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Abstract. Plants produce a wide variety of compounds called secondary
metabolites (SMs), which are extremely important for their survival. SMs
have also medicinal applications, but as chemical synthesis is not econom-
ically viable, plant extraction is the mainly option. Different biotechnol-
ogy strategies are applied to improve the yield of bioproduction of these
compounds, but commonly without the desired results due the limited
knowledge of biosynthetic and regulatory pathways. Maytenus ilicifolia,
a traditional Brazilian medicinal plant from Celastraceae family, pro-
duces in both root and leaves three main classes of SMs: sesquiterpenics,
flavonoids and quinonemethides. In this study, four cDNA libraries were
prepared from root and leaf tissues. The de novo transcriptome included
109,982 sequences that capture 92% of BUSCO orthologs, presented an
average length of 737bp and a GC content about 42% of. Function anno-
tation analysis identified homology for 44.8% of the transcripts. More-
over, 67,625 sequences were commonly expressed in both tissues, while
1,044 and 1,171 were differentially expressed in root and leaf, respec-
tively. In terms of SM, enzymes involved in “monoterpenoid biosynthesis”
and “isoflavonoid biosynthesis” were identified in root while “flavonoid
biosynthesis” and “Biosynthesis of alkaloids” in leaf.

Keywords: RNA-Seq + De novo assembly - Metabolic pathways

1 Introduction

Compounds produced by plants are categorized into primary and secondary
metabolites (SMs). Primary metabolites, such as carbohydrates, lipids, and pro-
teins, are involved in plant development [9] and essential for cell growth [17]. In
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contrast, SMs (low molecular weight compounds) are multifunctional metabo-
lites produced as an evolutionary adaptation [4,23]. They are involved in plant
defense and environmental communication [4,8,23], plant color, taste, and scent
[9] and responses to biotic and abiotic stress [15,16,19].

The high variety of biological functions of the SMs is explained by diver-
sified chemical structure [4,24] originated from a restricted and distinct num-
ber of metabolic pathways such as the acetate, shikimic acid, mevalonic acid or
methylerythritol phosphate pathways [9,21]. SM are grouped in three classes: ter-
penes, alkaloids and phenylpropanoids, each one with its respective and unique
properties [4,24]. These compounds are identified in all plant tissues and their
formation and gene regulation is usually organ, tissue, cell and also develop-
ment specific, indicating that a range of transcription factors must cooperate
to transcribe secondary metabolism genes, controlling the general machinery of
biosynthetic pathways in production, transport and storage [18,22].

Many SMs are sources of drugs however, as chemical synthesis is uneco-
nomical, isolation from plants still represents the only option [4,13]. Different
biotechnological strategies have been applied to improve the production of these
compounds, but often without the desired results due to the lack of knowledge
about the biosynthetic routes [13,21]. Biotechnology techniques such as tran-
scriptome, proteome or metabolomics are used to identify genes and their func-
tions in plant metabolic pathways in order to clarify the mechanisms involved
in SMs synthesis [4].

Maytenus ilicifolia Mart ex Reissek (Celastraceae) is a Brazilian native plant
known for its variety of therapeutic properties. It has been used as a treatment
of several diseases such as gastric ulcer, dyspepsia, stomach acidity, diabetes
and cancer [12,13,20]. This species produces three main classes of bioactive
compounds: alkaloids sesquiterpene pyridines, flavonoids and quinonemethide
triterpenes [13] and the mainly products are maitenin, friedelin, fridelanol, pris-
timerine and terpenes [14]. Additionally, like other members of Celastraceae
family, some compounds are synthetized in a specific tissue: quinone methide
triterpenoids are accumulated in root bark [1,13] and flavonoids in leaves [2].

The analysis of differentially expressed transcripts between two tissues can
provide a better understanding of genes involved in secondary metabolic path-
ways [3,10,11]. In this context, the aim of the present study was to analyze
whole transcriptome of M. ilicifolia and identify genes involved in biosynthesis
of SMs by a comparative profiling of root and leaf. This study is the first report
of high-throughput analysis (de novo RNA-Seq) of M. ilicifolia transcriptome
that provides new insights at molecular knowledge.

2 Methods

2.1 Plant Material and Total RNA Isolation

Leaves of adult specimen of M. ilicifolia from the medicinal plant garden of the
Faculty of Pharmaceutical Sciences and leaves and roots of identified seedlings,
with approximately 6 months of planting, were harvested and stored in —80 °C
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(Fig. 1A). The total RNA from two specimens of roots (from two seedlings) and
two specimens of leaves (one leaf from seedling, coinciding with one of the spec-
imens used for root extraction and one leaf from adult specimen) was isolated
from 500 mg of material using RNeasy Plant mini kit (Qiagen, USA) according
to the manufacturer’s protocol. RNA quantity and quality were evaluated using
Nanodrop 1000 spectrophotometer and Agilent 2100 Bioanalyzer. RNA sam-
ples with quality ratios greater than 1.8 (260/280 nm and 28S/18S) and RNA
integrity number (RIN) greater than 7 were selected for subsequent processes.
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Fig. 1. Experimental approaches for Maytenus ilicifolia transcriptome study.
A. Two samples of leaves (one leaf from adult specimen and one leaf from seedling) -
L1 and L2 - and two samples of roots from two independent seedlings (one root sample
coinciding with the same specimen of the leaf sample) - R1 and R2 - were collected
and stored in —80 °C for posterior RNA isolation. B. Library preparation and tran-
scriptome sequencing C. Pipeline used for de novo assembly.

2.2 Library Preparation and Sequencing

After isolated from total RNA with magnetic Oligo (dT) particles, mRNA was
chemically fragmented. Subsequently, cDNA libraries were prepared using Illu-
mina TruSeq RNA sample preparation v3 kit (Illumina, USA) (Fig. 1B). Quan-
tification and quality assessment of resulting libraries were performed on Agi-
lent 2100 Bioanalyzer. A total of 20 pmol of the libraries was submitted to
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“single-read” sequencing in HiSeq 2000 platform (leaf of the adult specimen) -
FCAV /Unesp - to generate 100bp reads or sequencing in MiSeq equipment (leaf
and roots of seedlings) - LAB Multi-FCFAR/Unesp - to generate 75bp paired-
end reads (Table1).

Table 1. RNA-Seq traits of four Maytenus ilicifolia (*same specimen).

Sample ID | Plant material | Seq platform | Protocol Read length | No. of reads
L1 Leaf (adult) HiSeq 2000 | Single read | 100 46,798,882
L2* Leaf (seedling) | MiSeq Paired-end | 75 19,062,549
R1 Root (seedling) | MiSeq Paired-end | 75 24,435,760
R2* Root (seedling) | MiSeq Paired-end | 75 25,083,492

2.3 Quality Control and de novo Assembly

The public server Galaxy (usegalaxy.org) was used to process the high-
throughput data. The raw data generated by the sequencing, FASTQ files, were
evaluated by the FastQC tool (v0.11.8) for quality before and after filtering and
for GC content. Reads were filtered by TrimGalore! (v0.6.3), removing adapter
contamination and low-quality sequences (average quality below 25). Initial and
final bases were also removed from sequences with “q” value lower than 25 and,
finally, in the final FASTQ file of filtered reads, those with a size greater than
50 base pairs remained.

The high-quality data of roots and leaves samples was assembled using Trinity
(v2.9.1) on default parameters. The de novo assembly was evaluated by different
quality metrics including N50 length and BUSCO v4.1.2 analysis using OrthoDB
v10 ‘embryophyta’ database as a reference to access the assembly and annotation
completeness. Filtered reads were remapped to the assembled transcriptome in
order to obtain, using Salmon tool, an expression matrix reported in transcripts
per kilobase million (TPM). This matrix allowed the filtering of transcripts by
low expression, considering only those with at minimum 1% of dominant isoform
expression, generating the filtered transcriptome.

2.4 Functional Annotation

TransDecoder tool was used to find the probable coding regions of tran-
scripts and the open reading frames (ORFs) with a minimum length of 100
amino acids. Then, functional annotation of the transcripts was performed
using BLASTX against Uni-ProtKB/SwissProt databases and uniprot _trEMBL
_plants database (E-value <le—5). Moreover, a homology search based on the
BLASTP was performed using the predicted proteins as query against UniPro-
tKB/SwissProt databases (E-value <le—5). The assignments of Gene Ontol-
ogy (GO) terms to transcripts were performed based on UniProtKB/SwissProt
database to assign unigenes to functional categories. Additionally, the proteins
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with Enzyme Commission (EC) numbers were mapped onto the Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) Pathway Database using online KEGG
Automatic Annotation Server (www.genome.jp/kegg/kaas) to assign pathway
information to the transcripts.

2.5 Differential Expression Analysis

Salmon tool was applied to estimate the expression level of transcripts. Each
filtered FASTQ file was separately aligned to the filtered transcriptome. Then,
the expression level of each transcript was normalized and reported in TPM.
To summarize the results and provide statistical tests for tissue comparison,
the differential expression analysis was performed using DESeq2 R package and
transcript expression difference was considered significant when the adjusted
p-value < 0.05.

2.6 Gene Ontology Enrichment and KEGG Analysis

Gene ontology (GO) enrichment analysis for biological process (BP) and molec-
ular function (MF) for the differentially expressed transcripts in each tissue was
conducted using topGO R package. Significant GO terms (Fisher’s exact test p-
value <0.01) were visualized using REViGO (revigo.irb.hr) for semantic space
reduction. Transcripts associated with Enzyme Commission (EC) numbers were
mapped onto the KEGG pathway database.

3 Results and Discussion

3.1 De novo Assembly and Functional Annotation of M. ilicifolia

The single-read leaf ¢cDNA library and the paired-end leaf and root cDNA
libraries subjected to full transcriptome sequencing generated about 115 mil-
lion of raw reads. The detailed information of the read numbers in different
samples is provided in Table 1.

High quality sequencing data, 112,609,211 reads, was used for assembly. The
de novo transcriptome generated included 163,780 transcripts (isoforms) with a
GC content of 41.8% and the N50 resulting in 1,222bp. The average transcript
size was 737 and 22% of them presented more than 1,000bp (Fig.2A). By con-
sidering transcript expression, 15,704 transcripts represented 90% of the total
expression data (Ex90) and had an N50 of 1,487bp (Ex90N50). In addition, the
assembled transcriptome of M. ilicifolia captured 92.6% of the 1,614 orthologs
described for the Virdiplantae database (updated 2020-09-10): 53.0%, 39.6%,
4.2%, and 3.2% of the BUSCO genes were respectively classified as complete
single copy, complete duplicate, fragmented and absent. After filtering by low
expression, the final transcriptome included 109,982 sequences. These results
indicate that the integrity of assembly was high, and the sequencing quality had
met the requirements of further analysis.
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Fig. 2. Aspects of Maytenus ilicifolia transcriptome assembly. A. Size distri-
bution of assembled data. B. Principal component analysis (PCA) on the read counts
of root and leaf samples. (L1, L2, R1 and R2 - sample identification described in Fig. 1)
C. Venn diagram showing the number of transcripts for each source of sample D. tran-
scriptome traits for each tissue.

Results of PCA analysis revealed the distinct differences in transcript expres-
sion patterns among the samples. The first two principal components con-
tain 69.12% of the information grouping different tissues in separate clusters
(Fig. 2B). Considering transcripts identified in leaf and root individually, 67,625
isoforms were found in both tissues (Fig.2C) and showed similar aspects in
respect to transcriptome traits (Fig. 2D).

In summary, M. ilicifolia transcriptome had GC content close to 40%, similar
values to those reported for Celastraceae family species like staff vine (41.5%)
[20] and thunder god vine (37.2%) [22]. Moreover, results of BUSCO analysis
captured more than 90% of the orthologs described for the chosen database
and the PCA results allowed the confirmation of expression differences in both
tissues, root and leaf.

The BLASTX against the uniprot_trEMBL _plants database found 36,625
alignments and revealed that M. ilicifolia predicted transcripts have highest sim-
ilarity with an organism classified in the same family, Tripterygium sp (47.3%)
(Fig.3A), but homology was find for other family organisms (Fig.3B). Candi-
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date coding regions in M. ilicifolia transcriptome were identified by TransDe-
coder and 65,533 ORFs and 46,282 probable coding sequences were predicted.
Sequence homology search results against the UniprotKB/SwissProt database
by BLASTX (E-value <le—5, for filtered transcripts) and BLASTP (E-value
<le—5, for predicted protein sequences) were 49,319 (44.8%) and 36,344 (55.5%)
aligned transcripts, respectively.
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Fig. 3. Functional annotation for Maytenus ilicifolia transcriptome. Similarity
frequency distribution of different A. families and B. species. The BLASTx was per-
formed against the trEMBL plants database. Top ten GO terms in the transcriptome
assembly from C. molecular function, D. biological process and

Functional annotation for filtered transcriptome was followed by GO analysis
and 43,322 annotated transcripts were categorized into 9,989 GO IDs. The num-
ber of transcripts in three main categories of molecular function (MF), biological
process (BP) and cellular component (CC) was 41,148, 39,404 and 39,582, respec-
tively. The most dominant GO terms in the MF category were “protein binding,”
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“ATP binding” and “metal iron binding” (Fig.3C). In the BP category, “regu-
lation of transcription”, “protein phosphorylation” and “protein ubiquitination”
were the most prominent (Fig. 3D). In the CC category, “nucleus”, “plasma mem-
brane” and “integral component of membrane” were the most abundant terms
(Fig. 3E).

KEGG annotation analysis was performed to identify active metabolic pro-
cesses in M. ilicifolia transcriptome. In conclusion, 2,326 transcripts were
assigned to 428 KEGG pathways. Considering “Metabolism of terpenoids and
polyketides”, the most representative pathway was “Terpenoid backbone biosyn-
thesis (ko00900)”, followed by “Sesquiterpenoid and triterpenoid biosynthesis
(ko00909)”, with 216 and 127 mapped sequences that represent 50% and 10% of
the orthologous for each pathway, respectively.

In conclusion, the identification of about 40,000 protein accessions indicates
that in this study the de novo RNA-Seq and assembly could generate substantial
information about M. ilicifolia genes. The functional annotation of transcripts
covered a broad range of GO categories and KEGG allowed the identification
of transcripts involved in biosynthesis of triterpenoid backbone, as expected for
this species.

3.2 Identification of Differentially Expressed Transcripts in Both
Tissues

Comparative transcript abundance level revealed significant differential expres-
sion of 2,215 transcripts (FDR <0.05) between the transcriptome of both tis-
sues. Levels of expression were represented as logs ratio of transcripts abun-
dance between leaf and root samples (Fig.4A), showing the 1,044 differentially
expressed transcripts in root and 1,171 in leaf. Working on both tissues, it was
observed that a number of transcripts was expressed uniquely in either of the tis-
sues: among differentially expressed transcripts, 424 were exclusively expressed
in leaf and 298 in root.

To better characterize the tissue-biased transcriptome profile, topGO pack-
age were used to evaluated GO enrichment (p-value <0.01) for the differentially
expressed transcripts and further the representative terms were summarized
upon removal of redundant using REVIGO. Among the 770 roots differentially
expressed annotated transcripts, 568 genes were assigned to 260 GO terms, while
in the leaf, from the 902 differentially expressed annotated transcripts, 610 were
classified in 265 GO terms.

The GO analysis revealed enrichment for biological processes (BP) in root
for “response to ethylene”, “regulation of cellular process” and others (Fig. 3B),
while in leaf for “photosynthesis”, “protein-chromophore linkage” and others
(Fig. 3C). According to functional analysis terms, leaves and roots of M. illicifoia
also differ at levels of molecular function (MF), with transcripts overexpressed
in roots being mainly associated with “calcium ion binding”, “iron ion binding”
and others (Fig. 4B), while the overexpressed leaf transcripts are associated with
“oxidoreductase activity”, “chlorophyll binding” and others (Fig. 4C).
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Significant GO terms linked to secondary methabolism were found in 295
differentially expressed transcripts, 164 in root and 131 in leaf. Some terms
were found enriched in specific tissue, for example, “2-oxoglutarate-dependent
dioxygenase activity” and “response to herbivore” in root and “beta-amyrin
synthase activity” and “triterpenoid biosynthetic process” in leaf. Coincident
terms like “oxidoreductase activity” were observed in overexpressed transcripts
from both tissues (Table 2).
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Fig. 4. Gene expression differences between root and leaf tissues of Maytenus
ilicifolia. A. The values of -logio adjusted p-value were plotted according to the differ-
ential expression between root and leaf (logz fold change). Differentially expressed root
transcripts are high-lighted in brown (left) and differentially expressed leaf transcripts,
in green (right). Top ten most represented terms of gene ontology enrichment analysis
in biological process (BP) and molecular function (MF) for differentially expressed tran-
scripts for B. root and C. and leaf (Color figure online)

The comparative transcriptome analysis led to the identification of 350 and
487 transcripts associated with Enzyme Commission (EC) numbers in root and
leaf, respectively. These tissue-biased transcripts were mapped onto the KEGG
pathway database for the “Biosynthesis of plant secondary metabolites map”
(ko01060) and related pathways. Enzymes involved in “monoterpenoid biosyn-
thesis” and isoflavonoid biosynthesis” were identified in root overexpressed tran-
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scripts while “flavonoid biosynthesis” and “Biosynthesis of alkaloids derived from
histidine and purine” in leaf (Table 3).

Taking together, the results of GO enrichment analysis and KEGG mapping
of transcripts overexpressed in root or leaf of M. ilicifolia confirmed the well-

Table 2. Number of transcripts overexpressed in Maytenus ilicifolia root or leaf char-
acterized according to enriched GO terms involved in secondary metabolism.

GO ID

GO term

Root

Leaf

G0:0016706 (MF)

2-oxoglutarate-dependent dioxygenase activity

26

G0:0080027 (BP)

Response to herbivore

15

G0:0016491 (MF)

Oxidoreductase activity

25

G0:0016709 (MF)

Oxidoreductase activity, acting on paired donors,

with incorporation or reduction of molecular
oxygen, NAD(P)H as one donor, and incorporation
of one atom of oxygen

G0:0019742 (BP)
G0:0016106 (BP)
G0:0042300 (MF)
G0:0016104 (BP)

Pentacyclic triterpenoid metabolic process 3 -

Sesquiterpenoid biosynthetic process 3 -

Beta-amyrin synthase activity -

Triterpenoid biosynthetic process -

Table 3. Enzymes mapped KEGG pathways identified in the comparative transcrip-
tome analyses of root and leaf of Maytenus ilicifolia.

Root
map00902 | Monoterpenoid biosynthesis EC:2.1.1.50
map00943 | Isoflavonoid biosynthesis EC:2.1.1.46
Leaf
map00230 | Purine metabolism EC:2.4.2.14
EC:2.7.6.5
EC:3.5.2.5
map00941 | Flavonoid biosynthesis EC:2.3.1.133
map00950 | Isoquinoline alkaloid biosynthesis EC:1.4.3.21
EC:2.6.1.5
map00960 | Tropane, piperidine and pyridine alkaloid biosynthesis EC:1.4.3.21
EC:2.6.1.5
map01064 | Biosynthesis of alkaloids derived from ornithine, lysine EC:1.4.3.21
and nicotinic acid EC:2.6.1.5
map01065 | Biosynthesis of alkaloids derived from histidine and purine | EC:4.1.2.13
EC:1.2.1.9
EC:2.4.2.14
EC:2.7.6.5
EC:5.1.3.1
EC:1.1.1.49
EC:2.2.1.1
EC:3.5.2.5
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reported SMs accumulation reveled by other methodological procedures, includ-
ing flavonoids, triterpenes, and sesquiterpenes in leaves [2], while roots contain
terpenes, triterpenes, alkaloids and especially the quinonemethide triterpenes
[5,13,14].

Finally, from the present study, an extensive transcriptome dataset has been
generated from de novo sequencing analyses of M. ilicifolia. The coverage of
the transcriptome data is consistent to discover genes involved in the secondary
metabolic pathways. Therefore, choosing the root and the leaf for comparative
transcriptome analysis facilitated the identification of the genes involved in the
organ-specific biosynthesis, an approach widely used for mining and identifying
novel genes in biosynthesis of SMs in plants[3,6,7,18,25,26].
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