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ABSTRACT

Introduction: Natural products of pharmaceutical interest often do not reach the drug market due to the
associated low yields and difficult extraction. Knowledge of biosynthetic pathways is a key element in the
development of biotechnological strategies for plant specialized metabolite production. Erythrina species
are mainly used as central nervous system depressants in folk medicine and are important sources of
bioactive tetracyclic benzylisoquinoline alkaloids (BIAs), which can act on several pathology-related bio-
logical targets.

Objectives: In this sense, in an unprecedented approach used with a non-model Fabaceae species grown
in its unique arid natural habitat, a combined transcriptome and metabolome analyses (seeds and leaves)
is presented.

Methods: The Next Generation Sequencing-based transcriptome (de novo RNA sequencing) was carried
out in a NextSeq 500 platform. Regarding metabolite profiling, the High-resolution Liquid
Chromatography was coupled to DAD and a micrOTOF-QII mass spectrometer by using electrospray ion-
ization (ESI) and Time of Flight (TOF) analyzer. The tandem MS/MS data were processed and analyzed
through Molecular Networking approach.

Results: This detailed macro and micromolecular approach applied to seeds and leaves of E. velutina
revealed 42 alkaloids, several of them unique. Based on the combined evidence, 24 gene candidates were
put together in a putative pathway leading to the singular alkaloid diversity of this species.

Conclusion: Overall, these results could contribute by indicating potential biotechnological targets for mod-
ulation of erythrina alkaloids biosynthesis as well as improve molecular databases with omic data from a
non-model medicinal plant, and reveal an interesting chemical diversity of Erythrina BIA harvested in
Caatinga.

© 2021 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Plants are sessile organisms capable of producing over 200,000
specialized metabolites (also known as natural products of sec-
ondary metabolites) which represent chemical strategies for sur-
vival under environmental stresses and for interaction with other
organisms [1]. Chemical diversity afforded by the specialized
metabolism is a major source of bioactive molecules from plants,
e.g., which have been used in folk medicine since ancient times,
and it resonates with target molecules of biotechnological interest
[2]. Specialized plant metabolites themselves or structures derived
therefrom have been essential for medicinal chemistry and drug
discovery [3].

The use of an integrative approach to understand a species in
the context of its environment can accelerate and improve the
identification of new chemical entities. During the course of evolu-
tion, plants have gained the ability to produce chemical com-
pounds that are active against several threats, including biotic
and abiotic stresses. This process has been driven by selective pres-
sures inherent to the wide array of plant habitats, thereby con-
tributing to the diversity of plant specialized metabolites. This is
particularly true for regions characterized by extreme environ-
ments, such as the Caatinga, a Brazilian unique and understudied
biome with semiarid edaphoclimatic features. Plants of this biome
developed many metabolic adaptations to survive and resist in the
face of several stress factors. The specialized metabolism fine-
tunes plant fitness to habitat, requiring precise control of meta-
bolic flux through specific pathways derived from central metabo-
lism, and contributing to overall ecosystem functional dynamics.
Responses to abiotic stresses encompass complex metabolite regu-
latory networks which can only be dissected using integrated
omics analyses [4]. This scenario leads to the hypothesis that
plants of the Caatinga constitute an important reservoir of novel
bioactive molecules with an array of potential applications.

Biosynthetic pathways and metabolic regulation at different
levels are complex issues that have been the subject of investiga-
tion mainly in model plants. Although fundamental, these studies
fall short of providing a more representative picture of the variabil-
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ity and molecular wealth of all plants [5]. Targeted genome or tran-
scriptome sequencing of medicinal plant species could pave the
way for synthetic biology approaches aiming at producing specific
bioactive compounds in microbial platforms, as has been done
with artemisinin, a potent anti-malarial drug of Artemisia annua
[6]. The expansion of knowledge will enhance our ability to modify
plants and make rational use of plant biodiversity [5,7].

A major research effort involves molecular and biochemical
integrated omic evaluations beyond plant model systems, as well
as gauging the effective potential of these medicinal species to
afford new bioactive natural products. As part of this effort, seeds
and leaves of Erythrina velutina Willd., a species widely used in folk
medicine were harvested for evaluation. The species was also cho-
sen considering its family, Fabaceae, an alkaloid rich taxon. Alka-
loids are organic nitrogenous bases, an important group of
diversely distributed, chemically, biologically, and commercially
significant natural products, whose nitrogen atoms originate from
an amino acid. Their protective functions in planta range from
defense against pathogens and herbivores to abiotic stress mitiga-
tion, e.g. drastic changes in light irradiance, water availability and
temperature [8]. E. velutina is a native species of the Caatinga [9]
having sedative, anticonvulsant, neuroprotective, and anxiolytic
activities, mainly acting on central nervous system (CNS) targets
[10,11].

This work reports on the combined omic approach of Next Gen-
eration Sequencing (NGS)-based transcriptome dataset production
and targeted metabolic profiling of a non-model Fabaceae species
grown in its natural Caatinga habitat. The results revealed the
important chemodiversity of the species and provided insights on
the biosynthetic pathway of its unique isoquinoline alkaloids.

Methodology
Plant material
Natural populations of Erythrina velutina Willd, from four loca-

tions were selected: two in the city of Acari (location 1: 6°27'44.5"S
36°3830.6"W and location 2: 6°28'19.5”S 36°38'32.5"W at 270 m
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above sea level) and two in the city of Jardim do Serid6 (location 1:
6°33'58.2"S  36°43'00.6"W and location 2: 6°33'48.6"S
36°43'11.0"W at 218 m above sea level). Leaves and seeds were
collected separately (Fig. S1) and samples composed of 5 to 10
trees for each population were used in a multi-omic approach
(transcriptome and targeted metabolite profiling) organized in
pools 1 to 8 (Table 1), in which pools 1 to 4 corresponded to seed
samples (pool 2 and pool 3 - two harvest locations in the city of
Acari; pool 1 and pool 4 - two harvest locations in the city of Jardim
do Seridé) and 5 to 8 corresponded to leaf samples (pool 6 and pool
7 - two locations in the city of Acari; pool 5 and pool 8 - two loca-
tions in the city of Jardim do Seridd) in the state of Rio Grande do
Norte, Brazil, in March 2018, during the dry season at daytime per-
iod. The following criteria were adopted for selecting samples:
dark green fully expanded apical leaves from top branches with
no signs of herbivory, located at the ends of the branches at the
top of the tree most exposed to solar radiation, and red seeds
attached to ripe pods still hanging from the trees. Samples were
quickly washed with distilled water, immediately frozen in liquid
nitrogen at the collection site and then stored at —80 °C until
extraction. A voucher specimen was deposited at the Herbarium
of the Federal University of Rio Grande do Norte, Brazil, under
the reference number UFRN16079. The authorization for harvest-
ing the plant material was granted by SISBIO (327493) and the per-
mission to access the Brazilian genetic heritage was provided by
SISGEN (A8E4663). The experimental methodology is summarized
in Fig. 5.

Metabolite profiling

Metabolite extraction

Frozen seeds, and leaves of E. velutina were ground with mortar
and pestle in liquid nitrogen, followed by lyophilization. Samples
containing 10 mg of pulverized tissue were mixed with 100 pL of
ethanol:water [70:30 (v/v)] by vortex for 10 s, incubated for
30 min in an ultrasound bath (40 kHz, 200 W), and then filtered
through 0.22 um PTFE membrane. The extraction procedure was
repeated three times for each sample and 3.0 uL of each, at
10 mg/mL, was injected in the LC-MS/MS system and analyzed in
the NMR spectrometer.

NMR analysis

Nuclear Magnetic Resonance (NMR) 2D 'H- 'H TOCSY analyses
(three independent experiments) were performed with 10 mg of
the extract in DMSO dg (1 mL). The spectra were acquired at
300 K in an Advance 600 spectrometer (Bruker Biospin, Coventry,
UK) using a 5 mm TCI probe and the dipsi2esgpph pulse sequence
was employed to obtain spectra 2D TOCSY. Each spectrum con-
sisted of 192 scans of 2048 memory points in F2 and 256 in F1 with
a spectral width of 16 ppm. All the spectra FIDs were automatically
Fourier transformed after the application of an exponential win-
dow function with a line broadening of 0.3 Hz. Phasing and base-
line correction were carried out with the instrument software.
The chemical shifts for all spectra were referenced for TMS (te-

Table 1
Identification and location of collection sites.
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tramethylsilane) at § 0.00 as internal reference. The metabolite
identifications were performed using an integrated NMR platform.
The in-house database of "H NMR data was compiled the alkaloids
previously identified and reported for this plant genera. The soft-
ware detects the substances by comparing the peaks of the stan-
dard compounds with the peaks presented in the raw extract.
The thresholds of similarity to find a similar peak were
0.01 ppm, 0.05 ppm and 0.1 ppm. The 2D 'H-TOCSY NMR was pro-
cessed in the MestreNova 10.0 according to the parameters
described above and then exported to MATLAB R2015. The noise
was removed by a threshold line consisting of twice the intensity
of the noise. The peaks were extracted using the FastPeakFind
function and the pattern recognition function was applied to the
peaks obtained in the F1 dimension providing higher resolution
when compared with the F2 dimension. Finally, the results of a
substance found were given by the percentage of values, which
consists in the number of peaks found in the raw extract and the
total number of peaks presented in the standard compound.

HR-LC-DAD-ESI-MS/AutoMS data acquisition

Separation and detection of medium-polar compounds were
performed in a Shimadzu Class-LC 10, CBM 20A controller and a
micrOTOF-QII (Bruker Daltonics) mass spectrometer using electro-
spray ionization (ESI) and Time of Flight (TOF) analyzer. An XB C18
Kinetex column (100 x 2.1 mm, 2.6 pm, 100 A), kept at 40 °C, flow
rate of 0.400 mL/min, and UV-DAD detector operating between 190
and 400 nm were used. The chromatographic method was based
on previous studies [12,13]. The mobile phase was composed of
H,0 (A) and acetonitrile (B), both with 0.1% (v/v) formic acid using
the following gradient: 5-35% B (23 min); 35.0-100% B (17 min),
holding at 100% B for 8 min followed by reducing from 100 — 5%
B (2 min) and maintained in the initial condition (5% B) for
10 min, totaling 60 min of analysis. Mixed test solutions (mixture
of standards - amino acids, flavonoids, etc.) and quality controls
(QC - mixture of samples — 40 uL each) were injected to ensure
reproducibility of the method, instrument, and chromatographic
conditions.

The HRMS experiments were carried out in a micrOTOF-QII
mass spectrometer (Bruker Daltonics) in positive ionization mode.
The acquisition parameters were capillary and cone voltage,
4500 V and 500 V, respectively, capillary temperature at 200 °C,
N, as a drying gas at 4.5 bar and a flow of 9.0 L/min. The spectra
were acquired between 100 and 1500 Da. For high resolution mass
analysis instruments and experiments were calibrated using an
internal standard Na-TFA solution (4 mg/mL) at the end of each
run.

The MS/MS experiments were carried out in Auto-MS/MS mode
(positive mode) selecting up to 5 precursor ions within a cycle of
3.0 s. An energy gradient of 20 to 50 eV was used for fragmentation
of precursor ions. Initially, the blank samples were analyzed to
identify interferences and contaminants from the instrument and
the chromatographic column. These were then excluded from the
Auto-MS/MS selection and fragmentation cycle by a function that
allows their exclusions.

Pool set Pools Harvest site Geographical coordinates
Seeds Leaves

A pl p5 Jardim do Seridé I 6°33'58.2"S 36°43'00.6"W

B p2 p6 Acari [ 6°27'44.5"S 36°38'30.6"W

C p3 p7 Acari Il 6°28/19.5"S 36°38/32.5"W

D p4 p8 Jardim do Seridé II 6°33/48.6"S 36°43'11.0"W
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MS/MS molecular networking analysis

To perform the Molecular Networking analysis, all MS/MS data
were initially converted to mzXML format using MSConvert soft-
ware and processed using MzMine package (java script) for mass
detection and calibration, peak deconvolution, mass grouping (iso-
topic pattern), and spectral alignment [14]. Once all the data were

processed using MzMine software (http://mzmine.github.io/), the
spectra were exported in a text format (.mgf) and uploaded to
the Global Natural Products Social Molecular Networking (GNPS)
platform in order to initiate the calculation of similarity among
spectra (cosine similarity score). In this procedure, the spectra
are converted into vectors which are paired and compared by a
dot product calculation. The cosine similarity score assigned to
each pair of vectors ranges from 0 to 1, in which O represents com-
pletely different and 1 represents identical spectra. The data were
filtered by removing all MS2 peaks within + 17 u of the precursor
m/z value. MS2 spectra were filtered by choosing only the top six
peaks in the + 50 u window throughout the spectrum. The data
were clustered with MSCluster with a parent mass tolerance of
1.0 Da and a MS2 fragment ion tolerance of 0.3 Da to create con-

sensus spectra (for consensus spectra, see https://ccms-ucsd.

github.io/GNPSDocumentation/networking). The network was cre-
ated by filtering the edges to have a cosine score above 0.65 and
more than 6 matched peaks. The spectra in the network were

searched against the GNPS spectral libraries (GNPS: https://gnps.

ucsd.edu/ProteoSAFe/libraries.jsp), using the same setup as that
for the input data. Network visualization was performed in Cytos-
cape 2.8.3 and 3.4.3 (https://cytoscape.org). To avoid misinterpre-
tation of HPLC contaminants, blank (mobile phase) injections were
uploaded as a distinct sample group on GNPS workflow and
excluded from the networks.

In addition, the nodes were colored based on the plant organ
(leaf and/or seed) of Erythrina and the thickness of the edge attrib-
uted to the cosine similarity scores (thickness from 0.95 to 1).
Thicker lines were used to indicate greater similarity. Subnets were
generated in Cytoscape from isolated parts of the molecular family,
in order to improve the analysis of metabolic dynamics, provide
more elucidation of molecules, better visibility of edge thickness,
and node connectivity. The subnets were based on classification
among the Erythrina alkaloid classes.

Transcriptome analysis

Total RNA extraction and cDNA library preparation

Total RNA was isolated from seeds and leaves using the Trizol™
Plus RNA Purification kit (Life Technologies) according to the manu-
facturer’s protocol. To obtain high quality RNA, the samples were
treated with the RNAse-Free DNAse set (Qiagen) and subsequently
purified with the RNeasy Mini kit (Qiagen). RNA quality was assessed
using the Bioanalyzer 2100 RNA Nano Chip (Agilent) and quantifica-
tion was performed using the NanoDrop ND-1000 (NanoDrop) spec-
trophotometer and the Qubit (Thermo Fischer Scientific)
fluorometer. All samples that had an RNA Integrity Number (RIN)
value above 6.0 were used in the next steps. Each pool was composed
of three RNA samples and a total of 0.5 g of RNA was equally pooled
for the preparation of cDNA libraries. The sample sets were indexed
with the TruSeq Stranded mRNA Library Prep Kit according to the
protocol (Illumina). The libraries were quantitated using the Kapa
Library Quantification kit for the Illumina Genome Analyzer (Kapa
Biosystems) platform on the Applied Biosystems ViiA7 machine (Life
Technologies) according to the manufacturer’s instructions.

RNA sequencing analysis and annotation
Total RNA was sequenced according to the standard protocols of
the NextSeq 500 (Illumina) platform, generating 150 paired-end
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readings. Composite samples obtained from at least three speci-
mens yielded four seed RNA pools (1-4) and four leaves RNA pools
(5-8), in accordance with the above mentioned harvest scheme.
After RNA sequencing, FastQ files were generated and transferred
from the GENIAL facility at CEFAP-USP to the Bioinformatics, Bio-
statistics and Computational Biology Core-B3C at Federal Univer-
sity of Semiarid (UFERSA-RN-Brazil). The massive analysis was
performed in the Computational Cluster of High-Performance
Computing Center-NPAD at UFRN. Initially, rRNA removal was per-

formed using the SortMeRNA software (v2.1) (https://bioinfo.lifl.fr/

RNA/sortmerna/) for all readings that combine the Forward (R1)
and Reverse (R2) strands. This step was necessary to improve the
quality of the readings. Sequence quality was evaluated by the

FastQC software (http://www.bioinformatics.babraham.ac.uk/pro-
jects/fastqc/). The reading libraries were trimmed by Trimmomatic

(http://www.usadellab.org/cms/index.php?page trimmomatic)
to remove poor quality adapters and readings, in which the sliding
window cut was 2:20.

The range of final readings was between 21 and 151 base pairs
and phred up to 20. The FastQ files described above were used in a

Dassembly in the Trinity software (https://github.com/trinityr-

naseq/trinityrnaseq/wiki) because the E. velutina full genome
sequence is not available yet. A k-mer size range 21 was used to
obtain the best results for mapping genes from plant orthologs in

the BUSCO software (https://busco.ezlab.org/) aiming at validating
the assemblies generated in Trinity. This tool provides quantitative
measures for the assessment of genome assembly, gene set, and
transcriptome completeness, based on evolutionarily-informed
expectations of gene content from near-universal single-copy
orthologs selected from OrthoDB v9 (https://www.orthodb.org/
v9/index.html) and crossing with the Unigene database. Addition-

ally, the software Bowtie2 (http://bowtie-bio.sourceforge.net/bow-

tie2/index.shtml) was used to align sequencing reads with final
assembled sequences aiming to validate the transcriptome.
The assembled transcripts were submitted to the InterProScan

database strings (v5.30-69.0) (http://www.ebi.ac.uk/interpro/),
which combines signatures from various databases (PROSITE,
Pfam, PRINTS, ProDom, SMART, TIGRFAMs, PIRSF, SUPERFAMILY,
GENE3D and PANTHER) for a primary classification. In this step,
an identification parameter of at least 50% coverage and 70% iden-
tity of the functional domain was used before data input onto the
platform of the aforementioned databases. After domain identifica-
tion, transcripts containing sequences corresponding to candidate
protein domains were selected to participate in the study of alka-
loid biosynthesis according to data from public databases and from
the literature. All identified sequences of E. velutina are “-like
sequences”, but the suffix was omitted for the sake of simplicity.

The sequences were subjected to a second run of BLASTx anno-
tation against the 469,154 strings of UniProtKB/SWISS-PROT bank
(https://www.uniprot.org/). A minimum of 30% identity, 50% cov-
erage and 107'° E-value were used as parameters, in addition to
the manual analysis of the alignment, in which sequence size
and coverage were checked for the presence of substrate/active
site. All transcripts were quantified as the number of transcripts
per million (TPM) by the Salmon software [15].

Climatic parameters

Trimestral values of temperature, accumulated precipitation,
and accumulated surface net solar radiation in the area where
plants were harvested were obtained by using the European Centre
for Medium-Range Weather Forecasts’ (ECMWF) ERA-Interim
reanalysis [16]. For the same year, fire activity was analyzed based
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on remote sensing information from the Suomi-National Polar-
orbiting Partnership Visible Infrared Imaging Radiometer Suite
(VIIRS) 375-m daily active fire product (VNP14IMG) from the
National Atmospheric Space Agency (NASA).

Results and discussion
Targeted metabolite profiling and alkaloid diversity

Erythrina alkaloids can be classified into dienoid, alkenoid, and
lactone subclasses, based on their core moiety [10,11], a conserved
and characteristic chemical nucleus. The molecular diversity
among them is attributed, except for the lactone ring, to the substi-
tution patterns, such as -OH, -CHs, —CH30 and glucosyl residues,
usually found at C3, C8 and C11 of the alkaloidal main core skele-
ton. Herein, the targeted metabolic analysis was used in a metabo-
lomic perspective to investigate the chemical diversity of the
alkaloids in the crude extract, in a comparative way among leaves
and seeds.

An initial analysis of the samples by 2D TOCSY-NMR ('H-'H)
enabled us to compare the experimental data with an in-house
database by including all the experimental 'H NMR spectral data
reported to the alkaloids previously identified in Erythrina spp.
The analysis criteria were related to spectral similarity values
based on the algorithm of pattern recognition between the in-
house database and the experimental data. These data pointed
out the occurrence of alkenoid and dienoid scaffolds even though
the unequivocal identification of the alkaloids was not possible
due the overlapping of chemical shifts present in different but sim-
ilar molecules. Therefore, a more sensitive and orthogonal metabo-
lomic approach was used in a complementary perspective. In order
to obtain a more comprehensive analysis and to visualize struc-
turally related molecules, an MS/MS Molecular Networking (Mol-
Net) approach was employed as a dereplication strategy for
metabolite annotation The MolNet protocol was based on cosine
similarity score and fragmentation pattern with comparative tar-
geted analysis, using the web-based platform Global Natural Prod-
ucts Social Molecular Networking (GNPS) [17], as well as an in-
house database that compiles the previously reported mass spec-
tral data on these alkaloids. The level of identification confidence
in this study was 2 or 3 in a scale that varies from 1 to 4 [18,19]
where it was possible to putatively annotated compounds or char-
acterized compound classes. The 42 alkaloids detected (Fig. 1)
were segregated in two clusters (both clusters have alkaloids of
the dienoid and alkenoid subclass, but not lactonic) (Fig. 2B); these,
25 of them (60%) were annotated (Table S1) and 17 (40%) were
unannotated (Table S11 and S12).

As the network produced by GNPS platform groups compounds
with similar MS/MS spectra, the evaluation of MS/MS spectra could
display information about Erythrina alkaloid scaffolds (dienoid,
alkenoid, and lactonic), once each subclass has different fragmen-
tation pathways [20]. Retro Diels-Alder (RDA) is noted usually in
alkenoid subclass while substituents elimination in Ring A, as for
example CH50H (32 u), are commonly noted in dienoid subclass
due to the resonance produced that aids to stabilize the charge
[20]. Surely, other Erythrina alkaloid fragmentations in the mass
spectra were observed as water, indole and sugar elimination
although they are not always related to a specific subclass [20].
The analysis of these characteristic fragments of each subclass
and the others fragments present in mass spectra aid to under-
stand the compounds clustering including the unannotated com-
pounds (Fig. 2C, Table S2, Table S11 and Table S12). The cluster
1 could be related mainly to dienoid alkaloids while other alkaloids
including alkenoid subclass are included in cluster 2. The 17 unan-
notated alkaloids display characteristic mass spectrum of the Ery-
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thrina alkaloids, therefore were grouped in the clusters after
MolNet analysis, however they did not match fully the previously
reported alkaloid to the Erythrina genus. It underlines the chemical
diversity of E. velutina when collected in its natural semiarid envi-
ronment with its unique edaphoclimatic features. Such unexplored
chemodiversity constitutes a reservoir of potentially useful
metabolites still to be isolated, unequivocally assigned, and tested
against pharmacological targets.

We hypothesized that the edaphoclimatic features in the Caa-
tinga biome could select and elicit biosynthesis of novel and
diverse metabolites in local species. Furthermore, native species
from Caatinga have been scarcely studied so far at the metabolites
level. These data provide relevant information, affording a repre-
sentative picture of plant chemistry/interaction with the environ-
ment, which is particularly relevant under the multifactorial
biotic and abiotic elicitors imposed by semiarid conditions. Details
about the edaphoclimatic conditions prevailing at the harvesting
site are provided in Supplementary Material (Fig. S3).

Given that trees used in the present experiments are under nat-
ural growth conditions, some alkaloids were heterogeneously dis-
tributed among the samples (Fig. S4 and Table S3). These
differences were expected, in contrast to most experiments per-
formed under controlled conditions, in which less variation is
apparent. Modulation of plant secondary metabolites, including
alkaloids, by macro and micronutrients, light intensity, tempera-
ture, and soil salinity has been shown in some plant species [21].
Although it is not possible to establish a clear correlation between
the production of different alkaloids and soil features in the pre-
sent investigation, these factors must be considered as part of
the multifactorial environmental equation. The highest chemical
diversity was observed on the pools 2, 3 and 7, in which 11, 13
and 17 different structures of alkaloids were identified, respec-
tively (Table S3). Interestingly, pools 3 and 7 (pool set C) were har-
vested at the same site in Acari. Soil analysis showed that this
location has some peculiar characteristics, such as high soil pH,
high calcium and potassium contents, low amounts of iron and
the presence of chromium, a heavy metal not detected elsewhere
(Table S7). Mineral nutrition, pH, and heavy metals have been
shown to affect alkaloid accumulation. Levels of indole alkaloids
in Psychotria brachyceras, for example, were significantly increased
by exposure to NaCl or to micromolar concentrations of aluminum
and silver, which has been partly attributed to moderate intensity
oxidative stress [22].

Even though glycosylation constitutes an effective tool to
increase bioavailability and bioactivity of benzylisoquinoline alka-
loids [23], it is rare to detect the glycosyl form of Erythrina alka-
loids and few of them have been reported so far [11]. Zhang and
colleagues [24] identified five glycosylated Erythrina alkaloids by
1D and 2D NMR; in all of them glycosylation was at C11, whereas
C15 and C16 had methoxy or methylenedioxy groups. This low
availability of data on glycosyl form of alkaloids in the genus could
be related to differences in post- harvest procedures, as well to the
analytical strategy used in most studies, e.g. varying the pH for
high and low levels, that are not suitable for preserve the original
chemical structure for some substances [25]. It is likely that the
rigorous experimental procedures involved in the present analysis
with a targeted metabolome perspective contributed to preserve
the original sample; in addition, the environmental conditions of
the Caatinga could be involved in promoting the production of this
kind of metabolite. Some general features of the annotated alka-
loids can be highlighted regarding structure and organ distribution.
Seed-exclusive alkaloids showed hydroxyl substituents at C3, C11,
and, to a lesser extent, at C2, whereas C3 could also present an O-
methylation (numbering alkaloid main scaffold in Fig. 2A). Inter-
estingly, seven glycosylated alkaloids were detected exclusively
in seeds. To the best of our knowledge, their proposed structures
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Fig. 1. Overview of Erythrina velutina alkaloids by plant structure (leaves and seeds) and presence in cluster 1 and 2.

are unprecedented (Table S1 - alkaloid number 11, 12, 15, 19, 20,
21, 22). Glycosyl residues frequently were attached at C15 and
C16; otherwise these positions could be involved in a methylene-
dioxy bridge (R-O-CH,-O-R) (Fig. 4B). Although the biological func-
tions of alkaloids in seeds are not completely defined [26], they
may provide defense against herbivores or pathogens and perhaps
take part in nitrogen metabolism during germination |[8].
Erythraline-11B-0-glucopyranoside, identified in seeds of E.
crista-galli, showed inhibitory effect against tobacco mosaic virus
[27]. The effects of glycosylation of specialized metabolites are
manifold, including modulation of transport, stability, storage,
and stress hormones [28]. The presence of glycosylated alkaloids
in the examined E. velutina organs may be relevant as non-
enzymatic antioxidants, as reported for other classes of glycosy-
lated alkaloids [29]. The seasonally anticipated or directly acting
extreme conditions of the Caatinga dry season (heat, excess irradi-
ance and low water availability, Fig. S3) may also have promoted
alkaloid accumulation aiming at redox regulation in plants. An
additional reason for the relatively higher abundance of glycosy-
lated alkaloids in seeds of E. velutina is the fact that lipids represent
the second most abundant reserve in this species. Lipid reserve
mobilization may generate hydrogen peroxide during germination
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and early seedling establishment, particularly at higher tempera-
tures [30,31].

Alkaloids solely found and annotated in leaves share the feature
of O-methylation at C3, and the oxidized form (C=0) is predomi-
nant at C11 and, to a lesser extent, at C2. In the alkaloids shared
by both organs main characteristics included predominance of
OH at C2, an O-methylation pattern at C3, whereas C15 and C16
were mainly involved in a methylenedioxy ring. The role of BIA
in planta includes protection against herbivores, fungi and bacteria,
which contributes to increased plant reproductive success [8].

Divergent metabolite accumulation profiles could be observed
in leaves and seeds and establishing intrinsic patterns is nor trivial.
The relative signal intensity in m/z 492.113 (alkaloid 22) with peak
height of 3.69E+03 was used to normalize the abundance of all
alkaloids (Table S3 and Fig. S4). The m/z 298.0966 alkaloid, tenta-
tively annotated as coccolinine or isococcolinine (alkaloid 8,
Table S3) at peak height of 1.75E+05, was the most prominent alka-
loid present in both leaves and seeds. In addition to coccudinone
(alkaloid 2 - Table S1), this molecule was recorded for the first
time in the Erythrina genus. Previously, these structures were iden-
tified in Cocculus laurifolius (Ranunculales order, Menispermaceae).
Despite the taxonomic distance, they share several structural fea-
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due to substituent elimination observed in dienoid subclass fragmentation that were also present in MS/MS spectra of the alkaloids annotated in cluster 1.

tures with Erythrina alkaloids (Fabaceae). These “abnormal Ery-
thrina alkaloids” exhibit a certain stereospecificity for the precur-
sor (S)-norprotosinomenine [32,33].

Alkaloids represent one of the most diverse classes of plant
metabolites both in terms of structure and bioactivity. About 20%
of plant species accumulate alkaloids [34], which can also be found
in several classes of other living organisms, forming a group of
chemically diverse natural products, abundant both in number
and form [35]. These molecules also constitute an interesting
source of chemical structures with medicinal properties [36]. Some
of the best-known alkaloid-based medicines are the benzyliso-
quinoline alkaloids (BIAs) morphine and codeine. Indeed, opium
poppy (Papaver somniferum) has emerged as a powerful “non-
model model” system for studying biosynthesis and production
of BIAs relevant in the pharmaceutical field [37,38]. BIA diversity
is remarkable, spanning over 2,000 known structures, also present
in related taxa, such as Coptis japonica, Thalictrum flavum and
Eschscholzia californica [39]. However, beyond the classical Ranun-
culales distribution of BIAs, lie unique molecules, such as those
found in Fabaceae (Erythrina alkaloids). The comparative analysis
based on gene similarity data from BIA-producing plants repre-
sents a useful tool to suggest candidate genes in E. velutina and
associate them with steps in the proposed alkaloid biosynthetic
pathway.
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Candidate genes for a biosynthetic pathway of E. velutina alkaloids

Data from RNA-seq analysis has been used to identify several
genes encoding biosynthetic pathways from across plant special-
ized metabolism, including alkaloids [40,41]. However, this sce-
nario is more complex in non-model plants that do not yet have
a genome sequence available. Methods based on alignment with
reference species and de novo assembly can generate specific and
testable hypotheses at the molecular level about metabolic path-
ways in non-model plants [42]. Therefore, the transcriptome of
seeds and leaves of E. velutina was analyzed trying to assess main
candidate genes involved in the alkaloid biosynthesis.

The primary analysis generated a total of 6,251,021 (Table S5)
transcripts among the eight pools. The numbers of transcripts
identified in each pool are listed in Table S4. Databases and previ-
ously reported information on other BIA-producing species were
also searched in order to select suitable domains for candidate
genes involved in E. velutina alkaloid biosynthetic pathways. The
annotated and manually selected transcripts were then subjected
to a local analysis via BLASTX. Several transcripts showed similarity
with species-specific sequences of other BIA-producing plants
(Table S8). Based on the transcripts identified as candidate genes,
on the annotated alkaloid features, and on previous reports, a puta-
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SANGUINARINE REDUCTASE.
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tive biosynthetic route for Erythrina velutina alkaloids was pro-
posed (Fig. 3).

The biosynthetic pathway for benzylisoquinoline alkaloids
derives from aromatic amino acids, starting with the activity of
enzymes encoded by EVTAT and EvTYDC. Next, the condensation
of 4-hydroxyphenylacetaldehyde (4-HPAA) and dopamine, two L-
Tyr derivatives, is catalyzed by norcoclaurine synthase (EvNCS),
which produces (S)-norcoclaurine [43]. The transcript correspond-
ing to EVNCS was identified only in leaves (Fig. 4). Subsequent
methylation of (S)-norcoclaurine produces (S)-coclaurine [44,45],
followed by the synthesis of the intermediate (S)-
methylnorlaudanosoline by (S)-N-methylcoclaurine 3-
hydroxylase (encoded by EvCYP80B3, which was expressed in both
leaves and seeds). In opium poppy, the overexpression of
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PsCYP80B3 increased total alkaloid yield, as well as morphine
biosynthesis [46].

The transcriptome analysis also yielded the gene candidates
Ev60MT and EvZOMT as involved in the biosynthesis of (S)-
coclaurine. EvZOMT was compatible with that of P. somniferum
[47,48]; however, Ev60OMT was more common (Fig. 4). OMTs con-
tribute to the formation of several alkaloid chemical skeletons,
such as the isoquinoline monoterpene alkaloid emetine [49] and
the last step of the biosynthesis of vindoline, a Catharanthus roseus
indole alkaloid [50]. Expression of OMT genes seems to be tightly
regulated, and the involvement of miRNAs in their regulation has
been shown in P. somniferum [51].

(S)-methylnorlaudanosoline could be one of the pivotal branch-
ing points in the biosynthesis of Erythrina alkaloids. This com-
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pound is a common intermediate in the production of both (S)-
norprotosinomenine - part of the “abnormal” Erythrina alkaloids
(cocculine alkaloids pathway) - and (S)-norreticuline (Fig. 3).

(S)-norreticuline, produced by 4’-O-methyltransferase (encoded
by Ev40MT), present in leaves and seeds, is involved in the path-
way of the so-called “common Erythrina alkaloids”. These are
metabolites usually found in the genus Erythrina which contain a
tetracyclic spiroamine in their chemical skeleton [52]. 40MT has
been previously described in BIA-producing species, such as Coptis
japonica [53], Papaver somniferum [54], Eschscholzia californica [55]
and Narcissus spp. [56]. A transcript present in one seed pool,
encoding norbelladine 4’-O-methyltransferase (N4OMT), was pre-
viously reported in Amaryllidaceae as being involved in galan-
tamine biosynthesis, a BIA alkaloid clinically used to treat
Alzheimer’s disease [57].

In general, methyltransferases previously described in BIA
biosynthesis accept a wide variety of multi-structure alkaloid sub-
strates. An example is coclaurine N-methyltransferase (encoded by
EvCNMT), previously characterized as part of the biosynthesis of
papaverine, an important isoquinoline opium poppy alkaloid
[47,58]. The enzyme acts on the central pathway of BIA and con-
verts a non-methylated substance from secondary amine to a ter-
tiary one [59,48].

Subsequently, after formation of the tertiary amine, C-C bonds
can be catalyzed by the proteins encoded by berberine bridge
enzyme (EvBBE)/EvCYP719B1, through the stereospecific conver-
sion of the methyl portion of intermediate (I) to (II) and methylene
dioxi bridges formation catalyzed by EvCYP96T1/EvCYP719A, that
converts the intermediate (IlI) to noramurine. BBE of cultured
opium poppy cells was characterized and its gene successfully
expressed in Saccharomyces cerevisiae, yielding catalytically active
enzyme [60-62]. Transcripts encoding cytochrome P45 enzymes
are important in contributing to the structural diversity of mole-
cules, including BIAs [63]. Several enzyme members of the subfam-
ily [CYP719A9, CYP719A11, CYP719A2, CYP719A3, CYP719A1 and
CYP80OB3] are involved in isoquinoline moiety biosynthesis
[64,46], whereas CYP96T1 was capable of catalyzing the formation
of C-C coupling in Amaryllidaceae alkaloid biosynthesis [65]. Most
transcripts encoding CYP719A and CYP8OB enzymes were highly
expressed in both leaves and seeds. CYP719A2 and CYP719A3
cloned from Eschscholzia californica cells showed catalytic activity
in methylenedioxy bridge formation and methyl jasmonate treat-
ment resulted in the coordinated induction of these genes [66].

The core skeleton of Erythrina alkaloids, a tetracyclic spiroa-
mine, would be produced by subsequent steps of rearrangement
to form the cation neospirinic, dibenz azonine to yield a diallylic
cation from noramurine [52,67]. We propose that the result of this
pathway would be salutaridine (EVSALR) for form the intermediate
(IV) (reaction A), an enzyme dehydrogenase member and short
chain reductase family that in P. somniferum use the NADPH as
coenzyme, to afford salutaridinol, mainly involved in the morphine
and codeine biosynthesis [68].

The next step could be catalyzed by salutaridinol 7-O-
acetyltransferase (EvSALAT) in our proposal through reaction B,
which specifically acetylates salutaridinol epimer-7 into
salutaridinol-7-O-acetate. This step was previously described in
the formation of BIA in opium poppy. The acetyl group could be
spontaneously eliminated (catalyzing the conversion of intermedi-
ate (V) to (VI), in a pH-dependent way as reported in Opium poppy,
leading to the formation of an oxide bridge between C4 and C5 to
produce thebaine, the first pentacyclic alkaloid prior to morphine
formation [37]. Evidence from a gene silencing study suggests that
SALR and SALAT interact and may act as an enzyme complex in
opium poppy [69]. EVSALAT was found only in seeds. After sponta-
neous deacetylation, thebaine 6-O-dimethylase (EvI60DM), a
member of the Fe(Il)/2-oxoglutarate-dependent dioxygenase fam-
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ily what form neopinone [70], would removes the methyl group
and changes the unsaturated bonds in the neighboring carbon (re-
action C). Regarding Erythrina alkaloid biosynthesis, these kinds of
reactions are also necessary to produce the oxygenated and unsat-
urated A ring, present in several alkaloids isolated from this genus.
Therefore, we propose SALAT, and T60DM, both of which seed-
specific, as candidate genes in the pathway (Fig. 4).

Finally, the unsaturation of a C-C bond is necessary in the hete-
rocycle of several Erythrina alkaloid moieties. Therefore, we pro-
pose the occurrence of an equilibrium between two Erythrina
intermediates, like the previously observed between neopinone/-
codeinone intermediates in P. somniferum [71]. The subsequent
steps involve oxidoreduction reactions; transcripts compatible
with codeinone reductase (EvCOR) [72] and sanguinarine reductase
isolated from cell cultures of Eschscholzia californica (EVSARED) [ 73]
were found in the leaves and seeds transcriptome dataset. These
candidate genes encode enzymes that would enable oxidation
and reduction reactions to achieve the final structure of the Ery-
thrina alkaloids.

Identifying cytochrome P450 enzymes in plants is a challenge,
and the information about them is still rather limited; among all
crystallized CYPs only five of them are from plants [74]. Therefore,
besides the CYPs discussed and pointed as gene candidates in the
Erythrina alkaloids biosynthesis since they matched our method-
ologic parameters, other CYPs reported in plant metabolism and
identified in the E. velutina transcriptome data set were highlighted
(Fig. 4). Among them, CYP82N4 and CYP71D12 are also involved in
the alkaloid biosynthetic pathways [75,76].

As pointed out above, predominant annotation of seed-
exclusive glycosylated alkaloids in Erythrina was observed, how-
ever, almost twice as many transcripts with a functional domain
of UDP-glycosyltransferase were detected in leaves (Fig. 4 and
Table S9). Although UDP-glycosyltransferases are a large family
of proteins involved in diverse metabolic processes, these results
might indicate the possibility of translocation of alkaloids between
organs and/or variations of aglycone modifying enzymes in differ-
ent plant cell types.

Some alkaloids detected in the metabolic profiling dataset
belong to a class named cocculine alkaloids or “abnormal Erythrina
alkaloids” (Fig. 3). The chemical skeleton of such alkaloids contains
a tetracyclic spiroamine moiety, but they were originally charac-
terized from Cocculus laurifolius. Data regarding the biosynthesis
of the cocculine alkaloids are scarce, but norprotosinomenine has
been indicated as an intermediate with stronger isotope incorpora-
tion than norreticuline [32,33]. The occurrence of both uncommon
and common Erythrina alkaloids in E. velutina and the presence of
candidate genes possibly involved in both pathways (Fig. 3) sug-
gest that the most appropriate term to refer to these alkaloids is
“tetracyclic spiroamine BIA”. This would acknowledge the fact that
these alkaloids could be synthesized from both precursors: (S)-
norprotosinomenine as well as (S)-norcoclaurine.

The species Cocculus laurifolius (order Ranunculales) and Ery-
thrina velutina (order Fabales) are included in the great clade of
eudicots. The Ranunculales order is a valuable source of benzyliso-
quinoline alkaloids with important alkaloid-producing families:
Menispermaceae, that includes species of the genus Cocculus. Ber-
beridaceae, such as the genus Berberis, which comprises B. vulgaris
(the main natural source of berberine) [77], and Papaveraceae
(Papaver somniferum), which accumulate BIAs, such as morphine,
codeine, and noscapine [39]. Fabaceae is taxonomically more dis-
tant but is included in the same monophyletic group [78].

Phylogenetic, biochemical and molecular approaches were con-
sidered to conduct an empirical investigation on the evolution of
BIA synthesis in plants indicating that the ability of angiosperms
to produce BIAs appears to have originated shortly before the
appearance of eudicots [79]. These studies support a monophyletic
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evolution of proteins involved in the biosynthesis of BIAs in angios-
perms and suggest that the ecophysiological functions of specific
BIAs was generated by selective environmental pressures and/or
the emergence of specialized physiological mechanisms that con-
tributed to the maintenance or reactivation of the pathway. The
large clade of eudicotyledons seems to be an important evolution-
ary branch for the synthesis of several bioactive tyrosine deriva-
tives and formation of alkaloids.

In recent years, efforts have been made on biosynthesis
research and pharmaceutical use of isoquinoline alkaloids; how-
ever, the results are mostly focused on opium poppy and some
Amaryllidaceae species. The present study provides a first omic
analysis of the importance of Fabaceae and E. velutina in this sce-
nario, bringing to the spotlight a non-model plant growing in its
naturally harsh environment. Overall, there was good agreement
between transcriptome and metabolome data, affording a reason-
able picture of BIA biosynthesis and part of its regulation in this
species.

Conclusion

This detailed macro and micro molecular approach applied to
seeds and leaves of E. velutina harvested in Caatinga from four dif-
ferent locations revealed 42 alkaloids by HR-LC-MS/MS and Mol-
Net in a targeted metabolomic approach. Furthermore, based on
the combined evidence, 24 gene candidates were put together in
a putative biosynthetic pathway. These results provide a frame-
work to advance on further findings to understand the real role
of each step in the route as well as the flux controller enzymes
leading to the singular alkaloid diversity of this species. In addition,
these results contribute to show potential biotechnological targets
and to stimulate future studies on Brazilian biodiversity detailed at
the level of biosynthesis of bioactive natural products, notably
alkaloids. Finally, in an important and necessary way, the datasets
presented herein add new data to public databases on metabolome
and transcriptome from non-model medicinal plants.
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