointestinal drug. However, the molecular components involved in the biosynthesis of
bioactive metabolites have not yet been explored, primarily due to a lack of omics resources. In
this study, we established metabolome and transcriptome resources for M. japonicus to capture the
diverse metabolite constituents and active transcripts involved in its biosynthesis and regulation. A
combination of untargeted metabolite profiling with data-dependent metabolite fragmentation and
metabolite annotation through manual curation and feature-based molecular networking established
an overall metabospace of M. japonicus represented by 2129 metabolite features. M. japonicus de
novo transcriptome assembly showed 96.9% transcriptome completeness, representing 226,250 active
transcripts across seven tissues. We identified specialized metabolites biosynthesis in a tissue-specific
manner, with a strong correlation between transcripts expression and metabolite accumulations in M.
japonicus. The correlation- and network-based integration of metabolome and transcriptome datasets
identified candidate genes involved in the biosynthesis of key specialized metabolites of M. japonicus.
We further used phylogenetic analysis to identify 13 C-glycosyltransferases and 11 methyltrans-
ferases coding candidate genes involved in the biosynthesis of medicinally important bergenin. This
study provides comprehensive, high-quality multi-omics resources to further investigate biological
properties of specialized metabolites biosynthesis in M. japonicus.

Keywords: Mallotus japonicus; medicinal plants; biosynthesis of specialized metabolites; bergenin;
rutin; WCNA; integrative omics; glucosyltransferases; O-methyltransferases

1. Introduction

Mallotus japonicus, also known as “Akamegashiwa” in Japanese, is a well-known
medicinal plant from the Euphorbiaceae family and is widely distributed in tropical and
temperate parts of East Asia [1-4]. Different tissues of M. japonicus, such as leaves, root,
bark, and pericarp, have been shown to be effective in several ailments, including gastric
and duodenal ulcer, hyperacidity, irritable bowel syndrome, hemorrhoids, rheumatism,
diabetes, dermatitis, liver diseases, and neuralgia [1]. The bark of M. japonicus is still
listed as a stomach tonic for improving appetite in the “17th revision of the Japanese
Pharmacopoeia”. Bark tissue has been traditionally used to treat stomach disorders and
gallstones, as a folk medicine for cancer, and as a crude drug for gastric and duodenal
ulcers [5].
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The medicinal properties of a given plant are attributed to its metabolic constituents,
which include bioactive metabolites, and are often accumulated in a tissue-specific manner.
Currently, over 143 compounds have been isolated across different Mallotus species, includ-
ing 99 compounds in M. japonicus. These compounds belong to different chemical families
such as alkaloids, iridoids, flavonoids, polyphenols, cardenolides, phloroglucinol, tannins,
and their derivatives [1,2]. The leaves of M. japonicus, which primarily contains rutin and
isoprenoid derivatives, are used to treat boils and swellings [5]. Furthermore, the antiox-
idative properties of M. japonicus leaves and their components have been evaluated, and
this plant is used as a functional food for human health. Bergenin, a dihydroisocoumarin
derivative, possesses anti-inflammatory, antitussive, and hypolipidemic activity; is known
for its effectiveness in treating gastritis, gastric ulcer, constipation, and diarrhea [6-10]; and
is specifically accumulated in the bark of M. japonicus [11]. Pharmaceuticals such as gas-
trointestinal drugs have included M. japonicus as a key ingredient for over 45 years. Despite
vast industrial and medicinal applications, including a potential source of new medicines,
no comprehensive multi-omics studies have ever been reported for M. japonicus, thus
resulting in the lack of genomics and metabolomics resources for this plant species [1,2].

The advancement of high-throughput-omics technologies has facilitated the genera-
tion of a wealth of knowledge. The omics datasets for a given species are valuable. When
analyzed individually, associations with other omics datasets and comparisons across
species provide a holistic view of a biological species [12,13]. Untargeted metabolomics
is a “discovery mode” process that gives insight into each metabolite, whether known or
unknown, present in the biological entity under study [14]. Additionally, with the rapid
development of sequencing technologies, RNA-seq based de novo transcriptome assembly
has been established as a powerful tool to study non-model plant species with little or
no genomic resources [12,13]. Transcriptome profiling provides an extensive overview of
the metabolic pathways and their localization in planta. At the same time, the sequence-
similarity approach, together with distinct statistical analyses, assists in the identification
of candidate genes involved in the biosynthesis of important metabolites. When combined
with phylogenomic, such approaches allow for the identification of potential enzymes
involved in the biosynthesis of specialized metabolites.

To establish a comprehensive metabolite repository and genomic resources for
M. japonicus, we performed untargeted metabolite profiling and deep-sequencing using
seven tissues, namely young leaf, mature leaf, young stem, mature stem, bark, central
cylinder, and inflorescence (Figure 1). Untargeted metabolomics helped us capture the
differential accumulation pattern of several specialized metabolite classes present in M.
japonicus. WCNA-based network analyses were performed using the expression data of
assembled transcripts and intensities of MS? validated metabolites to classify metabo-
lites or genes with similar functionalities into distinct modules. Furthermore, a pairwise
correlation between the transcript and metabolite modules was performed to identify
gene-to-metabolite associations highlighting the potential candidate genes involved in the
biosynthesis of specialized metabolites. Our study identified a distinct transcript module
involved in the biosynthesis of rutin in M. japonicus. Furthermore, we performed a gene
ontology enrichment analysis to understand the biological significance of the transcript
modules having a high correlation with the metabolic modules, which showed the presence
of functional modules specific for the type of metabolites accumulated. The metabolome
and transcriptome data established in this study will help in understanding the biosynthesis
and regulation of specialized metabolites in M. japonicus.
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Figure 1. Tissues of Mallotus japonicus used in this study for the multi-omics analysis: (a) young leaf, (b) mature leaf,
(c) young stem, (d) mature stem, (e) bark, (f) central cylinder, and (g) inflorescence. The scale bar represents 1 cm.

2. Results and Discussion
2.1. Mallotus japonicus Metabolome Database Represents Diverse Range of Specialized Metabolites

In order to achieve holistic insight into the phytochemical composition of M. japonicus,
the metabolite extracts from seven tissues, namely young leaf, mature leaf, young stem,
mature stem, bark, central cylinder, and inflorescence (Figure 1), were analyzed by LC-
QTOF-MS. Furthermore, feature-based molecular networking (FBMN) was employed to
characterize the metabolite classes captured by our comprehensive metabolome data. This
approach has recently gained attention in the annotation of the chemical diversity captured
by untargeted metabolite profiling [15,16]. Molecular networking not only matches the
MS? spectra for a given mass feature to assign a putative annotation but also connects
molecules based on spectral similarity to predict and assign mass features to its derivatives
or chemical classes, which differs by transformation including glycosylation, hydroxylation,
oxidation, alkylation, and reduction, among others [15,16].

The metabolite profile datasets from seven tissues of M. japonicus were pre-processed
and aligned using MS-DIAL [17], resulting in the identification of 10,367 mass features in
the positive ion mode (Table S1). Principal component analysis (PCA) using filtered and
aligned mass features showed tissue-specific variations and formed three major groups
(Figure 2a). Young leaf, mature leaf, and young stem formed a group separated along the
PC1 axis, with mature stem, bark, and central cylinder grouped together. Inflorescence
tissue formed a distinct group and was separated from other tissues along the PC2 axis.
A PCA plot confirmed the quality of metabolome datasets that effectively captured the
tissue-specific metabolite diversity. In an attempt to understand the overall phytochemical
constituents and the active metabolic pathways of M. japonicus, the acquired mass-features
were searched against the KNApSAcK database [18] and KEGG pathway database [19],
respectively. In total, 2129 and 564 mass features were assigned to a corresponding KNAp-
SAcK ID and KEGG ID, respectively (Table S2). The top three KEGG pathways based
on the number of mass features assigned included metabolic pathways, biosynthesis of
secondary metabolites, and biosynthesis of plant secondary metabolites (Figure 2b). Sev-
eral secondary metabolic pathways, including glucosinolate biosynthesis, biosynthesis
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of phenylpropanoids, biosynthesis of alkaloids derived from shikimate pathways, and
flavonoid biosynthesis were included in the top 15 KEGG pathways. These results indicate
a plethora of diverse metabolites in M. japonicus, of which only 143 are reported to date [2].
The M. japonicus metabolome database thus represents a repository of novel, unknown
metabolites that could explain its specific medicinal properties as employed in traditional
medical practices.

The aligned mass features with MS? fragmentation pattern were used for FBMN anal-
ysis using GNPS platform (http://gnps.ucsd.edu//, accessed on 30 November 2020). Two
molecular networks were generated using the MS? spectra of parent ions in the positive
and negative ionization modes. The nodes in the network are represented as a pie chart to
reflect the intensity level across seven tissues of M. japonicus (Figure 3a,b). For the positive
ion mode, 305 connected nodes were identified (with a minimum of two connected com-
ponents), and 80 nodes were annotated to represent different chemical families (Table S3).
The highly connected nodes included mass features identified as flavonoids, isoflavonoids,
carboxylic acid and derivatives, and cinnamic acid and derivatives (Figure 3a). The results
were expected since these metabolite classes are well known to undergo chemical modifica-
tions and derivatizations, resulting in vast chemical diversity from relatively fewer core
metabolites [20-22]. The bergenin-containing cluster was represented by 35 metabolite
features, indicating closely related metabolite features of bergenin in M. japonicus. While
the node containing flavonoids and isoflavonoids was highly accumulated in inflorescence,
the node containing bergenin and related metabolites was highly accumulated in bark. The
molecular network generated using the negative ionization mode resulted in 330 connected
components, and 68 nodes were annotated (Table S3). While two highly connected nodes
were not annotated, the third significantly connected node included metabolite features
classified as tannins and was highly accumulated in the bark. The highly connected nodes,
with mass features identified as cinnamic acid and derivatives, were highly accumulated
in the mature leaf of M. japonicus (Figure 3b). Untargeted metabolite profiling using seven
tissues of M. japonicus followed by characterization and annotation of the acquired mass-
features revealed the presence of a diverse range of phytochemicals attributed to its broad
range of medicinal uses. Moreover, the molecular network based on the fragmentation
pattern also showed a large number of highly connected nodes that remained unanno-
tated, which indicates the presence of several metabolites not reported in M. japonicus.
Therefore, the comprehensive metabolome resource established in this study is a valuable
resource that can be further used to unfold the pharmacological potentials of several unre-
ported metabolites and to serve as a stepping-stone for future investigation and structural
validation of the bioactive metabolites in M. japonicus.
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Figure 2. Untargeted metabolome analysis for seven tissues of Mallotus japonicus. (a) Principal
component analysis using the metabolome datasets acquired for seven tissues of M. japonicus;
(b) The top 10 KEGG pathways based on the number of metabolites assigned. The chemical identities
of the mass features and corresponding KEGG compound ID were assigned based on a narrow

mass-error window of 10 ppm, and candidate metabolites were grouped according to the assigned
KEGG pathway category.



Int. ]. Mol. Sci. 2021, 22, 8835 6 of 24

Carboxylic acid
a and der)i,vatives Flavonoids : : Cinnamic acid

and derivatives
. CAC ’ A g )
- X
SIS ey
{ L
& Pyridine and  YI2%%
derivatives
v
g Carboxylic acid

Flavonoids x 2
[

Isolongifolol

Isoflavonoids

Flavonoids
and Farnesol
and derivatives

. ebmieagd :{‘: gg: {

® Young Leaf ® Mature Leaf ® Young Stem Mature Stem ® Bark ® Central Cylinder ® Inflorescence

|
b oF p %«}ﬁb NS 'ﬁ f ‘p’ f
NS 44~ y organdoxygen
> a2 & Organooxygen ::::: 8: .'4" g 2: compounds

M3 S

Organooxygen Organooxygen
compounds  compounds
Cinnamic acid : : 2 : z
and derivatives

Organooxygen
compounds

Flavonoids

Tannins Flavonoids Flavonoids
Glycerolipids 3 : g
y p e-e-
Hydroxy acids Organooxygen
and derivatives compounds

Figure 3. Feature-based Molecular Networking (FBMN) using the metabolome datasets acquired in the (a) positive mode
and (b) negative mode. The pie charts on the nodes are drawn according to the accumulation pattern of the assigned
metabolites across seven tissues of Mallotus japonicus.

2.2. Tissues of Mallotus japonicus Have Specific Metabolic Signatures Associated with Its
Medicinal Use

The comprehensive metabolome resource established for M. japonicus in this study
was subsequently used to identify and validate specialized metabolites reported for the Mal-
lotus genus to date. Through an extensive literature search, we short-listed 143 metabolites
previously reported across the Mallotus genus. Using a combination of the computational
cheminformatics approach, manual inspection, and validation, we confirmed 69 metabo-
lites across different tissues of M. japonicus by matching their MS?-based fragmentation
pattern (Table 54). The variations within the MS? validated metabolites indicated the tissue-
specific accumulation; therefore, we applied a weighted co-expression network analysis
(WCNA) using these 69 metabolites [23,24]. WCNA, a correlation-based method, defines a
network linking high-dimensional datasets, including metabolomics data, gene expression
data, and proteomics data, and further groups the highest co-expressed variables into mod-
ules [23,25,26]. The WCNA approach classified 66 metabolites in seven metabolite modules
(MetM), while three metabolites were not assigned to any of the modules (shown with gray
bars) (Figure 4). The MetM2, MetM7, and MetM6 modules were the three largest metabo-
lite modules, representing 21, 17, and 13 metabolites, respectively (Table S5). The MetM2
module, which primarily included phloroglucinols (47.6%), was highly accumulated in the
inflorescence tissue. Metabolites in the MetM7 module, which included flavonoids such as
the rutin, tannin, and phloroglucinol classes of metabolites, were primarily accumulated in
the young and mature leaf. The MetM6 module, which included bergenin and its deriva-
tives, one of the most important pharmacological metabolites for Mallotus species, was
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highly accumulated in bark tissue in accordance with the primary tissue used for medicinal
purposes. The MetM3 module containing six metabolites, representing various metabolite
classes, was primarily accumulated in young stem followed by young leaf. The MetM5
module included four metabolites, two of which were annotated as phenylpropanoids,
that were highly accumulated in young stem followed by young and mature leaf. The
MetM1 module, which included three of the metabolites of phloroglucinol class, was highly
accumulated in mature stem followed by young leaf and mature leaf. The MetM4 module,
which included only two tannins, was highly accumulated in inflorescence, bark, and
mature stem. Rutin, which is the major active constituent of the leaf tissue of M. japonicus
and the attribute contributing to its medicinal properties, was found to be highly accu-
mulated in both young leaf and mature leaf in our study [27,28]. Similarly, bergenin and
its derivatives were highly accumulated in the bark, as reported previously [28]. The
WCNA analysis of the MS? validated metabolites thus effectively captured and classified
the signature metabolites associated with the tissue types of M. japonicus. The wide range
of metabolites accumulated across different tissues of M. japonicus reiterates their great
medicinal potential, which still seems relatively unexploited, as suggested by the large
number of unidentified mass features reported in our study.

2.3. Characteristics of Mallotus japonicus De Novo Transcriptome Assembly Derived Using
Multiple Tissues

The availability of genomic resources is the prerequisite to evaluate molecular compo-
nents involved in specialized metabolites biosynthesis. While the number of plant species
with chromosome-scale genome assemblies has significantly increased in the last few years,
the sequenced genomes are still dominated by crops, and relatively fewer medicinal plants
have obtained the high-quality genome status so far [13,29]. The scarcity of genomic
resources for medicinal plants has hindered the prospect of developing a sustainable al-
ternative to produce pharmacological metabolites of plant origin. The recently reported
1 KP dataset showed the efficacy of RNA-seq based genome resources in exploring the
relationships between distant species [30]. However, it has not even captured a fraction of
the known plant diversity. RNA-seq based transcriptome assembly does not require the
availability of reference genome, and its application has been well established for studying
the biosynthesis of specialized metabolites in medicinal plants [30-34]. In this study, to
capture the active transcripts involved in the biosynthesis of specialized metabolites, we es-
tablished a RNA-seq based de novo transcriptome assembly for M. japonicus using the same
seven tissues used for the metabolome analysis. The sequencing reads were preprocessed
using Trimmomatic [35] (Table S6) and were assembled using a combination of primary
assemblies generated through Trinity [36], SOAPdenovo-Trans [37], and CLC genomics
workbench, as described previously [38]. From a total of 15.59 Gbp sequencing datasets
across seven tissues, the final assembly resulted in 226,250 unigenes with an N50-value of
1396 bp (Table 1). We evaluated the quality and completeness of the de novo transcriptome
assembly of M. japonicus using a BUSCO analysis [39]. The BUSCO analysis using the
eudicots_odb10 database estimated 96.9% assembly completeness, with 2255 out of 2326
BUSCO groups being identified in the M. japonicus transcriptome assembly (Figure Sla).
Within the identified BUSCO orthogroups, 828 (35.5%) were complete and single-copy
BUSCOs, 1427 (61.3%) were completed and duplicated BUSCOs, and only 39 (1.4%) were
fragmented BUSCOs. As the final de novo transcriptome assembly was processed with
CD-HIT-EST [40]-based redundancy filtering, a high percentage of duplicated BUSCO
groups may suggest a potential whole-genome duplication event for M. japonicus. The
BUSCO analysis results suggest a high-quality transcriptome assembly of M. japonicus
established in this study, suitable for further downstream applications. The length of the
assembled transcripts ranged from 200 bp to 17,202 bp, with a mean length of 837 bp
(Figure S1b).
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Table 1. Assembly statistics for Mallotus japonicus de novo transcriptome assembly based on three popular assemblers and

their combination.

No. of Mean Median Max Total Size of
Assembler Kmer Contigs N50 Length Length Length n: >500 n: >1000 Contigs
35,538 14,771
CLC 20 108,863 769 592 366 17,150 Gren)  (136%) 64,424,765
. 156,853 90,563
Trinity 25 321,190 1503 879 486 17,097 B8 (2samy  252AMO5H
34,941 17,967
31 278,339 595 322 156 17,202 A26%) 6.5%) 89,684,117
34,755 17,259
41 276,091 525 325 168 17,225 az6m) 65%) 89,843,229
51 337219 373 278 160 17,210 (393;‘?(; (1457992) 93,877,046
SOAPdenovo Ze e
31,027 14,829
63 273,737 397 307 181 17,292 A13%) (5.4%) 84,133,522
28,293 14,006
71 209,952 484 345 199 16,558 (135%) 6.7%) 72,338,185
15,185 8137
91 46,669 1062 585 294 11,896 a5 (174%) 27,278,317
CLC_Trinity_SOAPdenovo N.A. 226,250 1396 837 469 17,202 106,994 58,421 189,317,381

(kmer31) _CD-HIT-EST

473%)  (25.8%)

The assembled unigenes of M. japonicus were used as a query to perform a Blastx-based
homology search against the NCBI non-redundant (nr) database, and the top blast-hit was
selected for annotation. Of the total 226,250 unigenes, 109,178 were annotated based on
their Blastx-based similarity against the NCBI database (Figure S2a and Table S7). The
similarity distribution plot for the annotated unigenes showed 64,021 unigenes (~25% of
entire unigenes) with a sequence-similarity over 85% with its closest homolog (Figure S2b).
The Gene Ontology (GO)-based functional classification assigned annotated transcripts
to three GO categories, namely biological process (BP), molecular function (MF), and
cellular component (CC). The top 10 GO terms based on the number of mapped sequences
are summarized in Figure S2c. Furthermore, we mapped the annotated unigenes to the
KEGG pathway database [19] to derive an overview of the active metabolic processes of M.
japonicus. In total, 17,434 unigenes were mapped to 148 KEGG pathways (Table S8). The
top 15 KEGG pathways based on the number of mapped unigenes are shown in Figure 52d.
The top 5 pathways included glycolysis/gluconeogenesis, starch and sucrose metabolism,
purine metabolism, glyoxylate and dicarboxylate metabolism, and pyruvate metabolism.
The phenylpropanoid biosynthesis was among the top 10 metabolic pathways represented
in the transcriptome assembly of M. japonicus. The phenylpropanoid class of metabolites
have been widely reported in M. japonicus and were also identified as one of the dominant
class of metabolites in our metabolomics dataset. The annotation and characterization of
M. japonicus de novo transcriptome assembly effectively captured ongoing active metabolic
processes in accordance with the class of metabolites being identified in our metabolome
analyses. Therefore, our results demonstrate the suitability of our transcriptome resources
established in this study for downstream analyses.

We used de novo transcripts assembly to qualitatively measure the expression levels
of active transcripts across seven tissues of M. japonicus. RNA-sequencing reads from each
of the seven tissues were mapped onto the transcriptome assembly, and the expression of
assembled transcripts was measured in terms of FPKM values. Among the seven tissues,
bark and inflorescence, with 158,610 (70.1%) and 154,492 (68.9%) transcripts, respectively,
represented the highest number of transcriptionally active unigenes. In contrast, mature leaf
and young stem, with 144,210 (63.7%) and 145,483 (64.3%) transcripts, respectively, showed
the lowest number of transcriptionally active unigenes (Figure S3a and Table S9). Bark
and inflorescence tissue, having the highest number of transcriptionally active unigenes,
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also showed a high accumulation pattern for several of the MS?-validated metabolites
identified in our study (Figure 4). Unsupervised principal component analysis using
transcripts’ expression grouped the seven tissues into four major groups (Figure S3b). Bark
and mature stem were grouped together and separated along the PC1 axis with the second
group including young leaf, mature leaf, and young stem. The inflorescence and central
cylinder formed separate clusters. The transcriptome expression analysis together with
PCA analysis suggests that our transcriptome data effectively captured the ongoing specific
as well as common metabolic processes across each tissue of M. japonicus and hence can be
used as a valuable resource to further analyze and identify candidate genes participating
in the biosynthesis of specialized metabolites in M. japonicus.

2.4. Network-Based Characterization of Transcriptome and Metabolome Relationships in
Mallotus japonicus

Gene co-expression networks derived through WCNA analysis have emerged as a
robust systems biology approach to discover associations within biomolecules [41-48]. As
demonstrated by the guilt-of-association concept, genes with similar expression patterns
are most likely to be associated with a similar biological process [49,50]. Using WCNA,
we classified high-dimensional transcriptome datasets into a framework of co-expression
modules and explored those transcript modules that may be related to the metabolites’
variation across different tissues. To understand the molecular mechanisms involved
in the biosynthesis of specialized metabolites, we used highly expressed and annotated
transcripts of M. japonicus to perform WCNA analysis (Table S10). In total, we identified
16 transcript modules (TransM), representing clusters of correlated transcripts (Figure 5,
Table S11). TransM3 module represents the largest module with 7988 correlated transcripts,
while the smallest module, TransM1, included only 147 transcripts, with the mean and
median of the assigned transcripts to the transcript modules as 1906 and 1482, respectively.
Similar to the tissue-specific accumulation pattern observed in the metabolite modules,
the identified transcript modules also showed a tissue-specific expression pattern of the
associated transcripts. Among the 16 identified transcript modules, TransM4, TransM6,
TransM8, TransM10, TransM12, and TransM15 were specific to mature leaf, young leaf,
young stem, mature stem, inflorescence, and bark, respectively, while transcript module
TransM3 and TransM11 were specific to the central cylinder tissue (Figure 54).
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Figure 5. WCNA-based expression analysis using highly expressed transcripts in at least one of the
seven tissues of Mallotus japonicus. (a) A dendrogram of the transcripts used for WCNA analysis
and clustering of module eigentranscripts; (b—q) The bar plots show the eigenvalue of the transcript
modules, which summarizes the first principal component of the given trans module. Abbreviations:
ML: Mature leaf, YS: Young stem, YL: Young leaf, CC: Central cylinder, MS: Mature stem, INF:
Inflorescence, and BK: Bark.

One of the major conclusions derived from the multi-omics analysis across diverse
plant species is the strong correlation between metabolites accumulation and the expression
levels of enzymes associated with its biosynthesis and regulation [51]. The correlation-
based associations have been particularly prevalent for secondary metabolism and have
served as the basis for the functional characterization of thousands of genes to date [52].
While homology-based transcripts annotation often leads to the assignment of same en-
zyme function to multiple transcripts, primarily due to the prevalent genomic redundancies
in plants, not all transcripts are functional [12]. A co-expression analysis does group genes
within a cluster, the number of genes within its assigned group is still higher for screening
candidate genes for further functional characterization. The metabolic network-driven
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approach by integrating metabolome and gene co-expression datasets has contributed
exceptionally to identifying genes and their associations with a given metabolite. It further
narrows down candidate genes for functional characterization and to study the biosyn-
thetic machinery of specialized metabolites in medicinal plants [53]. To understand the
biosynthetic network of specialized metabolites in M. japonicus, we performed a Pearson
correlation analysis between the identified metabolites and transcripts modules using the
average value of expression or accumulation of transcripts or metabolites assigned to a
given module, respectively, as described previously [54] (Table S12). The highest correla-
tion was obtained for four transcript-metabolite module pairs, namely TransM15-MetM®6,
TransM4-MetM7, TransM16-MetM4, and TransM12-MetM?2, with correlation values of
0.986, 0.986, 0.98, and 0.916, respectively (Figure 6a). To understand their functional classi-
fication, we performed KEGG pathway mapping for the transcripts included in each of
the four highly correlated transcript modules. The top 15 KEGG pathways based on the
percentage of the specific pathway represented by the unigenes are shown in Figure 6b.
In total, six of the top 15 pathways were shared between all four modules. The flavonoid
biosynthesis pathway was present in all four transcript modules, but the percentage of
the total genes of the flavonoid pathway being represented by transcripts from these four
modules were significantly different, ranging from as low as 18.4% in the TransM15 mod-
ule to 54.54% in the TransM12 module (Table S13). On the other hand, phenylpropanoid
biosynthesis was represented by transcripts from three modules, including TransM4 (40%),
TransM12 (40%), and TransM16 (13.3%) transcript modules (Figure 6b and Table S13).
Over 80% of the MS?-validated phenylpropanoid and flavonoid classes of metabolites were
present in these four metabolite clusters, thus suggesting that the transcripts included in the
four correlated transcript modules may represent important classes of enzymes involved
in the biosynthesis of these specialized classes of metabolites. To associate GO-based func-
tional classification to the transcript modules, we constructed an interrelated network of
the transcript modules highly correlated with the metabolite modules with their top three
enriched GO terms from each of the three categories (Figure S5). For the TransM4 module,
one of the top 10 GO terms that was enriched included the glucosinolate biosynthetic
process, which plays a major role in plant resistance to biotic stress (Table S14). Several of
the GO terms related to secondary metabolites, including anthocyanin-containing com-
pound biosynthetic process, lignin catabolic process, and coumarin biosynthetic process,
were significantly enriched in the TransM4 module. The transcript module TransM4 was
highly correlated with the MetM7 metabolite module, which included several secondary
metabolite classes, including flavonoids, tannins, and phloroglucinols. The TransM16
module, which was highly correlated with metabolite module MetM4, showed an enrich-
ment of GO terms including oxidation-reduction process, suberin biosynthetic process,
response to nitrate, and nitrate transport. The enriched GO terms for the TransM15 module
included oxidation-reduction processes, ethanol catabolic processes, threonine catabolic
processes, and responses to sucrose, among others. MetM6, which was highly correlated
with TransM15, included bergenin among several other metabolites with high accumu-
lation levels in bark tissue. GO terms related to growth and development, including
microtubule cytoskeleton, cotyledon vascular tissue pattern formation, and multidimen-
sional cell growth, were also enriched in the TransM15 module. The TransM12 module
showed enrichment of the GO terms involved in plant defense, such as response to chitin,
salicylic acid biosynthetic processes, and response to wounding. We also found several GO
terms being enriched and related to the biosynthesis of secondary metabolites, including
the coumarin biosynthetic process, flavonol biosynthetic process, flavonol synthase activity,
and positive regulation of flavonoid biosynthetic process; flavonoid-3',5'-hydroxylase activ-
ity; isoflavone-2’-hydroxylase activity; and flavanone-4-reductase activity. The TransM12
was highly correlated with the metabolite MetM2 module, which represented the largest
metabolite module and included flavonoids, coumarins, phloroglucinols, and benzopyrans.
Our results showed that the WCNA module-based correlation appropriately captured the
relationship between the type of metabolite being accumulated and the genes associated
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with its biosynthesis, further exploring which one helps narrow down the candidate genes
involved in the biosynthesis of specialized metabolites in M. japonicus.
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Figure 6. Integrated analysis of transcript and metabolite modules. (a) Pearson correlation coefficient between each pair
of TransM and MetM module. The red font represents transcript-metabolite modules with over 0.9 correlation, while
the blue font represents transcript-metabolite modules with over 0.7 correlation. ** pairs with PCC > 0.9, * PCC > 0.7;
(b) Top 15 KEGG pathways based on the percentage of specific pathways represented by transcripts co-clustered in TransM4,
TransM12, TransM15, and TransM16, the four modules with high correlation with metabolite module.

2.5. Metabolome-Assisted Identification of Genes Associated with Rutin Biosynthesis

The leaves of M. japonicus are known to treat boils and swellings and represent the
tissue accumulating several bioactive moiety-containing metabolites [5]. Rutin, one of
the most important metabolites in the leaves contributing to its medicinal properties, is a
member of the MetM7 metabolite module. Moreover, metabolites assigned to the MetM7
module showed high accumulation in the leaf tissue, including young and mature leaves
(Figure 4). We, therefore, hypothesized that the transcript modules correlated with the
MetM7 metabolite module would include functional genes most likely associated with
the biosynthesis of rutin and associated metabolites. Several studies have highlighted the
importance of integrating transcriptome and metabolome datasets in identifying functional
genes [29,38,54-58]. Therefore, using a similar strategy in M. japonicus, we performed a
correlation analysis between metabolite and transcript modules and identified the tran-
script modules TransM9 and TransM4, sharing a high correlation (R? > 0.7) with the
MetM7 metabolite module. Interestingly, KEGG pathway mapping showed homologs
for genes representing the entire phenylpropanoid and flavonoid biosynthetic pathways
included in the TransM4 and TransM9 transcript modules. (Figure 7a, Figures S6 and S7
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and Table S15). Moreover, the metabolite module-driven correlation analysis approach
drastically eliminated potential false-positive genes assigned to the phenylpropanoid and
flavonoid biosynthesis derived only from the homology-based annotation approach. Using
the metabolome-guided approach, we assigned 18 transcripts to the biosynthesis of rutin
and associated metabolites (Figure 7b). Subsequently, we checked the expression level
of the assigned genes across the seven tissues of M. japonicus. Similar to the accumula-
tion pattern of rutin, the assigned biosynthetic genes were highly expressed in the leaf
tissues. Several studies across different plant species have suggested a high correlation
between flavonol synthase (FLS) expression and the accumulation of rutin [59,60]. Shi
etal. [61] reported a 3.5 to 4.4-fold increase in rutin accumulation level in the tobacco leaves
overexpressing the NtFLS2 gene. In contrast, no significant change in the levels of the
intermediates was observed except for kaempferol-3-O-rutinoside, thus highlighting the
role of FLS in the biosynthesis of rutin. The expression pattern of the assigned FLS gene in
M. japonicus correlated with the accumulation pattern of rutin, which was most abundant
in the mature leaves. These results suggest that the mature leaf is the active site for rutin
biosynthesis in M. japonicus. The 18 genes identified herein are strong candidates involved
in the biosynthesis of rutin in M. japonicus. Our results, therefore, clearly emphasizes the
importance of a metabolome-guided approach in narrowing down the candidate genes
involved in the biosynthesis of specialized metabolites, further functional characterization
of which could ascertain their role in the biosynthetic network.
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Figure 7. Unigenes associated with the biosynthesis of rutin and their expression levels across different tissues of Mallotus
japonicus. (a) Proposed rutin biosynthetic pathway and related metabolites in M. japonicus. ‘*’, ‘#, and ‘$’ represent the
metabolite features mapped to the KNApSAcK database, KEGG database, and MS?-based fragmentation data in the
M. japonicus metabolome database, respectively; (b) Heatmap representing the expression of transcripts assigned to the rutin
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biosynthetic pathway in M. japonicus. Abbreviations: PAL/PTAL: phenylalanine/tyrosine ammonia-lyase, 4CL: 4-coumarate:
CoA ligase, cinnamoyl-CoA reductase, COMT: caffeic acid OMT, CcoAOMT: caffeoyl-CoA OMT, CAD: cinnamyl alcohol de-
hydrogenase, PER: peroxidase, DCHS: 6'-deoxychalcone synthase, CHI: chalcone isomerase, F3H: flavanone-3-hydroxylase,
F3'H: flavonoid-3’-hydroxylase, F3'5'H: flavonoid-3’,5'-hydroxylase, FLS: flavonol synthase, DFR: dihydroflavonol
4-reductase. ML: Mature leaf, YS: Young stem, YL: Young leaf, CC: Central cylinder, MS: Mature stem, INF: Inflorescence,

and BK: Bark.

2.6. Phylogenetic Analysis of Glucosyltransferases and O-methyltransferases Reveals Insights into
Bergenin Biosynthesis in Mallotus japonicus

Bergenin, a dihydroisocoumarin derivative, includes 3-D-glucosyl residues C-linked
to a hydroxylated phenyl carboxylic acid ortho to the carboxyl group. Additionally, the
carboxyl group is esterified with the C-2 hydroxyl group of the glucosyl moiety to form a
d-lactone ring [62]. Bergenin represents one of the most important medicinal compounds
in M. japonicus [1,2]. Metabolite profiling for multiple tissues of M. japonicus showed the
highest accumulation of bergenin and related metabolites in the bark tissue, followed by
the mature stem (Figure 4), which explains bark being the primary tissue used for various
medicinal purposes [1,2]. While little is known about the metabolite intermediates and
enzymes involved in the biosynthesis of bergenin, Tateyama and Yoshida [63] proposed
gallic acid as the precursor for the bergenin biosynthesis based on their labeled experimen-
tal approach in Saxifraga stolonifera. Gallic acid acts as the glucosyl acceptor and undergoes
C-glycosylation, which subsequently undergoes methylation to form bergenin (Figure 8a).
WCNA analysis for MS?-validated metabolites assigned gallic acid and bergenin to the
MetM3 and MetM6 metabolite modules, respectively. To identify potential candidate glu-
cosyltransferases (GTs) and O-methyltransferases (OMTs) coding genes that may catalyze
the C-glycosylation and methylation reactions resulting in the biosynthesis of bergenin
from gallic acid, we focused on the TransM8, TransM10, and TransM15 transcript modules,
which were highly correlated with the MetM3 and MetM6 metabolite modules (Figure 6a).
In total, these three transcript modules included 33 GTs and 11 OMTs (Figure S8 and Table
516), which were further used for phylogenetic analysis.

Phylogenetic analysis for 33 GTs was performed with 20 functionally characterized
GTs representing a diverse family of GTs from different species (Table S17). Of the 33 GTs
of M. japonicus, 13 were classified together, with the GTs catalyzing 3-OH glycosylation,
while four GTs each were grouped with GT families catalyzing C-glycosylation in microbial
and animal systems, and 7-OH glycosylation, respectively (Figure 8b). C6-GTs and 5-
OH GTs are closely related gene families, and a mutual exchange of the two amino acid
residues has been reported to switch the O- and C-glycosylation activity [64]. Four GT-
annotated genes from M. japonicus were grouped with GTs catalyzing the C6-glycosylation
and 5-OH glycosylation of flavonoids, suggesting a potential role in deriving metabo-
diversity. Eight GT genes from M. japonicus were phylogenetically related with GTs known
to catalyze C-glycosylation in different plant species (Figure 8b). Among these, Mj_GT1
was phylogenetically related to TcCGT1, known to catalyze the C-glycosylation of 83
substrates, including 36 different structural types of flavonoids, and benzophenones, which
is similar to gallic acid, belongs to the benzenoid class of metabolites [65]. Another gene,
M;j_GT4, was closely related to Zm_CGT and Os_CGT. Os_CGT, apart from its natural
substrates, has also been shown to catalyze the C-glycosylation of several synthetic 2-
hydroxyflavanones, which share structural similarity with gallic acid in terms of containing
substituted benzene rings [66-68]. Mj_GT1 and Mj_GT4, sharing close homology and
phylogeny with the functionally characterized GTs demonstrating a wide range of substrate
and high expressions in young stem and bark tissues, respectively, have potential roles in
catalyzing the C-glycosylation of gallic acid towards the biosynthesis of bergenin. Therefore,
these two genes are assigned here as potential enzymes that catalyze gallic acid to drive
bergenin or bergenin-like metabolite biosynthesis in plants.
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Figure 8. Identification of putative candidate unigenes involved in the biosynthesis of bergenin in Mallotus japonicus.
(a) Proposed pathway for the conversation of gallic acid to bergenin catalyzed by glucosyltransferases and O-methyltransferases.
Phylogenetic analysis of (b) glucosyltransferases (GTs) and (c) O-methyltransferases (OMTs) using M. japonicus candidate
genes together with functionally characterized genes across diverse plant species. Thirty-three and eleven unigenes
annotated as GTs and OMTs, respectively, were selected from the transcript modules that were highly correlated with the
metabolite module MetM3 and MetM6, which included gallic acid and bergenin, respectively. Nucleotide sequences were
translated to their corresponding protein sequences, and the alignment and phylogenetic reconstructions were performed

using ETE3 v3.1 after applying 1000 replications. Bootstrap values above 60% are shown here.
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In the later step of bergenin biosynthesis, the C-glycosylated form of gallic acid is
subsequently methylated, which is catalyzed by the O-methyltransferase (OMT) family
of enzymes (Figure 8a) [63]. In plants, OMTs are divided into two major families: caffeic
acid OMTs (COMTs) and caffeoyl-CoA OMTs (CCoAOMTs) [69]. COMTs participate in
the methylation of flavonoids, while CCoAOMTs catalyze lignin biosynthesis by acting on
phenylpropanoid-CoA esters [70]. Several of the CCoAOMTs from different plant species
have also been recently reported to methylate a wide range of metabolites, and hence,
they have been further classified into a new subgroup: PFOMT [71-73]. To identify the
potential candidate methyltransferase enzymes that may catalyze the methylation step
towards the biosynthesis of bergenin, we performed a phylogenetic analysis using func-
tionally characterized methyltransferases with 11 OMTs identified in M. japonicus transcript
modules being highly correlated with metabolite modules consisting of gallic acid and
bergenin (Figure 6a and Table S16). The phylogenetic analysis showed the genes separated
into two major clades: clade 1 containing COMTs, while clade 2 included CCoAOMTs
subdivided into true CCoAOMTs and PFOMTs (Figure 8c). Seven of the OMTs from
M. japonicus were grouped in clade 1 with other known COMTs, while four were clustered
together with clade 2, specifically with PFEOMTs. Of the four OMTs in the PFOMTs clade,
three were members of the transcript module TransM8, and one of them was a member of
the TransM10 transcript module. While the function of additional PFOMTs (CCoAOMTs-
like) has not been characterized extensively in plants, the OMTs from M. japonicus being
grouped with functionally characterized PFOMTs were reported to have specificity for a
wide variety of substrates. Its high correlation with either the precursor, gallic acid, or the
final product, bergenin, might indicate its potential role in the biosynthesis of bergenin
in M. japonicus. The integrative omics-based strategy helped us identify the potential
GTs and OMTs involved in the biosynthesis of bergenin. By exploring the established
metabolome and transcriptome resource, we identified potential candidate genes involved
in the biosynthesis of specialized metabolites imparting medicinal properties to different
tissues of M. japonicus. Their subsequent functional characterization in future studies will
help ascertain their role in the bergenin biosynthesis in M. japonicus. Our results showed
the quality of omics resources established in this study, which will be valuable in under-
standing the mechanisms and components that associate specific medicinal properties to
different tissues of M. japonicus.

3. Materials and Methods
3.1. Plant Materials

The Mallotus japonicus tree was maintained at the medicinal plant gardens, Chiba
University, under natural conditions (voucher number: MJ_CUOQ01, Figure S9). The seven
tissues of M. japonicus, including young leaf, mature leaf, young stem, mature stem, bark,
central cylinder, and inflorescence, were harvested and immediately frozen in liquid
nitrogen. The tissues were stored at —80 °C until further use.

3.2. Untargeted Metabolite Profiling Using LC-QTOF-MS

The tissue samples were freeze-dried using a freeze dryer, FDU-2200 (Tokyo Rikakikai
CO., Ltd., Tokyo, Japan), and were subsequently used for metabolite extraction using
50 uL of 80% (v/v) LC-MS-grade methanol (Wako chemicals, Osaka, Japan) and 20% (v/v)
LC-MS-grade water (Wako chemicals, Osaka, Japan) containing 2.5 uM of lidocaine (TCI,
Tokyo, Japan) and 10-camphoursulfonic acid (TCI, Tokyo, Japan) per milligram of dry
weight. The mixture was homogenized using a mixer mill, MM300 (Retsch, Haan, Ger-
many), with a zirconia bead at 18 Hz at 4 °C for 7 min. Furthermore, it was centrifuged
at 17,800x g for 10 min, and the supernatant was filtered using Oasis HLB pElution plate
(Waters Inc., Milford, MA, USA). The MS and MS? datasets were acquired as described
previously [38]. Inbrief, 1 uL of the extracts was analyzed using LC-QTOF-MS (LC, Waters
Acquity UPLC system, Waters, MA, USA); MS, Waters Xevo G2 Q-Tof, Waters, MA, USA).
The analytical conditions were as follows: LC: column, Acquity bridged ethyl hybrid C18



Int. J. Mol. Sci. 2021, 22, 8835

18 of 24

(1.7 pm, 2.1 mm x 100 mm, Waters); solvent system, solvent A (water including 0.1% (v/v)
formic acid) and solvent B (acetonitrile including 0.1% (v/v) formic acid); gradient program,
99.5%A/0.5%B at 0 min, 99.5%A /0.5%B at 0.1 min, 20%A /80%B at 10 min, 0.5%A /99.5%B
at 10.1 min, 0.5%A /99.5%B at 12.0 min, 99.5%A /0.5%B at 12.1 min, and 99.5%A /0.5%B at
15.0 min; flow rate, 0.3 mL/min at 0 min, 0.3 mL/min at 10 min, 0.4 mL/min at 10.1 min,
0.4 mL/min at 14.4 min, and 0.3 mL/min at 14.5 min; column temperature, 40 °C; MS detec-
tion: capillary voltage, +3.00 kV (positive)/ —2.75 kV (negative); cone voltage, 25.0 V; source
temperature, 120 °C; desolvation temperature, 450 °C; cone gas flow, 50 L /h; desolvation
gas flow, 800 L/h; collision energy, 6 V; mass range, m/z 100-1500; scan duration, 0.1 s;
inter-scan delay, 0.014 s; data acquisition, centroid mode; polarity, positive/negative: scan
duration, 1.0 s; and inter-scan delay, 0.1 s. THe MS? data were acquired in the ramp mode
as the following analytical conditions: (1) MS: mass range, m/z 50-1500; scan duration, 0.1 s;
inter-scan delay, 0.014 s; data acquisition, centroid mode; and polarity, positive/negative
and (2) MS?: mass range, m/z 50-1500; scan duration, 0.02 s; inter-scan delay, 0.014 s; data
acquisition, centroid mode; polarity, positive/negative; and collision energy, ramped from
10 to 50 V. The MS? spectra of the top 10 ions, with counts over 1000 in the MS scan, were
acquired and moved further to the next top 10 ions based on MS scans at a given run
time, while the acquisition was not performed if the ion intensity was <1000. The data
were processed using MS-DIAL with default parameters, and the acquired metabolite
peaks were used for Principal Component Analysis (PCA). The MS?-based validation of
metabolite identity was performed as described previously [38]. The average level for the
five bio replicates of these MS? validated metabolites was used further for the identification
of metabolite modules using the WGCNA package in R [23].

3.3. Feature-Based Molecular Networking

A molecular network was created with the Feature-Based Molecular Networking
(FBMN) workflow on GNPS (https://gnps.ucsd.edu, accessed on 30 November 2020). The
mass spectrometry data were first processed with MS-DIAL, and the results were exported
to GNPS for FBMN analysis. The data were filtered by removing all of the MS? fragment
ions within +/—17 Da of the precursor m/z. The MS/MS spectra were window filtered by
choosing only the top six fragment ions in the +/—50 Da window throughout the spectrum.
The precursor ion mass tolerance was set to 0.02 Da, and the MS/MS fragment ion tolerance
to 0.02 Da. A molecular network was then created, where edges were filtered with a cosine
score above 0.5 and more than three matched peaks. Furthermore, edges between two
nodes were kept in the network if and only if each of the nodes appeared in each other’s
respective top 10 most similar nodes. Finally, the maximum size of a molecular family
was set to 50, and the lowest-scoring edges were removed from molecular families until
the molecular family size was below this threshold. The analogue search mode was used
by searching against MS? spectra with a maximum difference of 100.0 in the precursor
ion value. The library spectra were filtered in the same manner as the input data. All
matches were kept between network spectra, and library spectra were required to have
a score above 0.5 and at least three matched peaks. The DEREPLICATOR was used to
annotate MS/MS spectra [74]. The molecular networks were visualized using Cytoscape
software v3.8. [75].

3.4. RNA Isolation and cDNA Synthesis

The tissues were homogenized for RNA extraction. Total RNA was extracted from all
seven tissues as described previously [76]. RNA with RNA integrity number (RIN) over
8.0 were further used to synthesize cDNA libraries, as described previously [76].

3.5. RNA-Sequencing and Processing of Raw Data to Generate Transcriptome Assembly

The cDNA libraries for seven tissues of M. japonicus were sequenced using Illumina
HiSeq™ 2000 (Illumina Inc., San Diego, CA, USA) to obtain a paired-end read with an
average read-length of 101 bps. The construction of cDNA libraries and their sequencing
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were performed at Kazusa DNA Research Institute, Japan. The raw sequence reads were
then processed to remove adaptor sequences, low-quality reads, short-read, and ambiguous
read sequences using the Trimmomatic program. The high-quality reads were subsequently
used to generate de novo transcriptome assembly.

The de novo transcriptome assembly was generated using three popular assemblers;
namely, CLC genomics workbench (https://www.giagenbioinformatics.com/, accessed on
8 May 2020), Trinity with default parameters, and for the SOAPdenovo-Trans, six different
k-mer sizes were used, namely, 31, 41, 51, 63, 71, and 91. The transcriptome assembly
of SOAPdenovo-Trans with k-mer 31 was best compared with other used k-mers and,
therefore, was selected for its concatenation with individual assembly derived from Trinity
and CLC genomics workbench (Table 1). The concatenated transcriptome assembly was
further processed using CD-HIT-EST [40] for removing the sequence redundancy, if any, as
described previously [77]. We evaluated the completeness and quality of the M. japonicus
de novo transcriptome assembly based on Benchmarking Universal Single-Copy Orthologs
(BUSCO v.5.1.0) analysis using embryophyta_odb10 database [39].

3.6. Functional Classification, KEGG Pathway Mapping, and Expression Analysis of the
Assembled Transcripts of Mallotus japonicus

A Blast-x based homology search was performed as previously described for the
annotation of M. japonicus de novo transcriptome assembly. The resulting top-blast hit was
used for the annotation of the de novo transcriptome assembly. Furthermore, OmicsBox
software v2.0 (https:/ /www.biobam.com/, accessed on 31 March 2021) was used to retrieve
the associated EC number, GO terms, and KEGG pathway-based annotation.

The expression values of the assembled transcripts were estimated in terms of Frag-
ments Per Kilobase of transcript per Million mapped reads (FPKM) values as described
elsewhere [77].

3.7. Module Construction Using Transcriptome Dataset

For the identification of modules in the transcriptome datasets, we first filtered the
assembled transcripts using the following parameters: (i) length > 500 bps and similarity
> 70%, and (ii) FPKM > 5 in at least one of the seven tissues. Based on the above two
criteria, we narrowed down 30,497 transcripts, which were subsequently used for WGCNA
analysis in R. Hierarchical clustering based on the topological overlap (TO) similarity
was used to obtain network modules with a minimum of 100 transcripts, and the highly
similar modules (dissimilarity < 0.25) were merged to prevent over-splitting of the modules.
Module eigenvalues, representing the overall profile of the module, were calculated for
each of the identified modules.

3.8. Correlation Calculation between the Identified Metabolite and Transcript Modules

The averaged FPKM values and metabolite levels clustered in the individual metabo-
lite and transcript modules were used for correlation analysis. A Pearson correlation coeffi-
cient was calculated between each metabolite and transcript module to generate a pairwise
Pearson correlation matrix, which was subsequently visualized using the Heatmap2.0
package in R.

3.9. Gene Ontology Enrichment Analysis

The Gene Ontology (GO) enrichment analysis was performed using OmicsBox soft-
ware using the transcripts clustered in individual modules as a test set and the entire
transcriptome assembly as a reference set. Furthermore, GO terms with a corrected
p-value < 0.01 were considered significantly enriched.

3.10. Phylogenetic Analysis of GTs and O-Methyltransferases

The selected transcripts of M. japonicus encoding GTs and OMTs were translated to
their corresponding protein sequences using OmicBox software v2.0 (https://www.biobam.
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com/, accessed on 31 March 2021). Furthermore, the corresponding protein sequences
were combined with the known GTs and OMTs from the databases. The alignment and
phylogenetic reconstructions were performed using the function “build” of ETE3 v3.1.1 [78]
as implemented on the GenomeNet (https://www.genome.jp/tools/ete/, accessed on
30 November 2020). Alignment was performed with MUSCLE v3.8.31 with the default
options [79]. The resulting alignment was cleaned using the gappyout algorithm of trimAl
v1.4.rev6 [80]. The best protein model was selected using ML tree inference among the
JTT, WAG, VT, LG, and MtREV models using pmodeltest v1.4. The ML tree was inferred
using RAXML v8.1.20 run with model PROTGAMMALGEF and default parameters [81].
Branch supports were computed out of 1000 bootstrapped trees. The phylogenetic tree was
visualized and customized using the online tool iTOL [82].

4. Conclusions

Traditional medicine still constitutes one of the effective means in alleviating human
diseases. While cataloging plant species and specific tissue types for medical purposes
based on human experiences has been the basis of traditional medicine practices for
thousands of years, the advent of modern analytical tools has begun to elucidate specific
phytochemicals contributing to its unique medicinal properties. Advances in generating
multi-omics datasets and analysis pipelines are valuable in identifying molecular players
that contribute to the biosynthesis and regulation of important bioactive metabolites.
Such resources are key to exploring and understanding the biosynthesis of specialized
metabolites, including identifying novel bioactive metabolites, and serve as the basis
to meet sustainable development goals for a healthy society. To establish high-quality
genomics and metabolomics resources for the valuable medicinal plant, M. japonicus,
we performed deep RNA-seq based transcriptome profiling and untargeted metabolite
profiling for multiple tissues, including tissues used in the traditional medicinal practices.

In total, we identified 2129 metabolites by mapping the mass features to the KNAp-
SAcK database. The feature-based molecular networking helped us identify the overall
metabo-classes present across seven tissues of M. japonicus. Furthermore, we validated
the identity of 69 metabolites via their MS?-based fragmentation pattern, and their accu-
mulation trend across seven tissues showed different tissues of M. japonicus with specific
metabolic signatures consistent with their medicinal properties. We further established a
de novo transcriptome assembly of M. japonicus using multiple tissues to capture diverse
and active transcripts-state associated with tissue-specific metabolites biosynthesis. The
module-based integration of transcriptome and metabolome datasets followed by phyloge-
netic analysis helped us identify potential candidate genes involved in the biosynthesis
of specialized metabolites, namely rutin and bergenin, in M. japonicus. Our results recon-
firmed the tissue specificity of specialized metabolites biosynthesis as observed in the case
of M. japonicus. The metabolome and transcriptome resources being established in this
study serves as a stepping-stone for identifying novel metabolites with pharmacological
importance present in M. japonicus and their associated biosynthetic pathway through
functional characterization of associated transcripts discovered in this study.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/1jms22168835/s1.

Author Contributions: A.R., K.S. and M.Y. (Mami Yamazaki) conceived and designed the experi-
ments. M.Y. (Mami Yamazaki) and K.S. contributed the reagents and plant materials. M.N. prepared
the tissues and RNA extraction for transcriptome sequencing. H.S. acquired the RNA-seq datasets.
R.N. and T.M. performed the metabolome profiling. R.N., A.R.,, M.R. and M.Y. (Manami Yamamoto)
analyzed and annotated the metabolome datasets. A.R. and M.R. performed the transcriptome
analysis. M.R. performed the WCNA analysis. A.R. and M.R. provided the biological interpretations
for the integrative omics analysis. A.R.,, M.R,, K.S. and M.Y. (Mami Yamazaki) contributed to the
manuscript preparation. All authors have read and agreed to the published version of the manuscript.


https://www.biobam.com/
https://www.biobam.com/
https://www.genome.jp/tools/ete/
https://www.mdpi.com/article/10.3390/ijms22168835/s1
https://www.mdpi.com/article/10.3390/ijms22168835/s1

Int. J. Mol. Sci. 2021, 22, 8835 21 of 24

Funding: This study was supported in part by the Grant-in-Aid for Scientific Research-KAKENHI
(S), Japan Society for the Promotion of Science (JSPS; grant number-19H05652), Research and De-
velopment Grant of Japan Agency for Medical Research and Development (AMED), Grant-in-Aid
for Scientific Research on Innovative Areas (grant number-16H06454), and the Strategic Priority
Research Promotion Program of Chiba University. The supercomputing resources were provided by
the National Institute of Genetics (NIG) (https:/ /sc.ddbj.nig.ac.jp/ja/guide/hardware, accessed on
30 March 2021), Research Organization of Information and Systems, Japan.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The raw sequence reads for all seven tissues of M. japonicus, the
expression values, and the de novo transcriptome assembly used in this study have been deposited in
NCBI's Gene Expression Omnibus (GEO) and are available at the GEO accession number GSE179338.

Acknowledgments: The super-computing resources were provided by the National Institute of
Genetics (NIG), Research Organization of Information and Systems, Japan. We also thank Sayaka
Shinpo from the Kazusa DNA Research Institute for the technical support in Illumina sequencing. We
also want to thank Gourvendu Saxena from National University of Singapore, Singapore; Sheelendra
Pratap Singh from CSIR—Indian Institute of Toxicology Research, India; and the four anonymous
reviewers for helping us improve the contents of this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Arisawa, M. A review of the biological activity and chemistry of Mallotus japonicus (Euphorbiaceae). Phytomedicine 1994, 1,
261-269. [CrossRef]

2. Riviere, C.; Nguyen Thi Hong, V.; Tran Hong, Q.; Chataigné, G.; Nguyen Hoai, N.; Dejaegher, B.; Tistaert, C.; Nguyen Thi
Kim, T.; Vander Heyden, Y.; Chau Van, M.; et al. Mallotus species from Vietnamese mountainous areas: Phytochemistry and
pharmacological activities. Phytochem. Rev. 2010, 9, 217-253. [CrossRef]

3. Li,D.Z; Tang, C.; Quinn, RJ.; Feng, Y.; Ke, C.Q.; Yao, S.; Ye, Y. ent-Labdane diterpenes from the stems of Mallotus japonicus.
J. Nat. Prod. 2013, 76, 1580-1585. [CrossRef] [PubMed]

4. Wu, WP; Zhang, X.F; Zhu, Z.X.; Wang, H.F. Complete plastome sequence of Mallotus japonicus (Linn. f.) Mull. Arg.
(Euphorbiaceae): A medicinal plant species endemic in East Asia. Mitochondrial DNA B Resour. 2021, 6, 1409-1410. [CrossRef]

5. Chiang Su New Medical College. Dictionary of Chinese Crude Drugs; Shanghai People’ Publishing House: Shanghai, China, 1977.

6. Lim, H-K; Kim, H.-S.; Choi, H.-S.; Oh, S.; Choi, ]. Hepatoprotective effects of bergenin, a major constituent of Mallotus japonicus,
on carbon tetrachloride-intoxicated rats. J. Ethnopharmacol. 2000, 72, 469-474. [CrossRef]

7. Jahromi, M.A.F,; Chansouria, ]. PN.; Ray, A.B. Hypolipidaemic Activity in Rats of Bergenin, the Major Constituent of Flueggea
microcarpa. Phytother. Res. 1992, 6, 180-183. [CrossRef]

8.  Okada, T,; Suzuki, T.; Hasobe, S.; Kisara, K. Bergenin. 1. Antiulcerogenic activities of bergenin. Nihon Yakurigaku Zasshi 1973, 69,
369-378. [CrossRef] [PubMed]

9. Lim, HK; Kim, H.S,; Choi, H.S; Choi, J.; Kim, S.H.; Chang, M.]. Effects of Bergenin, the Major Constituent of Mallotus japonicus
against D-Galactosamine-Induced Hepatotoxicity in Rats. Pharmacology 2001, 63, 71-75. [CrossRef]

10. Abe, K.; Sakai, K.; Uchida, M. Effects of bergenin on experimental ulcers—Prevention of stress induced ulcers in rats.
Gen. Pharmacol. Vasc. Syst. 1980, 11, 361-368. [CrossRef]

11.  Yoshida, T,; Seno, K.; Takama, Y.; Okuda, T. Bergenin derivatives from Mallotus japonicus. Phytochemistry 1982, 21, 1180-1182.
[CrossRef]

12.  Rai, A.; Saito, K. Omics data input for metabolic modeling. Curr. Opin. Biotechnol. 2016, 37, 127-134. [CrossRef]

13. Rai, A; Saito, K.; Yamazaki, M. Integrated omics analysis of specialized metabolism in medicinal plants. Plant . 2017, 90, 764-787.
[CrossRef]

14. Gertsman, I.; Barshop, B.A. Promises and pitfalls of untargeted metabolomics. J. Inherit. Metab. Dis. 2018, 41, 355-366. [CrossRef]

15. Wang, M.; Carver, ].].; Phelan, V.V,; Sanchez, L.M.; Garg, N.; Peng, Y.; Nguyen, D.D.; Watrous, J.; Kapono, C.A.; Luzzatto-Knaan,
T.; et al. Sharing and community curation of mass spectrometry data with Global Natural Products Social Molecular Networking.
Nat. Biotechnol. 2016, 34, 828-837. [CrossRef]

16. Nothias, L.F; Petras, D.; Schmid, R.; Duhrkop, K.; Rainer, J.; Sarvepalli, A.; Protsyuk, I.; Ernst, M.; Tsugawa, H.; Fleischauer, M.;
et al. Feature-based molecular networking in the GNPS analysis environment. Nat. Methods 2020, 17, 905-908. [CrossRef]

17. Tsugawa, H.; Cajka, T.; Kind, T.; Ma, Y.; Higgins, B.; Ikeda, K.; Kanazawa, M.; VanderGheynst, J.; Fiehn, O.; Arita, M. MS-DIAL:

Data-independent MS/MS deconvolution for comprehensive metabolome analysis. Nat. Methods 2015, 12, 523-526. [CrossRef]


https://sc.ddbj.nig.ac.jp/ja/guide/hardware
http://doi.org/10.1016/S0944-7113(11)80074-7
http://doi.org/10.1007/s11101-009-9152-6
http://doi.org/10.1021/np400241p
http://www.ncbi.nlm.nih.gov/pubmed/23987741
http://doi.org/10.1080/23802359.2021.1911707
http://doi.org/10.1016/S0378-8741(00)00260-9
http://doi.org/10.1002/ptr.2650060403
http://doi.org/10.1254/fpj.69.369
http://www.ncbi.nlm.nih.gov/pubmed/4807887
http://doi.org/10.1159/000056115
http://doi.org/10.1016/0306-3623(80)90100-7
http://doi.org/10.1016/S0031-9422(00)82451-6
http://doi.org/10.1016/j.copbio.2015.10.010
http://doi.org/10.1111/tpj.13485
http://doi.org/10.1007/s10545-017-0130-7
http://doi.org/10.1038/nbt.3597
http://doi.org/10.1038/s41592-020-0933-6
http://doi.org/10.1038/nmeth.3393

Int. J. Mol. Sci. 2021, 22, 8835 22 of 24

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Nakamura, Y.; Afendi, EM.; Parvin, A.K.; Ono, N.; Tanaka, K.; Hirai Morita, A.; Sato, T.; Sugiura, T.; Altaf-Ul-Amin, M.;
Kanaya, S. KNApSAcK Metabolite Activity Database for retrieving the relationships between metabolites and biological activities.
Plant Cell Physiol. 2014, 55, 7. [CrossRef] [PubMed]

Kanehisa, M.; Goto, S. KEGG: Kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 2000, 28, 27-30. [CrossRef]

Ferrer, ].L.; Austin, M.B.; Stewart, C., Jr.; Noel, J.P. Structure and function of enzymes involved in the biosynthesis of phenyl-
propanoids. Plant Physiol. Biochem. 2008, 46, 356-370. [CrossRef] [PubMed]

Mierziak, J.; Kostyn, K.; Kulma, A. Flavonoids as important molecules of plant interactions with the environment. Molecules 2014,
19, 16240-16265. [CrossRef] [PubMed]

Sharma, V.; Ramawat, K.G. Isoflavonoids. In Natural Products: Phytochemistry, Botany and Metabolism of Alkaloids, Phenolics and
Terpenes; Ramawat, K.G., Mérillon, ].-M., Eds.; Springer: Berlin/Heidelberg, Gremany, 2013; pp. 1849-1865.

Langfelder, P.; Horvath, S. WGCNA: An R package for weighted correlation network analysis. BMC Bioinform. 2008, 9, 559.
[CrossRef]

Zhang, B.; Horvath, S. A general framework for weighted gene co-expression network analysis. Stat. Appl. Genet. Mol. Biol. 2005,
4,17. [CrossRef] [PubMed]

DiLeo, M.V,; Strahan, G.D.; den Bakker, M.; Hoekenga, O.A. Weighted correlation network analysis (WGCNA) applied to the
tomato fruit metabolome. PLoS ONE 2011, 6, €26683. [CrossRef] [PubMed]

Pei, G.; Chen, L.; Wang, ].; Qiao, J.; Zhang, W. Protein Network Signatures Associated with Exogenous Biofuels Treatments in
Cyanobacterium Synechocystis sp. PCC 6803. Front. Bioeng. Biotechnol. 2014, 2, 48. [CrossRef] [PubMed]

Taira, J.; Tsuchida, E.; Uehara, M.; Ohhama, N.; Ohmine, W.; Ogi, T. The leaf extract of Mallotus japonicus and its major active
constituent, rutin, suppressed on melanin production in murine B16F1 melanoma. Asian Pac. ]. Trop. Biomed. 2015, 5, 819-823.
[CrossRef]

Tabata, H.; Katsube, T.; Tsuma, T.; Ohta, Y.; Imawaka, N.; Utsumi, T. Isolation and evaluation of the radical-scavenging activity of
the antioxidants in the leaves of an edible plant, Mallotus japonicus. Food Chem. 2008, 109, 64-71. [CrossRef]

Rai, A.; Hirakawa, H.; Nakabayashi, R.; Kikuchi, S.; Hayashi, K.; Rai, M.; Tsugawa, H.; Nakaya, T.; Mori, T.; Nagasaki, H.; et al.
Chromosome-level genome assembly of Ophiorrhiza pumila reveals the evolution of camptothecin biosynthesis. Nat. Commun.
2021, 12, 405. [CrossRef]

One Thousand Plant Transcriptomes Initiative. One thousand plant transcriptomes and the phylogenomics of green plants.
Nature 2019, 574, 679-685. [CrossRef]

Rai, A.; Nakaya, T.; Shimizu, Y.; Rai, M.; Nakamura, M.; Suzuki, H.; Saito, K.; Yamazaki, M. De Novo Transcriptome Assembly
and Characterization of Lithospermum officinale to Discover Putative Genes Involved in Specialized Metabolites Biosynthesis.
Planta Med. 2018, 84, 920-934. [CrossRef]

Sun, L.; Rai, A.; Rai, M.; Nakamura, M.; Kawano, N.; Yoshimatsu, K.; Suzuki, H.; Kawahara, N.; Saito, K.; Yamazaki, M.
Comparative transcriptome analyses of three medicinal Forsythia species and prediction of candidate genes involved in secondary
metabolisms. . Nat. Med. 2018, 72, 867-881. [CrossRef]

Rai, M.; Rai, A.; Kawano, N.; Yoshimatsu, K.; Takahashi, H.; Suzuki, H.; Kawahara, N.; Saito, K.; Yamazaki, M. De Novo RNA
Sequencing and Expression Analysis of Aconitum carmichaelii to Analyze Key Genes Involved in the Biosynthesis of Diterpene
Alkaloids. Molecules 2017, 22, 2155. [CrossRef]

Wang, Z.; Gerstein, M.; Snyder, M. RNA-Seq: A revolutionary tool for transcriptomics. Nat. Rev. Genet. 2009, 10, 57-63. [CrossRef]
Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics 2014, 30, 2114-2120.
[CrossRef]

Grabherr, M.G.; Haas, B.]J.; Yassour, M.; Levin, ].Z.; Thompson, D.A.; Amit, I.; Adiconis, X.; Fan, L.; Raychowdhury, R.; Zeng, Q.;
et al. Full-length transcriptome assembly from RNA-Seq data without a reference genome. Nat. Biotechnol. 2011, 29, 644—652.
[CrossRef]

Xie, Y.; Wu, G; Tang, J.; Luo, R,; Patterson, J.; Liu, S.; Huang, W.; He, G.; Gu, S.; Li, S.; et al. SOAPdenovo-Trans: De novo
transcriptome assembly with short RNA-Seq reads. Bioinformatics 2014, 30, 1660-1666. [CrossRef]

Rai, A.; Rai, M.; Kamochi, H.; Mori, T.; Nakabayashi, R.; Nakamura, M.; Suzuki, H.; Saito, K.; Yamazaki, M. Multiomics-based
characterization of specialized metabolites biosynthesis in Cornus Officinalis. DNA Res. 2020, 27, dsaa009. [CrossRef]

Seppey, M.; Manni, M.; Zdobnov, E.M. BUSCO: Assessing Genome Assembly and Annotation Completeness. Methods Mol. Biol.
2019, 1962, 227-245.

Li, W.; Godzik, A. Cd-hit: A fast program for clustering and comparing large sets of protein or nucleotide sequences. Bioinformatics
2006, 22, 1658-1659. [CrossRef]

Gamboa-Tuz, S.D.; Pereira-Santana, A.; Zamora-Briseno, J.A.; Castano, E.; Espadas-Gil, E.; Ayala-Sumuano, J.T.; Keb-Llanes,
M.A; Sanchez-Teyer, F.; Rodriguez-Zapata, L.C. Transcriptomics and co-expression networks reveal tissue-specific responses and
regulatory hubs under mild and severe drought in papaya (Carica papaya L.). Sci. Rep. 2018, 8, 14539. [CrossRef]

Greenham, K.; Guadagno, C.R.; Gehan, M.A.; Mockler, T.C.; Weinig, C.; Ewers, B.E.; McClung, C.R. Temporal network analysis
identifies early physiological and transcriptomic indicators of mild drought in Brassica rapa. eLife 2017, 6, €29655. [CrossRef]
Shahan, R.; Zawora, C.; Wight, H.; Sittmann, J.; Wang, W.; Mount, S.M.; Liu, Z. Consensus Coexpression Network Analysis
Identifies Key Regulators of Flower and Fruit Development in Wild Strawberry. Plant Physiol. 2018, 178, 202-216. [CrossRef]


http://doi.org/10.1093/pcp/pct176
http://www.ncbi.nlm.nih.gov/pubmed/24285751
http://doi.org/10.1093/nar/28.1.27
http://doi.org/10.1016/j.plaphy.2007.12.009
http://www.ncbi.nlm.nih.gov/pubmed/18272377
http://doi.org/10.3390/molecules191016240
http://www.ncbi.nlm.nih.gov/pubmed/25310150
http://doi.org/10.1186/1471-2105-9-559
http://doi.org/10.2202/1544-6115.1128
http://www.ncbi.nlm.nih.gov/pubmed/16646834
http://doi.org/10.1371/journal.pone.0026683
http://www.ncbi.nlm.nih.gov/pubmed/22039529
http://doi.org/10.3389/fbioe.2014.00048
http://www.ncbi.nlm.nih.gov/pubmed/25405149
http://doi.org/10.1016/j.apjtb.2015.05.017
http://doi.org/10.1016/j.foodchem.2007.12.017
http://doi.org/10.1038/s41467-020-20508-2
http://doi.org/10.1038/s41586-019-1693-2
http://doi.org/10.1055/a-0630-5925
http://doi.org/10.1007/s11418-018-1218-6
http://doi.org/10.3390/molecules22122155
http://doi.org/10.1038/nrg2484
http://doi.org/10.1093/bioinformatics/btu170
http://doi.org/10.1038/nbt.1883
http://doi.org/10.1093/bioinformatics/btu077
http://doi.org/10.1093/dnares/dsaa009
http://doi.org/10.1093/bioinformatics/btl158
http://doi.org/10.1038/s41598-018-32904-2
http://doi.org/10.7554/eLife.29655
http://doi.org/10.1104/pp.18.00086

Int. J. Mol. Sci. 2021, 22, 8835 23 of 24

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Sun, W.; Wang, B.; Yang, J.; Wang, W.; Liu, A.; Leng, L.; Xiang, L.; Song, C.; Chen, S. Weighted Gene Co-Expression Network
Analysis of the Dioscin Rich Medicinal Plant Dioscorea nipponica. Front. Plant Sci. 2017, 8, 789. [CrossRef] [PubMed]

Tai, Y,; Liu, C; Yu, S.; Yang, H.; Sun, J.; Guo, C.; Huang, B.; Liu, Z,; Yuan, Y.; Xia, E.; et al. Gene co-expression network
analysis reveals coordinated regulation of three characteristic secondary biosynthetic pathways in tea plant (Camellia sinensis).
BMC Genom. 2018, 19, 616. [CrossRef] [PubMed]

Wang, Q.; Zeng, X.; Song, Q.; Sun, Y.; Feng, Y.; Lai, Y. Identification of key genes and modules in response to Cadmium stress in
different rice varieties and stem nodes by weighted gene co-expression network analysis. Sci. Rep. 2020, 10, 9525. [CrossRef]
[PubMed]

Xu, Y.; Magwanga, R.O.; Yang, X,; Jin, D.; Cai, X.; Hou, Y.; Wei, Y.; Zhou, Z.; Wang, K.; Liu, F. Genetic regulatory networks for
salt-alkali stress in Gossypium hirsutum with differing morphological characteristics. BMC Genom. 2020, 21, 15. [CrossRef]
Zheng, J.; He, C.; Qin, Y,; Lin, G.; Park, W.D.; Sun, M; Li, ].; Lu, X.; Zhang, C.; Yeh, C.T; et al. Co-expression analysis aids in the
identification of genes in the cuticular wax pathway in maize. Plant J. 2019, 97, 530-542. [CrossRef]

Wolfe, C.J.; Kohane, 1.S.; Butte, A.J. Systematic survey reveals general applicability of “guilt-by-association” within gene
coexpression networks. BMC Bioinform. 2005, 6, 227. [CrossRef]

Rao, X.; Dixon, R.A. Co-expression networks for plant biology: Why and how. Acta Biochim. Biophys. Sin. 2019, 51, 981-988.
[CrossRef]

Saito, K.; Hirai, M.Y.; Yonekura-Sakakibara, K. Decoding genes with coexpression networks and metabolomics—'majority report
by precogs’. Trends Plant Sci. 2008, 13, 36—43. [CrossRef]

Higashi, Y.; Saito, K. Network analysis for gene discovery in plant-specialized metabolism. Plant Cell Environ. 2013, 36, 1597-1606.
[CrossRef]

Scossa, F.; Benina, M.; Alseekh, S.; Zhang, Y.; Fernie, A.R. The Integration of Metabolomics and Next-Generation Sequencing Data
to Elucidate the Pathways of Natural Product Metabolism in Medicinal Plants. Planta Med. 2018, 84, 855-873. [CrossRef]
Shinozaki, Y.; Beauvoit, B.P.; Takahara, M.; Hao, S.; Ezura, K.; Andrieu, M.H.; Nishida, K.; Mori, K.; Suzuki, Y.; Kuhara, S.; et al.
Fruit setting rewires central metabolism via gibberellin cascades. Proc. Natl. Acad. Sci. USA 2020, 117, 23970-23981. [CrossRef]
Lang, X; Li, N.; Li, L.; Zhang, S. Integrated Metabolome and Transcriptome Analysis Uncovers the Role of Anthocyanin
Metabolism in Michelia maudiae. Int. ]. Genom. 2019, 2019, 4393905. [CrossRef] [PubMed]

Rischer, H.; Oresic, M.; Seppanen-Laakso, T.; Katajamaa, M.; Lammertyn, F; Ardiles-Diaz, W.; Van Montagu, M.C.; Inze, D.;
Oksman-Caldentey, K.M.; Goossens, A. Gene-to-metabolite networks for terpenoid indole alkaloid biosynthesis in Catharanthus
roseus cells. Proc. Natl. Acad. Sci. USA 2006, 103, 5614-5619. [CrossRef] [PubMed]

Tohge, T.; Nishiyama, Y.; Hirai, M.Y.; Yano, M.; Nakajima, J.; Awazuhara, M.; Inoue, E.; Takahashi, H.; Goodenowe, D.B.;
Kitayama, M.; et al. Functional genomics by integrated analysis of metabolome and transcriptome of Arabidopsis plants
over-expressing an MYB transcription factor. Plant J. 2005, 42, 218-235. [CrossRef]

Yan, J.; Qian, L.; Zhu, W.; Qiu, J.; Lu, Q.; Wang, X.; Wu, Q.; Ruan, S.; Huang, Y. Integrated analysis of the transcriptome and
metabolome of purple and green leaves of Tetrastigma hemsleyanum reveals gene expression patterns involved in anthocyanin
biosynthesis. PLoS ONE 2020, 15, e0230154. [CrossRef]

Li, X;; Kim, Y.B,; Kim, Y.; Zhao, S.; Kim, H.H.; Chung, E.; Lee, ].H.; Park, S.U. Differential stress-response expression of two
flavonol synthase genes and accumulation of flavonols in tartary buckwheat. J. Plant Physiol. 2013, 170, 1630-1636. [CrossRef]
Liang, W.; Ni, L.; Carballar-Lejarazu, R.; Zou, X.; Sun, W.; Wu, L.; Yuan, X.; Mao, Y.; Huang, W.; Zou, S. Comparative transcrip-
tome among Euscaphis konishii Hayata tissues and analysis of genes involved in flavonoid biosynthesis and accumulation.
BMC Genom. 2019, 20, 24. [CrossRef]

Shi, J.; Li, W.; Gao, Y.; Wang, B.; Li, Y.; Song, Z. Enhanced rutin accumulation in tobacco leaves by overexpressing the NtFLS2
gene. Biosci. Biotechnol. Biochem. 2017, 81, 1721-1725. [CrossRef]

Franz, G.; Grun, M. Chemistry, occurrence and biosynthesis of C-glycosyl compounds in plants. Planta Med. 1983, 47, 131-140.
[CrossRef]

Taneyama, M.; Yoshida, S. Studies on C-glycosides in higher plants. The Botanical Magazine = Shokubutsu-Gaku-Zasshi 1979, 92,
69-73. [CrossRef]

Gutmann, A.; Nidetzky, B. Switching between O- and C-glycosyltransferase through exchange of active-site motifs. Angew. Chem.
Int. Ed. Engl. 2012, 51, 12879-12883. [CrossRef]

He, ].B.; Zhao, P; Hu, ZM.; Liu, S.; Kuang, Y.; Zhang, M.; Li, B.; Yun, C.H.; Qiao, X.; Ye, M. Molecular and Structural
Characterization of a Promiscuous C-Glycosyltransferase from Trollius chinensis. Angew. Chem. Int. Ed. Engl. 2019, 58,
11513-11520. [CrossRef] [PubMed]

Putkaradze, N.; Teze, D.; Fredslund, F.; Welner, D.H. Natural product C-glycosyltransferases—A scarcely characterised enzymatic
activity with biotechnological potential. Nat. Prod. Rep. 2021, 38, 432-443. [CrossRef]

Hao, B.; Caulfield, J.C.; Hamilton, M.L,; Pickett, J.A.; Midega, C.A.; Khan, Z.R.; Wang, J.; Hooper, A.M. Biosynthesis of natural
and novel C-glycosylflavones utilising recombinant Oryza sativa C-glycosyltransferase (OsCGT) and Desmodium incanum root
proteins. Phytochemistry 2016, 125, 73-87. [CrossRef]

Brazier-Hicks, M.; Evans, K.M.; Gershater, M.C.; Puschmann, H.; Steel, P.G.; Edwards, R. The C-glycosylation of flavonoids in
cereals. J. Biol. Chem. 2009, 284, 17926-17934. [CrossRef]


http://doi.org/10.3389/fpls.2017.00789
http://www.ncbi.nlm.nih.gov/pubmed/28638386
http://doi.org/10.1186/s12864-018-4999-9
http://www.ncbi.nlm.nih.gov/pubmed/30111282
http://doi.org/10.1038/s41598-020-66132-4
http://www.ncbi.nlm.nih.gov/pubmed/32533096
http://doi.org/10.1186/s12864-019-6375-9
http://doi.org/10.1111/tpj.14140
http://doi.org/10.1186/1471-2105-6-227
http://doi.org/10.1093/abbs/gmz080
http://doi.org/10.1016/j.tplants.2007.10.006
http://doi.org/10.1111/pce.12069
http://doi.org/10.1055/a-0630-1899
http://doi.org/10.1073/pnas.2011859117
http://doi.org/10.1155/2019/4393905
http://www.ncbi.nlm.nih.gov/pubmed/31781588
http://doi.org/10.1073/pnas.0601027103
http://www.ncbi.nlm.nih.gov/pubmed/16565214
http://doi.org/10.1111/j.1365-313X.2005.02371.x
http://doi.org/10.1371/journal.pone.0230154
http://doi.org/10.1016/j.jplph.2013.06.010
http://doi.org/10.1186/s12864-018-5354-x
http://doi.org/10.1080/09168451.2017.1353401
http://doi.org/10.1055/s-2007-969972
http://doi.org/10.1007/BF02488302
http://doi.org/10.1002/anie.201206141
http://doi.org/10.1002/anie.201905505
http://www.ncbi.nlm.nih.gov/pubmed/31163097
http://doi.org/10.1039/D0NP00040J
http://doi.org/10.1016/j.phytochem.2016.02.013
http://doi.org/10.1074/jbc.M109.009258

Int. J. Mol. Sci. 2021, 22, 8835 24 of 24

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Joshi, C.P; Chiang, V.L. Conserved sequence motifs in plant S-adenosyl-L-methionine-dependent methyltransferases.
Plant Mol. Biol. 1998, 37, 663—-674. [CrossRef]

Kim, B.-G.; Sung, S.H.; Chong, Y.; Lim, Y.; Ahn, J.-H. Plant Flavonoid O-Methyltransferases: Substrate Specificity and Application.
J. Plant Biol. 2010, 53, 321-329. [CrossRef]

Ibdah, M.; Zhang, X.H.; Schmidyt, J.; Vogt, T. A novel Mg(2+)-dependent O-methyltransferase in the phenylpropanoid metabolism
of Mesembryanthemum crystallinum. J. Biol. Chem. 2003, 278, 43961-43972. [CrossRef]

Liu, X.; Zhao, C.; Gong, Q.; Wang, Y.; Cao, J.; Li, X.; Grierson, D.; Sun, C. Characterization of a caffeoyl-CoA O-methyltransferase-
like enzyme involved in biosynthesis of polymethoxylated flavones in Citrus reticulata. J. Exp. Bot. 2020, 71, 3066-3079.
[CrossRef]

Widiez, T.; Hartman, T.G.; Dudai, N.; Yan, Q.; Lawton, M.; Havkin-Frenkel, D.; Belanger, F.C. Functional characterization of
two new members of the caffeoyl CoA O-methyltransferase-like gene family from Vanilla planifolia reveals a new class of
plastid-localized O-methyltransferases. Plant Mol. Biol. 2011, 76, 475-488. [CrossRef]

Mohimani, H.; Gurevich, A.; Mikheenko, A.; Garg, N.; Nothias, L.F.; Ninomiya, A.; Takada, K.; Dorrestein, P.C.; Pevzner, P.A.
Dereplication of peptidic natural products through database search of mass spectra. Nat. Chem. Biol. 2017, 13, 30-37. [CrossRef]
[PubMed]

Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N.S.; Wang, ].T.; Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T. Cytoscape: A
software environment for integrated models of biomolecular interaction networks. Genome Res. 2003, 13, 2498-2504. [CrossRef]
[PubMed]

Rai, A.; Yamazaki, M.; Takahashi, H.; Nakamura, M.; Kojoma, M.; Suzuki, H.; Saito, K. RNA-Seq Transcriptome Analysis of
Panax japonicus, and Its Comparison with Other Panax Species to Identify Potential Genes Involved in the Saponins Biosynthesis.
Front. Plant Sci. 2016, 7, 481. [CrossRef] [PubMed]

Rai, A.; Nakamura, M.; Takahashi, H.; Suzuki, H.; Saito, K.; Yamazaki, M. High-throughput sequencing and de novo transcriptome
assembly of Swertia japonica to identify genes involved in the biosynthesis of therapeutic metabolites. Plant Cell Rep. 2016, 35,
2091-2111. [CrossRef]

Huerta-Cepas, J.; Serra, F,; Bork, P. ETE 3: Reconstruction, Analysis, and Visualization of Phylogenomic Data. Mol. Biol. Evol.
2016, 33, 1635-1638. [CrossRef]

Edgar, R.C. MUSCLE: Multiple sequence alignment with high accuracy and high throughput. Nucleic Acids Res. 2004, 32,
1792-1797. [CrossRef]

Capella-Gutierrez, S.; Silla-Martinez, ].M.; Gabaldon, T. trimAl: A tool for automated alignment trimming in large-scale
phylogenetic analyses. Bioinformatics 2009, 25, 1972-1973. [CrossRef]

Stamatakis, A. RAXML version 8: A tool for phylogenetic analysis and post-analysis of large phylogenies. Bioinformatics 2014, 30,
1312-1313. [CrossRef]

Letunic, I.; Bork, P. Interactive Tree Of Life (iTOL) v5: An online tool for phylogenetic tree display and annotation.
Nucleic Acids Res. 2021, 49, W293-W296. [CrossRef]


http://doi.org/10.1023/A:1006035210889
http://doi.org/10.1007/s12374-010-9126-7
http://doi.org/10.1074/jbc.M304932200
http://doi.org/10.1093/jxb/eraa083
http://doi.org/10.1007/s11103-011-9772-2
http://doi.org/10.1038/nchembio.2219
http://www.ncbi.nlm.nih.gov/pubmed/27820803
http://doi.org/10.1101/gr.1239303
http://www.ncbi.nlm.nih.gov/pubmed/14597658
http://doi.org/10.3389/fpls.2016.00481
http://www.ncbi.nlm.nih.gov/pubmed/27148308
http://doi.org/10.1007/s00299-016-2021-z
http://doi.org/10.1093/molbev/msw046
http://doi.org/10.1093/nar/gkh340
http://doi.org/10.1093/bioinformatics/btp348
http://doi.org/10.1093/bioinformatics/btu033
http://doi.org/10.1093/nar/gkab301

	Introduction 
	Results and Discussion 
	Mallotus japonicus Metabolome Database Represents Diverse Range of Specialized Metabolites 
	Tissues of Mallotus japonicus Have Specific Metabolic Signatures Associated with Its Medicinal Use 
	Characteristics of Mallotus japonicus De Novo Transcriptome Assembly Derived Using Multiple Tissues 
	Network-Based Characterization of Transcriptome and Metabolome Relationships in Mallotus japonicus 
	Metabolome-Assisted Identification of Genes Associated with Rutin Biosynthesis 
	Phylogenetic Analysis of Glucosyltransferases and O-methyltransferases Reveals Insights into Bergenin Biosynthesis in Mallotus japonicus 

	Materials and Methods 
	Plant Materials 
	Untargeted Metabolite Profiling Using LC-QTOF-MS 
	Feature-Based Molecular Networking 
	RNA Isolation and cDNA Synthesis 
	RNA-Sequencing and Processing of Raw Data to Generate Transcriptome Assembly 
	Functional Classification, KEGG Pathway Mapping, and Expression Analysis of the Assembled Transcripts of Mallotus japonicus 
	Module Construction Using Transcriptome Dataset 
	Correlation Calculation between the Identified Metabolite and Transcript Modules 
	Gene Ontology Enrichment Analysis 
	Phylogenetic Analysis of GTs and O-Methyltransferases 

	Conclusions 
	References

