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“Analysis of microRNAs and metabolomic profiling of two different populations
of Neem (Azadirachta indica A. Juss) from Mexico”
by
Paula Roxana Reyes Pérez
Abstract
Azadirachta indica, common name neem, is an evergreen tree with potential for the
treatment of cardiovascular diseases, rheumatism, osteoporosis, and a mosquito
repellent; These properties are due to its rich content in phytochemicals. In Mexico, it is
established in more than 12 states, but there are no previous reports of phytochemical
content for Mexican neem populations.
MicroRNAs (miRNAs) are highly conserved, non-coding, short RNA molecules that play
important regulatory roles in plant development and metabolism, including the synthesis
of secondary metabolites. The aim of the present work was to identify and characterize
the miRNAs and their targets involved in the production of secondary metabolites in A.
indica, employing a high stringent genome-wide computational-based approach, and
following a set of strict ﬁltering norms, followed by experimental validation. As well, to
perform the metabolomic profile of two Mexican A. indica samples through gas
chromatography-mass spectrometry (GC-MS) and ultra-high-performance liquid
chromatography-mass spectrometry (UHPLC-QTOF-MS).
Thus, a total of 44 potential A. indica miRNAs belonging to 21 families and their
corresponding 48 potential target transcripts were identified. Relevant targets included
Squamosa promoter binding protein-like proteins, NAC, Scarecrow proteins, Auxin
response factor, and F-box proteins. Some of the identified miRNAs showed to be
involved in the biosynthesis of phenolic compounds and terpenoids. Gene network
analysis was developed to understand the miRNA mediated gene regulation. As well,
conservation and phylogenetic studies showed high conservation of miRNA precursors
with homologs in other important plant models. Moreover, nine selected miRNAs were
experimentally validated by amplification via RT-PCR, and five miRNAs involved in
secondary metabolism (ain-miR156l, ain-miR160, ain-miR164, ain-miR171, and ain-
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miR395) were validated by qPCR and their specific differential expression pattern was
observed in Queretaro and Chiapas samples.
As well, hexane, acetone and methanol extracts were analyzed by GC-MS and 29
compounds were identified, including relevant phenolic compounds, terpenes, vitamins
and fatty acids with reported biological activities. Similarly, UHPL-QTOF-MS analysis
revealed that methanolic extracts of A. indica from Queretaro and Chiapas presented
differential metabolic profiles according to Principal Component Analysis. Among the
preliminary compounds identified, flavonoids and triterpenes of pharmacological
importance.
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1. INTRODUCTION
1.1 Motivation
Nowadays, multidisciplinary scientific research on plants used in traditional medicine has
increased throughout the world. As a result, a large variety of plant species has been
studied and vast scientific evidence has been accumulated on their pharmacological
properties [1].
Azadirachta indica (A. indica) A. Juss, commonly known as Neem, is a tree mostly
cultivated in the Indian continent and a member of the Meliaceae family [2]. Used for over
2000 years, it is an enormously versatile medicinal plant possessing a broad spectrum
of biological activity [3]. Published studies suggest the potential of neem extracts to treat
ailments including cardiovascular diseases, rheumatism, gastric ulcer, osteoporosis,
malaria, and vaginal infections, as well as about its activity as a mosquito repellent.
Furthermore, terpenoid compounds of neem are reported to perform as agrochemicals
by virtue of their active function as insect feeding deterrents, toxicants and growthdisruptants, impeding the development of a wide range of insects and nematodes [4].
The capacities of Neem rely on its wide phytochemistry: more than 300 compounds have
been isolated from different parts of neem and there are several reports on their
chemistry and structural diversity [5]. For its numerous potential applications, in 2011,
neem was declared the “Tree of the 21st century” by the United Nations [6].
Altogether, this states Neem as a plant with large pharmacological and agricultural
importance, granted by its secondary metabolite diversity [7].

1.2 Problem statement
Secondary metabolites represent the material basis of the therapeutic effects in plants,
but their synthesis and accumulation respond to a very complex biologic regulation,
affected by both internal genetic circuits and by external environmental stimuli [8].
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In recent years, attention has been drawn to comprehend the in-vivo biosynthesis of
metabolites of interest in Neem, as well as to elucidate the genes and proteins involved
in biochemical pathways regulation. Newly, a few studies have attempted to generate
omic resources for the Neem tree, and the recent publication of neem draft genome
sequence (GenBank accession AMWY00000000) has opened a great opportunity to
extend research in neem not only to elucidate its complex biochemical pathways, but
also for further biotechnological applications [4,9].
Among these approaches, recently, non-coding RNAs are considered research hotspots,
especially microRNAs (miRNAs). miRNAs are a class of short non-coding, 20–24
nucleotides long molecules, highly conserved through evolution which are critical in posttranscriptional gene regulation [10].
Recent information supports the relevance of investigating the miRNAs of plants, given
that they participate in the regulation of plant growth, development, signal transduction,
the response against environmental stress; along with their novel applications in
biotechnology, such as miRNA-based molecular markers and molecular breeding for
plants improvement [11].

1.3 Research question
As aforementioned, A. indica is an extremely popular medicinal tree by the proven
bioactivity of some of their secondary metabolites. However, there is no available
information about the miRNAs encoded in its genome nor the targets involved in
metabolic pathways. As well, despite the fact A. indica has been largely studied over the
world, very few reports [12] exist on the phytochemical content of Mexican samples.
In this study, we aim to elucidate the miRNAs that play a role in the regulation of
secondary metabolites biosynthesis pathways, as well as to assess the presence of
compounds of interest in Mexican samples of A. indica.

2

1.4 Solution overview
A. indica is a plant of great medicinal and agricultural interest due to its wide variety of
bioactive compounds, with an important presence in Mexico. The identification,
characterization and expression analysis of miRNAs and the generation of metabolic
profiles would be of great value for the biotechnological exploitation of the potential of A.
indica, either for both understanding and engineering plant metabolism in the near future
[13].
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1. THEORETICAL FRAMEWORK
2.1 Azadirachta indica (Neem)
2.1.1 Neem as a medicinal plant: history and current approaches
Since the beginning of civilization, our species has sought a solution for disease by
resorting to magical practices and remedies provided by nature, including plants [14]. A
medicinal plant can be defined as any plant species that contain substances which can
be used for therapeutic purposes or whose active ingredients can serve as precursors
for the synthesis of new drugs [15].
Medicinal plants conform an important part of the history and culture of indigenous
people and it is considered that from the known existing plant species, about 10% can
be considered as medicinal [16]. Moreover, it is estimated that more than 80% of the
population worldwide often rely on traditional drugs, mainly plants, making it the main
source of health care. This includes a large population of China, India and all the
developing countries, but every day is becoming more common in developed countries
as well [17]. It is also a worrying issue in our country, since it is estimated that around
80% of Mexicans employ medicinal plants to heal or as a complement in treatment, but
without any professional supervision [18].
Herbal medicine has advanced thanks to the identification, isolation, purification and
characterization of plant active compounds. Benefits include lesser side effects and more
affordable products when compared to allopathic medicine [19].
Almost 500 plants with medicinal use are mentioned in ancient literature and about 800
have been used in indigenous medicine systems. Among countries, India possesses one
of the largest repositories of medicinal plants. However, traditional medicines based on
plants are gaining attention in the western world as well [20].
Neem is a plant traditionally used in India; its use and properties are described in ancient
Sanskrit in 4000 years old documents [21]. The Latinized name of Neem, Azadirachta
indica, comes from Persian and means “the free tree of India”. However, it is also known
as a “sarvaroga nivarini” (the panacea for all diseases) and its popularized name “neem”
4

or “nim” derives from the Sanskrit “Nimba”, which roughly translates to “sprinkler of
ambrosia”. In Hindu mythology, Neem has a divine origin: in the myth, Indra, the Celestial
king returned to Heaven with a golden pot filled with Ambrosia, which he accidentally
spilled and some drops fell over neem trees, thus blessing them with healing properties.
As well, the multiple medicinal uses of neem are enumerated in ‘Charak-Samhita’ and
‘Susruta-Samhita’, antique documents that are the base of Ayurveda, a traditional Indian
system that treats diseases with natural products [21–23].
Several ethnobotanical uses of neem have been reported. In Indonesia and India, a
survey revealed that people employ neem to treat dental and gastrointestinal disorders,
malaria fevers, skin diseases, as insects repellent, diuretic and for diabetes, headache,
heartburn, and stimulating the appetite [24].
As well, in recent years, published studies suggest the potential of neem extract in the
treatment of cardiovascular diseases, rheumatism, gastric ulcer, osteoporosis, malaria,
and vaginal infections. Furthermore, tetranortriterpenoids from neem perform as
agrochemicals by virtue of their active function as insect feeding deterrents, toxicants
and growth-disruptants, impeding the development of a wide range of insects and
nematodes [4].
The major tetranortriterpenoid in neem seeds is azadirachtin, a very successful and nonpersistent biopesticide. However, after experimental trials, it was concluded that
chemical synthesis is not viable for the commercial production of azadirachtin [25].
Following this discovery, there has been a growing interest to comprehend the in-vivo
biosynthesis of metabolites of interest in neem, particularly to elucidate the genes and
proteins involved in biochemical pathways. In recent years some studies have attempted
to generate genomic resources for neem trees. In 2015 Kuravadi et al. sequenced three
neem tree genomes and transcriptomes using next-generation sequencing technologies
and quantified neem transcripts and metabolites using RNAseq and UHPLC-MS/SRM
methods [9]. These studies provided large data sets that can be further used I interesting
analysis.
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2.1.2 Botanical classification and description of A. indica
The name for neem tree is described as Azadirachta indica since 1830 by De Jussieu,
and while its taxonomic position is recorded in order Rutales [3], recent literature
describes that it belongs to order Sapindales [26] (Tables 1 & 2).
Neem is a large evergreen tree able to grow up to a height of 20 m, native of tropical and
subtropical climates. The leaves are bitter in taste, crowded near the end of branches,
simply pinnate; petioles are around 2-7 cm long; leaflets 8-19, show very short petioles,
alternate proximally and present ovate to lanceolate, sometimes falcate shapes [2,27].
The inflorescence is axillary, while flowers are actinomorphic, small, pentamerous, white
or pale yellow, slightly sweet-scented. Fruits are seeded drupes, ellipsoidal, usually, 12 cm long, greenish, greenish-yellow to yellow or purple when ripe; exocarp thin,
mesocarp pulpy, endocarp cartilaginous and the seeds are ovoid or spherical [27] (Figure
1).
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Table 1. Taxonomic classification of neem according to Biswas et al., 2002 [3].
Order

Rutales

Suborder

Rutinae

Family

Meliaceae

Subfamily

Melioideae

Genus

Azadirachta

Species

A. indica

Table 2. Taxonomic classification of neem according to Ghosh et al., 2016 [26].
Division

Magnoliophyta

Class

Magnoliopsida

Order

Sapindales

Family

Meliaceae

Genus

Azadirachta

Species

A. indica

Figure 1. Azadirachta indica. A) Branch, B) Fruits and C) Flowers (Original figure)
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2.1.3 Distribution
The exact origin of A. indica is uncertain, but most experts agree that it is native to dry
areas of India and Burma, located in the tropical region of Southwest Asia, while others
authors locate it in the Indo-Pakistani Subcontinent, in the dry areas of South and
Southeast Asia, including Sri Lanka, Pakistan, Burma, Indonesia, Thailand and Malaysia
[6,23]
It is currently distributed in more than 78 countries (Figure 2), in the Asian, African,
Oceania, Central and South American continents. Regarding the American continent,
reports suggest that Indian immigrants introduced neem to the Caribbean. Currently,
neem plantings are found in Suriname, Guyana, Trinidad and Tobago, Barbados,
Jamaica, and more recently, in St. Lucia, Antigua, Dominican Republic, Mexico, Belize,
Guatemala, Honduras, Nicaragua, Bolivia, Ecuador, and Brazil [28].
In Mexico, early reports indicate the presence of A. indica in Yucatán, Veracruz, Oaxaca,
Morelos, Chiapas, Guanajuato, Sonora, Tabasco, Tamaulipas, Durango, Baja California
Sur and San Luis Potosí [29]. However, up to 2020, verifiable observations of the tree in
at least 18 Mexican states, have been recorded in the popular webpage
https://www.naturalista.mx/ (Figure 3), including the aforementioned plus Sinaloa,
Querétaro, Campeche and Quintana Roo [30].
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Fig. 2 World distribution of A. indica (Shellikeri et al., 2018) [31].

A. indica

Fig. 3 Distribution of A. indica in Mexico (https://www.naturalista.mx/)
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2.1.4 Phytochemistry
More than 300 compounds have been isolated from different parts of neem and there
are several reports on their chemistry and structural diversity. The compounds have been
classified into two major categories: a) isoprenoids (such as diterpenoids and
triterpenoids covering protomeliacins, limonoids, azadirone and its derivatives, gedunin
and its derivatives, vilasinin type of compounds and C- secomeliacins such as nimbin,
salanin and azadirachtin) and b) non-isoprenoids, comprising proteins, carbohydrates,
sulphurous compounds, polyphenolics such as flavonoids, dihydrochalcone, coumarin
and tannins, aliphatic compounds, among others[5]. Reportedly, the major chemical
constituents of A. indica are quercetin, azadirachtin, nimbinin, nimbin and nimbidin [32].
Different parts of the plant present distinct phytochemical profiles. The bark part contains
tannins, gallic acid, diterpenoids. As well, the leaves contain nimbanene, 6 –
desacetylnimbinene, nimbolid and different types of amino acids [32]. The major
tetranortriterpenoid in neem seeds is azadirachtin, a successful and non-persistent
biopesticide [25].
Many phytochemical screening approaches have characterized a variety of neem
extracts of trees of India [33], Nigeria [34], Ethiopia [35], Brazil [36], among others, but
to our knowledge, there is no available data for any Mexican neem variety.
2.2 Secondary metabolism in plants
As with every organism, plant cells perform common metabolic processes that are
essential for plant survival, conforming to the primary metabolism [37]. However, plants
produce a large diversity of organic compounds that do not seem to have a direct function
in growth and development. These substances are known as secondary metabolites,
secondary products, or natural products. They do not have a direct role in
photosynthesis, respiration, solute transport, protein synthesis, nutrient assimilation,
differentiation, or formation of carbohydrates, proteins, and lipids [37]. Certain secondary
metabolites groups have a constrained distribution across the Plant kingdom. They are
synthesized in small quantities and not in a generalized way, where their production is
often restricted to a certain genus of plants, a family, or even some species [38].
10

The production of specific secondary metabolites is usually explained as an evolutionary
feature, as plants have evolved the ability to biosynthesize secondary metabolites due
to the selective advantages they get as a result of the functions of these compounds [39].
These functions include ecological implications as a defense against herbivores, viruses,
fungi, bacteria, allelopathic substances, phytoalexins, or nutritive deterrents [40].
Similarly, others have a physiological function, for example, alkaloids, pectins that can
serve to transport toxic nitrogen and storage compounds, while phenolic compounds
such as flavonoids perform as a protection mechanism against UV rays [41].
Usually, secondary metabolites are grouped into four main classes. Table 3 summarizes
the principal characteristics [42–44] of each group and their pharmacological importance.
Besides the ecological roles secondary metabolites play in plants, these natural
compounds have an increasing demand to be used as pharmacological and agroindustrial agents [45]. In consequence, many challenges including seasonal changes,
genetics, ontogenesis and production techniques need to be overcome [46]. A. indica is
an important model to study the preparation, manipulation, storage, formulation, and
quality control of natural products [46].
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Table 3. The general classification of secondary metabolites
Group

Compounds

Principal Characteristics

Terpenoids

Steroids,
carotenoids, and
gibberellic acid

Conformed by isoprene units,
synthesized from acetate via
the mevalonic acid pathway

Phenolic
compounds

Coumarins,
flavonoids, lignin
and tannins

Present hydroxylated aromatic
rings. Largely distributed
among plants

Antioxidant,
cytotoxic,
antimutagenic,
estrogenic activity

[49,50]

Hormones,
carotenoid
pigments, sterols,
latex and
essential oils.

Contain basic nitrogen atoms,
often are toxic compounds.
Synthesized from amino acids
such as tyrosine

Antiviral,
antimicrobial,
antimalarial

[51]

Can be phenol, alcohol or
sulfur derived, but
characterized by a sugar
moiety attached to non-sugar
portions

Antioxidant,
immunomodulatory
activity,
antiparasitic,
cytotoxic

[52]

Alkaloids

Glycosides

Saponins,
cardiac
glycosides,
cyanogenic
glycosides and
glucosinolates
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Reported
biological
activities
Antifeedant,
insecticidal,
analgesic,
antioxidant,
antibacterial

References

[47,48]

2.2.1 Metabolomic approaches in plant studies
Plant metabolomics is a useful research field to obtain comprehensive information on the
composition of the metabolite pool. Given the great diversity of the chemical species and
their physicochemical properties, powerful analytical tools are essential for the
separation, characterization and quantification of compounds present in plant matrices
[53].
For this purpose, selective extraction methods have been combined with technologies
such as chromatography and spectrometry [53]. There are four main current approaches:
gas chromatography coupled to mass spectrometry (GC-MS), liquid chromatography
coupled to mass spectrometry (LC-MS), capillary electrophoresis coupled to mass
spectrometry (CE-MS), and nuclear magnetic resonance (NMR) spectroscopy [54].
For instance, GC-MS is probably the most used and the “gold standard” in metabolomics.
In this technique, components which must be volatile or semi-volatile, are separated as
a result of the differential partitioning between a mobile gaseous phase (such as helium)
and a solid stationary phase (often based on silicone polymers), bounded to the inner
surface of a fused-silica tube [55]. Then, analytes are ionized, leading to the generation
of molecular ions, being electron impact (EI) ionization the most common method. Some
mass-detection devices which can be coupled to GC are single quadrupole detectors
(QUAD), ion-trap technology (TRAP), and time-of-flight detectors (TOF) [56]. Finally,
compounds can be identified thanks to chromatographic retention times and massspectral fragmentation patterns, which can be matched to existing information within
databases [56]. To achieve correct identification, both advanced instrumentation and
high expertise on characteristic fragment masses and retention time windows of
expected metabolites are required [56,57].
As well, liquid chromatography (LC) is arguably the most comprehensive and compatible
technique with biomolecules, given that it admits crude extracts obtained by simple
extraction as input and specific column selection allows metabolite separation on the
basis of differential chemical properties [54,58]. A very popular arrangement is Highpressure Liquid Chromatography (HPLC) coupled to a diode array detector (DAD) which
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retrieves absorbance data, being is cost-effective and useful for metabolic fingerprinting
studies [59]. As well, HPLC coupled to hybrid quadrupole time-of-flight mass
spectrometers (QTOF) is helpful for accurate mass measurement, true isotopic pattern
recognition, and presents a high sensitivity [58]. Furthermore, Ultra-High-Performance
Liquid Chromatography (UHPLC or UPLC) has an increasing interest recently as a LC
technique with a greater peak capacity (thus, a higher separation potential) associated
with the higher pressure pumps and smaller particles in this method [60].
Additionally, CE‐MS is an analytical technique especially convenient for the profiling of
(highly) polar and charged metabolites, but its use in the metabolomics field is still limited
given the lack of standard operating procedures [61]. Finally, NMR spectroscopy is a
widely used tool for plant metabolomics with many benefits including non-destructive
nature and relative quantification without using an internal standard, but it is limited by
lower sensitivity and scarce spectral databases [62].
2.3 Molecular regulation of secondary metabolite biosynthesis: the role of
miRNAs
Secondary metabolites are synthesized from intermediates of the primary metabolism
and as expected, there is great diversity in the biosynthetic pathways, which occur with
complex enzyme systems [63]. Besides, biosynthesis and accumulation of secondary
metabolites are tissue‐ and developmental stage-specific, and often occur in response
to environmental factors [64]. Hence, spatial, temporal, and inducible formation of the
corresponding biosynthetic gene transcripts is under strict regulation at different levels,
in which transcriptional regulation via transcription factors has been extensively
investigated [64].
Transcription factors often exist as modular proteins containing a DNA-binding domain,
or as a protein–protein interaction domain that promotes oligomerization between
transcription factors or with other regulators. In plants, the regulation of transcription
factor genes happens at transcriptional and post-transcriptional levels [65].
Another key component in regulation is microRNA, which have the ability to target single
or multiple mRNA targets, which are mainly transcription factors (TFs) [65]. microRNAs
14

and transcription factors often interact, resulting in the regulation of several biological
processes in a plant (Figure 4).
MicroRNAs (miRNAs) are around 20–24 nucleotides long, non-coding, and highly
conserved in nature. They play critical roles in post-transcriptional gene regulation, either
by complementing the target mRNAs and triggering transcriptional repression or via
targeting mRNA degradation. In the case of plants, RNA polymerase II enzyme
transcribes miRNA genes into long primary transcripts, which are later trimmed by
ribonuclease III-like Dicer (DCL1) enzyme-producing miRNA precursors (pre-miRNAs),
with a characteristic stem-loop structure. Subsequently, a second cleavage by DCL1 at
the loop region of the hairpin results in a short double-stranded RNA. One of the strands
serves as mature miRNA, which can finally incorporate into the RNA-induced silencing
complex (RISC) and guide RISC to complementary mRNA targets for degradation [66].
This process is illustrated in Figure 5.
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Fig. 4 Interaction between different miRNAs and transcription factors in plant
development in normal conditions (Adapted from Samad et al., 2017) [65]
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Fig. 5 miRNAs biogenesis and mechanism of gene silencing in plants. Within the nucleus,
miRNA genes are encoded in the genome and are transcribed by RNA polymerase II (Pol II),
resulting in a pri-miRNA molecule, which is later processed and spliced the interactive functions
of HYL1, DDL, TGH and SE and of the cap-binding proteins CBP20 and CBP80. Later premiRNAs are sequentially processed by DCL1 yielding miRNA duplexes, which are then
transported to the cytoplasm. The miRNA is incorporated into AGO1-containing RISC. When the
RISC has total complementarity, the mRNA target is deadenylated, decapped and completely
degraded. Otherwise, partial complementarity can reduce or inhibit the translation and ultimately
provoke the mRNA degradation (Adapted from Paul et al., 2020 and Yang, Li, 2012 [67,68]).
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Within gene regulation, miRNAs have been implicated in development, growth, stress
responses, and several other biological processes in plants [69].
In initial studies, most of the miRNAs and target genes were identified by experimental
approaches, such as cloning and genetic screening. However, these methods usually
are time-consuming, difficult, and expensive, being unsuitable for high-throughput
studies. However, the highly conserved nature of miRNAs has simplified the process of
characterization of novel miRNA orthologs in new plant species through homologs
identification [70,71]. However, during in silico miRNA prediction, several other
parameters such as length, minimum free energy (MFE), GC content, and the minimum
free energy index (MFEI) of the pre-miRNAs should be studied to ensure the precision
of the prediction and to avoid the false positive output. Thus, the interest in miRNA
research has led to the development of numerous specific software [72]. Yet,
experimental validation of the predicted miRNAs is greatly suggested [71].
The identification of miRNAs and their targets in plants have been useful for diverse
purposes. For instance, to elucidate the response of a plant model when it is exposed to
abiotic stresses, such as in the case of hydric, salt, and cold response which was
analyzed in Solanum tuberosum [73], or salt stress response in Vigna unguiculate [66]
among many others which have displayed changes in miRNA expression patterns in
these conditions.
As well, the metabolic engineering field is particularly interested in molecular
mechanisms that could enhance the biosynthesis of economically important
phytochemicals or produce a desired combination of chemicals. One of the ways to do
this is by modulating miRNA levels, since miRNAs are considered the ultimate regulators
in plants [74]. For instance, this approach has been used in apple to improve fruit quality
by enhanced shelf-life, while the expression of miRNAs based on A. thaliana precursors
generated transgenic tobacco plants resistant to Tomato leaf curl New Delhi virus, just
to mention some examples [75].
Another innovation using miRNAs is their application as bioactive compounds, based on
the principle that microRNAs do not only accomplish biological functions within their
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original system, but can also be transmitted from one species to another, causing a posttranscriptional repression of protein synthesis in the recipient [76]. For example, in 2015,
Mlotshwa and collaborators reported the therapeutic potential of oral administration
plant-based miRNAs and total RNA from Arabidopsis thaliana in a murine model of colon
cancer [77].
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3. HYPOTHESIS
Hypothesis 1
In A. indica there are miRNAs involved in the biosynthesis of secondary metabolites, and
they can be predicted by in silico approaches and validated experimentally.
Hypothesis 2
Mexican samples of A. indica from Querétaro and Chiapas will display different miRNA
expression patterns and metabolomic profiles
4. OBJECTIVES
4.1 General objective
To identify the miRNAs and their targets involved in secondary metabolism biosynthesis
in A. indica. As well as to an perform and exploratory screening of the phytochemical
content of A. indica from Querétaro and Chiapas.
4.2 Sub objectives
•

To predict and characterize miRNAs and their targets in A. indica using computational
tools

•

To study the conservation and phylogenetic relationships of some identified miRNAs

•

To validate and quantify the expression of selected miRNAs

•

To obtain extracts of A. indica from Querétaro and Chiapas.

•

To obtain a preliminary metabolomic profile of A. indica from Querétaro and Chiapas
by GC-MS and UHPLC

20

5. METHODOLOGY
5.1 Plant material
Young leaves with stems of A. indica were collected from two different locations: Playa
Linda, Tapachula, Chiapas (14°40'50.2”N; 92º23’05.0W) in a coastal area, and
Querétaro, Querétaro (20°35’37.956”N; 100º26’25.145W) in Mexico. Samples were
further examined by an expert in Herbarium “Dr. Jerzy Rzedowski” in Universidad
Autónoma de Querétaro, who confirmed it to be Azadirachta indica (Juss) (Code Código
QMEX: QMEX000319).
After collection, a portion of each sample was frozen with liquid N2 and stored at -80 oC
for molecular studies, and the rest was dried in darkness at room temperature for
phytochemical analysis.
5.2 Computational identification of A. indica miRNA and their targets
5.2.1 Identification of precursor and mature sequences of miRNAs
For the computational prediction of potential A. indica miRNAs, from the miRbase
database (http://www.mirbase.org/cgi-bin/browse.pl) reference sets of plant miRNAs
were retrieved, resulting in a total of 1,430 known mature miRNA sequences from
Glycine max, Arabidopsis thaliana, and Citrus sinensis.
Later, each miRNA sequence was individually examined (BLASTn) against wholegenome shotgun contigs of A. indica and sequences showing perfect matches were
registered. The potential precursor sequences of approximately 400 nt (200 nt upstream
and 200 nt downstream to the BLAST hit region) were recorded and protein coding
sequences were discarded.
To predict the secondary structures of the putative precursor sequences, the mfold web
server

(http://unafold.rna.albany.edu/?q=mfold/RNA-Folding-Form)

was

employed.

Given that a stable secondary structure is considered to be a main character of an
authentic miRNA precursor, previously demonstrated strict filtering criteria [66] was
applied in this study during secondary structure prediction, including (i) the pre-miRNA
must have a stem-loop structure containing the mature miRNA sequence within one arm;
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(ii) possible mature miRNA should not be located in the terminal loop of the hairpin
structure, (iii) mature miRNA should have less than nine mismatches with the opposite
miRNA* sequence, and (iv) the potential stem-loop candidate should have minimum
negative folding free energies (MFE) or G (-kcal/mol) and higher minimum folding free
energy index (MFEI). The formula for calculating MFEI is as follows:
𝑀𝐹𝐸𝐼 =

(𝑀𝐹𝐸/𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑅𝑁𝐴 𝑠𝑒𝑞𝑢𝑒𝑛𝑐𝑒) 𝑋100
%𝐺𝐶 𝑐𝑜𝑛𝑡𝑒𝑛𝑡

Finally, only the precursor sequences that met these standards were accepted.
The detailed methodology, described previously by other authors [66,78] is illustrated in
Figure 6 with minor modifications.
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Fig. 6. The graphical workflow of neem miRNA prediction procedure
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5.2.2 Phylogenetic and conservation analysis of the potential A. indica miRNAs and their
precursors
As miRNAs are often conserved among kingdoms, to identify conserved and non‐
conserved miRNA families in A. indica, firstly, the predicted mature A. indica miRNA
sequences were BLASTn searched against miRBase 22.0 to find matches in other plant
models. Additionally, recently published databases of 4 well known medicinal plants [79–
82] were also inquired to search for homologs of the identified neem miRNAs. Only the
sequences that showed ≤ 1 mismatch were selected and grouped accordingly.
Moreover, precursor sequences of ten selected plant species were retrieved from the
miRBase database and put under phylogenetic analysis. Multiple sequence alignment
(MSA) and phylogenetic tree construction were carried out employing MEGA X software.
The phylogenetic tree was generated by the maximum likelihood statistical method
based on the Tamura-Nei model with 1000 bootstrapped replicates.
Then, a nucleotide composition conservation analysis was carried out for identified premiRNAs using the WebLogo tool (https://weblogo.berkeley.edu/logo.cgi) with the default
parameters.
Finally, to explain the conserved nature of miRNAs across species and their cross
species transferability potential a synteny map was generated using potential neem
miRNA precursors and the well annotated sweet orange (Citrus sinensis) genome,
phylogenetically closest species of neem [83].

5.2.3 Prediction of A. indica miRNA targets, functional annotation and pathway analysis
To predict the potential A. indica miRNAs targets, the Plant Small RNA Target Analysis
Server (psRNATarget) was employed. The selection parameters were set as follows:
maximum expectation value of 2.5, translation inhibition ranges of 9 nt to 11 nt, number
of top targets of 10, the penalty for G:U pair of 0.5, and number of mismatches allowed
in the seed region of 1.5. Both target degradation (cleavage) and protein inhibition
(translation) mechanisms were allowed for the miRNA-target interactions. Because of
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neem protein database is not available in the psRNATarget server, the target transcript
search was performed against the protein database of sweet orange (Citrus sinensis).
The Gene Ontology (GO) resource is a comprehensive tool to define classes of gene
functions (GO terms) [84]. A GO annotation is an association between a gene product
identifier (for example, a UniProtKB accession) and a Gene Ontology term [85]. In this
study, the QuickGO analysis toolkit (https://www.ebi.ac.uk/QuickGO/) was used to obtain
the GO annotations of the potential target transcripts. As well, to investigate the coregulation of these targets, a biological network was generated using the MFE values of
the miRNA-target interaction; the biological network of the miRNAs and their targets was
visualized by Cytoscape 3.2 (https://cytoscape.org/release_notes_3_2_0.html). Finally,
the metabolic pathways regulated by the potential neem miRNAs have been investigated
through KAAS (KEGG Automatic Annotation Server) (http://www.genome.jp/tools/kaas/)
with the Bi-directional Best Hit (BBH) method [86].
5.2.4 RNA extraction, cDNA preparation and tissue-specific miRNA expression analysis
For RNA extraction, young leaves and stem samples of A. indica collected from
Querétaro and Chiapas were crushed with a mortar and pestle in liquid N2. Then, small
RNA (<200 nt) was isolated from tissue samples using the mirVana™ miRNA Isolation
Kit (Thermo Scientific, Wilmington, USA) according to the manufacturer’s instructions
and pooled separately for each type of sample. The quality and quantity of RNA samples
were measured with Nanodrop One (Thermo Scientific, Wilmington, USA), and 1 µg of
RNA for individual samples was subsequently polyadenylated (using modified oligo dT
primer).

Later, reverse transcribed by using mRQ Buffer and enzyme provided with Mir-X miRNA
First-Stand Synthesis kit (Takara, Tokyo, Japan), at 37 °C for 1 h using a T100TM
Thermocycler (Bio-Rad Laboratories, Inc), with a final volume of 100 µL.

First, to confirm the presence of selected miRNAs (miR159, miR160, miR164,miR166,
miR167, miR172, miR390, miR394 and miR408) in the A. indica samples and to discard
DNA genomic contamination, a No-RT (-RT) control PCR was performed. For this, the
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cDNA was pooled and then amplified by T100 Thermal Cycler (Bio-Rad, CA, USA) using
the entire predicted miRNA sequence as a forward primer and the adapter-specific
mRQ3 ́ primer provided with Mir-X miRNA qRT-PCR TB Green Kit (Takara, Tokyo,
Japan) as the reverse primer. PCR was performed with GoTaq PCR Core System I kit
(Promega, Madison, USA ). The PCR was programmed as follows: initial denaturation at
94 oC for 3 mins followed by 45 cycles of denaturation at 94 oC for 30 s and annealing at
60 oC for 30 sec, extension at 72 oC for 25 s, and a final elongation step at 72 oC for 7
min.

The miRNA specific primers were used in this study were miR156a (5’-

TGACAGAAGAGAGTGAGCAC-3’), miR156l (5’-TTGACAGAAGATAGAGAGCAC-3’),
miR160

(5’-TGCCTGGCTCCCTGTATGCCA-3’),

miR164

(5’-

TGGAGAAGCAGGGCACGTGCA-3’), miR171c (5’-TTGAGCCGTGCCAATATCACG3’),

miR172

(5 ́-AGAATCTTGATGATGCTGCAT-3 ́),

AAGCTCAGGAGGGATAGCGCC-3 ́),

and

miR390
miR408

(5 ́(5’-

ATGCACTGCCTCTTCCCTGGC -3’).
The resulting PCR products (with an expected size of ~75 bp) were checked in 2.5% by
gel electrophoresis in agarose using U6 as a positive control.

Lastly, five miRNAs potentially involved in secondary metabolism (ain-miR156l, ainmiR160, ain-miR164, ain-miR171, and ain-miR395) were selected for the qRT-PCR
experiment. qRT-PCR was performed by Step One Real-Time PCR System (Applied
Biosystems, Carlsbad, CA) and Mir-X miRNA TB Green qRT-PCR kit (Takara, Tokyo,
Japan) using the entire predicted miRNA sequence as a forward primer and the adapterspecific mRQ3´ primer provided in the kit as the reverse primer. Each reaction was made
in 12.5 µl total volume containing 1X SYBR Advantage Premix, 1X ROX dye, 0.2 µM
each of forward and reverse primers as indicated above, and 2 µl of the first-strand
cDNA. The program used is as follows: initial denaturation at 95C for 10 sec followed
by 45 cycles of denaturation at 95C for 5 s and annealing at 60C for 20 sec, and finally
a dissociation curve 95°C for 30 sec, 55°C for 20 sec and 95°C for 20 sec. The relative
fold change values were obtained using the comparative Ct method or Ct (2-ΔΔCT).
The

miRNA

specific

primers

used

in

this

experiment

were

miR156a

(5’-

TGACAGAAGAGAGTGAGCAC-3’), miR156l (5’-TTGACAGAAGATAGAGAGCAC-3’),
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miR160

(5’-TGCCTGGCTCCCTGTATGCCA-3’),

TGGAGAAGCAGGGCACGTGCA-3’),

and

miR164
miR171c

(5’(5’-

TTGAGCCGTGCCAATATCACG-3’).
In this study, all the qPCR experiments were carried by two biological replicates and
three technical replicates as previously reported in other studies [87,88].
5.3 Phytochemical analysis
5.3.1 GC-MS analysis
Extracts preparation
Dried leaves and stems were powdered with a grinder. For extraction, 1 g of powder was
mixed with 10 mL of hexane, sonicated for 20 min at 40o C and finally centrifugated for
10 min at 6000 rpm at room temperature. The supernatant (liquid phase) was collected
and stored at 4 oC. Then, plant material was oven-dried at 40 oC, until the solvent was
entirely evaporated.
The procedure was repeated step by step, only changing the solvent, based on their
polarity. In order, the solvents used were: hexane, acetone and methanol. Biological
replicates were obtained for each extract.
Concentration and filtration of extracts
Later, 2 mL of each extract was concentrated by solvent evaporation until 0.4 mL was
reached. The solution was passed through a syringe filter of PTFE membrane with 25
mm diameter and 0.45 µm pore size and placed into 2 mL crimp top vials until further
analysis.
Complete extraction methodology is illustrated in Figure 7.
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Fig. 7 Serial extraction method for A. indica. For GC-MS analysis, a serial extraction was
performed, employing three solvents: hexane, acetone and methanol. Extracts were later
concentrated and filtered.
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GC-MS analysis
The GC-MS technique was carried out on Agilent 5975C Series chromatography
instrument directly coupled to a 5975C inert MSD with Triple Axis Detector (Agilent
Technologies, Santa Clara, California, USA), as well equipped with an Agilent J&W DB17ht column (30 m x 250 μm x 0.15 μm), of a mid-polarity.
Helium was used as a carrier gas with a 1.2915 mL/min flow and injection port
temperature was ensured at 270 °C, with a splitless injection of 1 µl volume. The oven
program was set as described: initial temperature 50 °C for 1 min, 30 °C during 1 min,
then to 80 °C, 10 °C/min during 3 min ramp until it reached 110 °C, finally to 6 °C/min
during a 26 min ramp to 270 °C held for 40 min. The total run time was of 71.667 min.
Each extract was analyzed by three technical replicates.
Then, data was analyzed qualitatively using the Agilent Qualitative Analysis Mass Hunter
Software suite (Agilent Technologies, Santa Clara, California, USA), and the National
Institute of Standards and Technology (NIST) Mass Spectra Data Center library 2010
(version 2.0) (NIST, U.S. Department of Commerce). Prior to compound identification,
the following strict criteria was applied: only compounds showing a R. Match higher than
700 and a probability of 60% and displayed in all replicates were selected.
5.3.2 UHPLC analysis
Extract preparation
Dry leaf and stem were pulverized, and 1 g was used for extraction. The powder was
mixed with 10 mL of methanol MS-grade (JTBaker, USA) in a 15 mL falcon tube, the
suspension was vortexed for 2 min, and then incubated in a sonication bath for 20 min
at 40°C with a final shaking of 2 min. The tube was centrifuged at 6000 rpm for 10 min
at 4°C. The supernatant liquid phase was recovered and filtered in 0.22 µm pore sized
PSE membrane syringe filters (Agilent Technologies, Santa Clara, California, USA) and
then placed in 1.5 mL clear vials (Waters), in the way explained by Table 4. Each sample
was enriched with pooled intern standards (STDs) in 100 ppm concentration: a) For
negative mode standards included: epicatechin, caffeic acid, gallic acid; b) For positive
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mode, standard included: caffeine. This same arrangement was employed for both
Positive and Negative Modes of UHPLC analysis.
Ultra-performance liquid chromatography-quadrupole time-of-flight mass spectrometry
(UHPLC-QTOF MS) analysis
A non-targeted UHPLC analysis was performed employing an ultra-performance liquid
chromatography quadrupole time-of-flight mass spectrometer (UPLC-QTOF MS) system
(Synapt G2-Si, Waters Corporation, USA) equipped with an Acquity BEH C18 column
(1.7 μm, 2.1 mm x 50 mm) (Synapt G2-Si, Waters Corporation, USA).
The ionization source was Electro-Spray Ionization (ESI). The experiment was
completed in both positive (to observe protonated and/or alkali adduct analyte molecules)
and negative ionization modes (where deprotonated analyte molecules are observed).
a) Positive ion mode
The mobile phase consisted of a binary solvent system, consisting of A: Water + Formic
Acid (0.1 %); and B: ACN+ Formic Acid (0.1%), on a linear gradient described in Table
5, with a total run of 30 min. The injection volume was 2 μL. The column temperature
was set at 40 °C and the temperature of the sample was maintained at 10 °C. For data
acquisition, conditions were established as follows: source temperature, 120 °C;
desolvation temperature, 500 °C; capillary voltage of 1.5 kV, low collision energy, Trap 2
V, Transfer off; high collision energy Trap ramp of 10 – 40 V, Transfer off; voltage cone
20 V; scan range, 50 – 1200 m/z, scan time, 1.5 sec.
b) Negative ion mode
The mobile phase consisted in a binary solvent system, consisting in A: Water + Formic
Acid (0.1 %); and B: Methanol + Formic Acid (0.1 %), on a linear gradient described in
Table 6, with a total run of 10 min. The injection volume was 2 μL. The column
temperature was set at 35 °C and the temperature of the sample was maintained at 7
°C. For data acquisition, conditions were established as follows: source temperature, 150
°C; desolvation temperature, 500 °C; capillary voltage of 2.5 kV, low collision energy,
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Trap 2 V, Transfer off; high collision energy Trap ramp of 10 – 40 V, Transfer off; voltage
cone 20 V; scan range, 50 – 1200 m/z, scan time, 1.5 sec.
For both modes, sample data were collected in continuum mode and corrected to
accurate mass with a reference of leucine enkephalin (556.2771 Da) infused through
LockSpray (Synapt G2-Si, Waters Corporation, USA).
Mass Data Processing and Analysis.
In this method, a comprehensive ion dataset was acquired by the use of the MS E mode.
Then, MSE profile data were processed by Progenesis QI software (Waters, USA). The
pipeline consisted of import data, peak alignment, experimental design setup, peak
picking, deconvolution, compound identification, and compound statistics. An
automatically selected QC sample was used to align the imported runs. For the positive
analysis, the peak picking conditions were minimum ion intensity of 1300 and minimum
peak width of 0.0771; for deconvolution, [M + H]+ was the selected adduct ion form.
Whereas for negative analysis, the peak picking conditions were automatic limits with the
sensitivity of default (3); and for deconvolution, [M − H2O−H]− and [M − H]− were the
selected adducts. For both modes, the identification method of analysis in Progenesis QI
was ChemSpider, with the following parameters: precursor tolerance 5 ppm, and
theoretical fragment tolerance 10 ppm. To select the most accurate compound identified
by the software, the fragmentation score, the score, and the compound characteristics
were considered. Then, the processed data were exported to EZinfo statistical tool
from Umetrics (CA, USA) for Pareto scaling mode, and orthogonal partial least-squares
discriminant analysis (OPLS-DA). The S-plot was employed to identify the potential
differential metabolites. Finally, the selected set of points from the S-plot were imported
back into Progenesis QI for compound identification.
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Table 4. Preparation of samples for UHPLC analysis for Queretaro and Chiapas A. indica
extracts
Sample/Solution

Standards

Queretaro

Chiapas Neem

Neem extract

extract

-

-

200 L

800 L

300 L

200 L

500 L

Chiapas (CHPS)

Internal STDs

Methanol
MS-grade

Querétaro (QRO)

300 L

-

200 L

500 L

Pool (QC)

300 L

300 L

200 L

200 L

Table 5. Gradient employed in UHPLC (+) run
Time
Flow rate
Step
%A
%B
Curve
1
2
3
4
5

Step
1
2
3
4
5

(min)

(mL/min)

Initial
20
25
26
30

0.3
0.3
0.3
0.3
0.3

95
5
5
95
95

5
95
95
5
5

Initial
6
6
6
6

Table 6. Gradient employed in UHPLC (-) run
Time
Flow rate
%A
%B
Curve
(min)

(mL/min)

Initial
5
7
8
10

0.4
0.4
0.4
0.4
0.4

95
5
5
95
95
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5
95
95
5
5

Initial
6
6
6
6

6. RESULTS AND DISCUSSION
6.1 Characterization of miRNAs in A. indica
A set of 44 putative miRNAs were predicted in A. indica genome. The identified mature
miRNAs were between 20 and 22 nt long, and Uracil was the dominant base in the first
position of the sequence, which has been observed earlier, suggesting its significant role
in miRNA-mediated regulation in plants [89]. The identified miRNAs belonged to 21
different families. MicroRNA families are groups of miRNAs that derive from a common
ancestor in the phylogenetic tree and perform similar physiological functions [90].
Families miR156 and miR166 were the more represented in this analysis, containing 5
members each.
Meanwhile, the predicted miRNAs precursors exhibited great length variability ranging
between 65 and 192 nt, with an average size of 101 nt (Table 7). Reportedly, there is an
arm selection preference during miRNA maturation of miRNAs within pre-miRNAs [91].
In this study, 56.82% of the putative miRNAs were found located in the 3’ arm of the
stem-loop precursors, while the remaining 43.18% was located in the 5’ arm.
It has been recognized that low MFE values of stem-loop precursors achieve more stable
predictions [92]. In this study, the MFE values of the precursors were found quite low
ranging from -27.60 to -92.60 with an average of -46.16.
Meanwhile, MFEI is arguably the easiest way to set apart miRNAs from other RNA
molecules, as they display higher negative adjusted minimal folding free energies than
other RNAs [93]. In this study, MFEI values oscillated between 0.76 to 1.4 with an
average of 1.07, excluding the possibility of being other small RNAs.
The predicted stem-loop precursors of neem miRNA with higher MFEI values (top 10)
are shown in Figure 8.
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Table 7. Identified potential miRNAs in neem (Azadirachta indica)
Putative miRNA

miRNA sequence 5’ → 3’

LM

LP
Position

(nt)

(nt)

G+C
MFE/ ΔG
content
(kcal/mol)
(%)

MFEI

ain-miR156a-5p

UGACAGAAGAGAGUGAGCAC

20

5'

82

48.78

-45.40

1.14

ain-miR156g

ACAGAAGAUAGAGAGCACAG

20

5'

80

38.75

-40.30

1.30

ain-miR156j-3p

AUCCAACGAAGCAGGAGCUGC

21

3'

85

44.71

-35.50

0.93

ain-miR156l

UUGACAGAAGAUAGAGAGCAC

21

5'

86

38.37

-45.60

1.38

ain-miR157d

UGACAGAAGAUAGAGAGCAC

20

5'

84

39.29

-44.90

1.36

ain-miR159c-3p

CUUGGACUGAAGGGAGCUCCC

21

3'

168

49.70

-92.60

1.11

ain-miR159e-3p

UUUGGAUUGAAGGGAGCUCUA

21

3'

178

44.94

-81.80

1.02

ain-miR159f-3p

AUUGGAGUGAAGGGAGCUCCA

21

3'

173

50.85

-83.70

0.95

ain-miR160a-3p

GCGUAUGAGGAGCCAUGCAUA

21

3'

83

53.01

-51.10

1.16

ain-miR160a

UGCCUGGCUCCCUGUAUGCCA

21

5'

80

58.75

-46.30

0.99

ain-miR160a-5p

GCCUGGCUCCCUGUAUGCCAU

21

5'

78

56.41

-40.80

0.93

ain-miR160c-3p

GCGUGCGAGGAGCCAUGCAUG

21

3'

84

53.57

-44.50

0.99

ain-miR164i

UGGAGAAGCAGGGCACGUGCA

21

5'

73

42.47

-35.80

1.15

ain-miR166a-3p

UCGGACCAGGCUUCAUUCCCCC

22

3'

164

36.59

-52.10

0.87

ain-miR166c-5p

GGGAAUGUUGUCUGGUUCGAG

21

5'

90

45.56

-44.80

1.09

ain-miR166d

UCGGACCAGGCUUCAUUCCCC

21

3'

118

40.68

-41.70

0.87

ain-miR166l

GGAAUGUUGUCUGGCUCGAGG

21

5'

158

34.81

-47.30

0.86

ain-miR166m

CGGACCAGGCUUCAUUCCCC

20

3'

116

41.38

-40.70

0.85

ain-miR167a

UGAAGCUGCCAGCAUGAUCUA

21

5'

78

46.15

-41.80

1.16

ain-miR169a-5p

CAGCCAAGGAUGACUUGCCGA

21

5'

74

41.89

-31.10

1.00

ain-miR169c

CAGCCAAGGAUGACUUGCCGG

21

5'

152

36.18

-43.90

0.80

ain-miR169h

UAGCCAAGGAUGACUUGCCUG

21

3'

192

40.10

-58.60

0.76

ain-miR171b-3p

CGAGCCGAAUCAAUAUCACUC

21

3'

76

34.21

-28.50

1.10

ain-miR171c-3p

UUGAGCCGUGCCAAUAUCACG

21

3'

83

50.60

-46.60

1.11

ain-miR171j-3p

UGAUUGAGCCGUGCCAAUAUC

21

3'

77

48.05

-44.60

1.21

ain-miR171k-3p

UUGAGCCGCGCCAAUAUCACU

21

3'

90

41.11

-38.70

1.05

ain-miR172a

AGAAUCUUGAUGAUGCUGCAU

21

3'

120

38.33

-56.10

1.22

ain-miR172d-3p

AGAAUCUUGAUGAUGCUGCAG

21

3'

124

42.74

-53.40

1.01

ain-miR172d-5p

GCGGCAUCAUCAAGAUUCACA

21

5'

115

46.09

-53.80

1.02

ain-miR172i-3p

GGAAUCUUGAUGAUGCUGCAU

21

3'

120

45.00

-56.60

1.05

34

ain-miR319k

UUGGACUGAAGGGAGCUCCCU

21

3'

168

49.40

-89.30

1.08

ain-miR390a-3p

CGCUAUCCAUCCUGAGUUUCA

21

3'

80

47.50

-38.50

1.01

ain-miR390g

AAGCUCAGGAGGGAUAGCGCC

21

5'

75

48.00

-38.40

1.07

ain-miR394b-5p

UUGGCAUUCUGUCCACCUCC

20

5'

75

44.00

-27.60

0.84

ain-miR395d

CUGAAGUGUUUGGGGGAACUC

21

3'

65

52.31

-38.70

1.14

ain-miR396b-3p

GCUCAAGAAAGCUGUGGGAAA

21

3'

86

40.70

-39.20

1.12

ain-miR396k-5p

UUCCACAGCUUUCUUGAACUU

21

5'

86

40.70

-39.20

1.12

ain-miR397b-5p

UCAUUGAGUGCAGCGUUGAUG

21

5'

72

45.83

-34.60

1.05

ain-miR399f-5p

GGGCAAUUCUCCUUUGGCAGA

21

5'

68

47.06

-42.40

1.32

ain-miR403-3p

UUAGAUUCACGCACAAACUCG

21

3'

89

41.57

-35.70

0.96

ain-miR408d

UGCACUGCCUCUUCCCUGGC

20

3'

82

52.43

-39.90

0.93

ain-miR827

UUAGAUGACCAUCAACAAACA

21

3'

76

28.95

-29.20

1.33

ain-miR2111-5p

UAAUCUGCAUCCUGAGGUUUG

21

5'

68

39.71

-37.70

1.40

22

3'

72

31.94

-32.20

1.40

ain-miR2275a-3p UUUAGUUUCCUCCAAUAUCUUA

LM length of mature miRNAs, LP length of precursor, MFEI multiple folding enenrgy index
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Fig. 8. Secondary structures (stem-loops) of predicted neem miRNA precursors (Only the 10
structures with highest MFEI values are shown). Mature miRNAs are highlighted with red font.
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6.2 Conservation and phylogenetic analysis of predicted neem miRNAs
The newly identified miRNAs from A. indica (now on ain-miRs) showed a high degree of
sequence similarities (≤ 1 mismatch) to their respective homologs from several both
monocot and dicot plant species including popular medicinal plants such as Curcuma
longa, Gingko biloba, Catharanthus roseus, and Moringa oleifera (Figure 9). As well as
expected, the plant species that share the largest number of miRNAs with A. indica is
Citrus sinensis. Nevertheless, several miRNA families identified in neem were found
absent in such plant species, suggesting that metabolism in plants is controlled by a wide
number of miRNAs families which are not necessarily shared among Plantae kingdom.
As well, WebLogo analysis yielded high sequence conservation among the pre-miRNAs
(Figure 10). The evolutionary relationships inferred in the phylogenetic tree of the
precursors of ain-miR390, ain-miR396, and ain-mir403 by the maximum likelihood
method and Tamura-Nei model (Figure 11) show a consistent result to earlier reports
that describe that not only the mature miRNAs but also their precursors are evolutionarily
highly conserved in plants [70].
Additionally, a comparative synteny map suggested the widespread distribution of
potential neem miRNA orthologs in the sweet orange (Citrus sinensis) genome
demonstrating their cross-species transferability during the course of evolution (Figure
12). Nonetheless, the extensive evolutionary conservation of miRNA across the taxa
provides an important approach in their identification using comparative genomics [94].
This study supports the extensive evolutionary conservation of miRNA across the taxa,
which provides an important approach in their discovery using the comparative genomics
approach [94,95].
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Fig. 9. Conserved and non‐conserved miRNA families identified from A. indica and their
homologs in various plant species, including well known medicinal plants (shown in bold). Plant
species belonging to the same taxonomic order are represented by identical color shades, while
colored and empty boxes indicate the presence or absence of miRNA families, respectively.
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A

B

Fig. 10. Nucleotide conservation analysis of pre-miRNAs from A. indica. A) ain-miR390 and other members of miR390 family and B)
ain-miR396 and other members of the miR396 family.
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Fig. 11. Phylogenetic tree showing the evolutionary conservation of ain-miR390, ainmiR396, and ain-miR403 precursor candidates (highlighted in red boxes). The tree was
constructed using the maximum likelihood method based on the Tamura–Nei model with
1000 boot-strapped replicates.

Fig. 12. Comparative synteny map of potential A. indica miRNAs against the wellannotated genome of phylogenetically close species Citrus sinensis.
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6.3 Predicted targets for identified ain-miRNAs and their functional pathaway
analysis
A total of 48 potential target transcripts of the predicted ain-miRNAs were identified
in this study. Among them, many are transcription factors (Table 8). It is well
established that transcription factors have critical roles in the regulation of diverse
developmental processes in plants [96]. In this work, transcription factors targets
included Squamosa promoter binding protein-like protein (SPLs) (target of ainmiR156) that is involved in leaf, flower, and fruit development [97,98] while reduced
miR156 activity is reported to result in high levels of flavonols [99]; NAC domaincontaining protein (target of ain-miR164) plays a vital role in disease resistance
mechanism; APETALA2 (target of ain-miR172), has shown to control flowering time
and floral organ identity [100] as well as biosynthesis of carotenoids [101]; Auxin
response factors (target of ain-miR160), involved in hormone signaling as well as
participate in leaf and stem development [102]; and F-box proteins (target of ainmiR394) involved in plant vegetative and reproductive growth and development
[103]. Nevertheless, previous studies also proposed that microRNAs can regulate
the secondary metabolic pathways in plants by controlling several target proteins
[74]. In this current report, few neem miRNA target proteins such as SPLs, NAC
domain-containing protein, Scarecrow proteins (target of ain-miR171), F-box
proteins, Acetyl-CoA C-acyltransferase (target of ain-miR395), and Auxin response
factors have been identified to have a potential role to regulate plant bioactive
compound biosynthesis. SPLs are reported to have a role in anthocyanin and
sesquiterpene biosynthesis as well as to regulate the metabolic flux during the
flavonoid biosynthetic pathway [74,97], while a significant role of scarecrow proteins
during anthocyanin and flavonoid biosynthesis in the strawberry was noted [104].
Feder et al. [105] found that the accumulation of naringenin chalcone, a yellow
flavonoid pigment, in the fruit rind of muskmelons (Cucumis melo) is negatively
correlated with F-box protein (CmKFB) expression. Besides functioning as a
transcription factor, the NAC family has also been reported to regulate flavonoid
biosynthesis under high light [106]. Acetyl-CoA C-Acetyltransferase was found to act
as a core enzyme during terpenoid biosynthesis in Ginkgo biloba [107]. As well, the
auxin response factor may play an important role in anthocyanin biosynthesis [108].
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Similarly, it was reported that miR408 possibly participates in the biosynthesis of
benzylisoquinoline alkaloids by targeting FAD-binding and BBE domain-containing
protein [109].
Furthermore, the GO analysis showed that identified targets are involved in a variety
of molecular, biological, and cellular processes (Figure 13).
On the other hand, KAAS (KEGG Automatic Annotation Server) offers a functional
annotation of genes by BLAST comparisons against the curated KEGG GENES
database. This tool retrieves KEGG Orthology (KO) assignments and automatically
generated KEGG pathways [110].
In this analysis, the potential neem miRNA targets are involved in a total of 41 highly
diversified biochemical pathways. “Metabolic pathways” was the most significantly
enriched (with 8 related genes), followed by “biosynthesis of secondary metabolites”
(showing 5 associated genes) and ¨plant hormone signal transduction¨ (with 3
genes) (Figure 14).
Interestingly, this analysis also showed that putative target genes of the neem
miRNAs are not only involved in plant metabolism regulation but also can target
various human genes involved in diseases such as tuberculosis, viral
carcinogenesis, and Epstein-Barr virus infection. Since the discovery that plantderived miRNAs can cross-kingdom regulate gene expression in mammals [111],
new findings contribute to the emerging discussion of potential miRNAs therapeutic
applications.
As well, gene network analysis revealed the co-regulation of several target genes
(Figure 15)
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Table 8. Identified targets of ain-miRNAs
Family

miRNA

Targets

miR156g

Rubber elongation factor protein
Small rubber particle protein
Teosinte glume architecture 1

miR156l

Squamosa promoter-binding-like protein
Teosinte glume architecture 1

miR156a-5p

Squamosa promoter-binding-like protein
Pyrophosphate-dependent phosphofructokinase alpha subunit
Cytoplasmic ribosomal protein S14

miR156j-3p

Unknown

miR157d

Diguanylate cyclase/phosphodiesterase

miR159e-3p

Squamosa promoter-binding-like protein
Teosinte glume architecture

miR159f-3p

Delta-1-pyrroline-5-carboxylate dehydrogenase 12A1, mitochondrial precursor
RNA-binding protein CP29B
Signal peptide peptidase

miR159c-3p

Unknown

miR160a-3p

Histone-lysine N-methyltransferase ATXR3

miR160a-5p

Auxin response factor

miR160a-5p

Auxin response factor 10

miR160c-3p

Unknown

miR164i

NAC domain-containing protein
UDP-glucuronic acid decarboxylase 6

miR166l

Unknown
BAG family molecular chaperone regulator 2

miR166d

Homeobox-leucine zipper protein REVOLUTA
Premnaspirodiene oxygenase-like

miR166m

Homeobox-leucine zipper protein REVOLUTA

miR166a-3p

Homeobox-leucine zipper protein REVOLUTA

miR166c-5p

Squamosa promoter-binding-like protein 8

miR167a

Cysteine proteinase

miR169a-5p

Nuclear transcription factor Y
Ribonuclease TUDOR 1

miR169c

Nuclear transcription factor
Ribonuclease TUDOR 1

miR169h

Unknown
Nuclear transcription factor Y

miR171c-3p

Scarecrow-like protein 6

miR171b-3p

Unknown

miR171j-3p

Bidirectional sugar transporter SWEET17-like
Scarecrow-like protein 6

156

157

159

160

164

166

167

169

171
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miR171k-3p

Scarecrow-like protein 6

miR172d-3p

APETALA 2
Ethylene-responsive transcription factor RAP2-7 isoform X1

miR172a

APETALA 2
Ethylene-responsive transcription factor RAP2-7 isoform X2
AP2-like ethylene-responsive transcription factor TOE3 isoform X2

miR172i-3p

APETALA 2
Ethylene-responsive transcription factor RAP2-7 isoform X2
Protein LIGHT-DEPENDENT SHORT HYPOCOTYLS 9

miR172d-5p

Ubiquitin-conjugating enzyme E2 7

miR319k

Unknown

miR390a-3p

Unknown

miR390g

Unknown

miR394b-5p

Inositol-3-phosphate synthase
F-box only protein 6
Autophagy-related protein 18a

miR395d

Acetyl-CoA C-acyltransferase
Protein HIRA
Calcium-transporting ATPase 12, plasma membrane-type-like
Ubiquitin carboxyl-terminal hydrolase 12-like
Snakin-2
Abscisic acid receptor PYL8 isoform X1
Uracil phosphoribosyltransferase isoform X1
Protein ALTERED XYLOGLUCAN 4

miR396b-3p

Uracil phosphoribosyltransferase

miR396k-5p

Cysteine protease
Pumilio homolog 4 isoform X3

miR397b-5p

Nudix hydrolase 2
Laccase-7

399

miR399f-5p

Peroxidase precursor
Phosphoinositide phosphatase SAC2-like
Putative disease resistance protein RGA4
Isochorismate synthase 2, chloroplastic isoform X1
Mediator of RNA polymerase II transcription subunit 13

403

miR403-3p

Floral homeotic protein APETALA 2 isoform X2

miR408a-3p

Basic blue protein
Filament-like plant protein
GDP-mannose 3,5-epimerase 1-like

miR408d

Filament-like plant protein 3
Basic blue protein
GDP-mannose 3,5-epimerase 1-like

827

miR827

SPX domain-containing membrane protein At4g22990-like

2111

miR2111-5p

Unknown
Glycine dehydrogenase (decarboxylating), mitochondrial
Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit 2

2275

miR2275a-3p

Ubiquitin carboxyl-terminal hydrolase 17 isoform X2
28S ribosomal protein S29, mitochondrial isoform X3
Protein S-acyltransferase 8-like isoform X1

172

319
390

394

395

396

397

408
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Fig. 13. GO analysis of target transcripts regulated by identified neem miRNAs represented
as biological processes, molecular functions, and cellular components.
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Fig. 14. KEGG pathways mapped using the KAAS tool among the predicted targets of the
identiﬁed miRNAs in A. indica
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Fig 15. MFE based network interaction of potential neem miRNAs and their corresponding
targets.
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6.4 Expression of selected miRNAs in A. indica tissues
The 9 potential A. indica miRNAs randomly selected which are mainly involved in
growth and development (miR172), hormone signaling (miR160), stress response
signaling (miR164, miR172 and miR408) and secondary metabolites production
(miR159, miR164, miR171, and miR395) were successfully validated in this study
as they showed an expected band size in the agarose gel (around ~75bp), as shown
in Figure 16. Checking RT-PCR products in gel electrophoresis has been previously
employed to assess and validate the expression of miRNAs in plant tissues, even in
semi-quantitative studies [112].
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Fig. 16 Validation of selected A. indica miRNAs (ain-miR156a, ain-miR156l, ainmiR160, ain-miR164, ain-miR171c, ain-miR172, ain-miR390, ain-miR395, and ainmiR408) by reverse transcription PCR. The resulting PCR products were checked in 2.5%
agarose gel using U6 as a positive control and a 25 bp DNA ladder was used in this study.
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Despite that regular RT-PCR is a useful method to visualize the expression of
miRNAs, quantitative reverse transcriptase polymerase chain reaction (qRT-PCR)
analysis is greatly suggested, given that for its cost and specificity, is considered
the most common and widely used technique for quantifying miRNA expression in
different tissues and experimental conditions in plants [113]. In this study, the
selected neem miRNAs, ain-miR156l, ain-miR160, ain-miR164, ain-miR171, and
ain-miR395 were successfully validated and they showed a distinct expression
pattern between Queretaro and Chiapas samples (Figure 17 and Figure 18).

The expression of ain-miR156, ain-miR160 and ain-miR394 was found to be higher
in Queretaro than in Chiapas, with a mean fold change of 2.76, 6.87 and 113.39,
respectively. On the other hand, ain-miR164 and ain-miR171 appear to be underregulated in Queretaro. However, a t-test to compare means of the relative
expression of each miRNA (expressed as 2-ΔCT) revealed that only the expression
of miR160 is significantly higher in Queretaro samples (p-value < 0.05).
The regulation of phenolic compounds biosynthesis by SPL targeted by miR156 has
been described previously: increased activity of miR156 promotes accumulation of
anthocyanins, whereas reduced miR156 activity results in high levels of flavonols
[114]. As well, miR160, which targets ARFs has displayed significantly reduced
expression during anthocyanin biosynthesis [108]. Furthermore, miR394 contains
MYB-binding sites, implicated in flavonoid biosynthetic gene regulation and abiotic
as well [115]. Anthocyanins are implicated in tolerance to UV-B stress, via mitigating
the photooxidative injury in leaves by free radicals scavenging [116]. It is well known
that coastal areas receive greater UV radiation due to the reflection of sunlight from
sand and sea surfaces [117]. Therefore, it would be plausible that A. indica collected
from a coastal area in Chiapas would require to accumulate anthocyanins, thus
presenting a lower miR156, miR160, and miR394 expression to adapt to its
environmental conditions. On the other hand, miR164 has reportedly involved in
terpenoid backbone biosynthesis [118], and repress anthocyanin accumulation
[119]. Finally, miR171 is too involved in terpene biosynthesis and has proven to
directly target key genes in the biosynthetic pathway of paclitaxel [120].
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Fig.17 Relative expression levels of selected miRNAs in A. indica. Results are based on
delta Ct calculation. To compare data from different qPCR, CT values for all genes were
normalized to the CT value of the housekeeping gene (U6) included in each qPCR run.
The expression level of each gene of interest is presented as 2-ΔCT. The values represent
the mean ± SD (n = 2).

Fig. 18 Fold change evaluation of selected miRNAs expression in Azadirachta indica from
Queretaro and Chiapas by RT-qPCR. The delta–delta CT method was used to determine
the fold change of Queretaro/Chiapas, and the values represent the mean ± SD (n = 2).
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6.5 Metabolomic profile of A. indica

Metabolomic approaches aim to provide a comprehensive analysis of the
metabolites present in a cell, tissue, or organism, but by virtue of the large diversity
in properties of plant metabolites, not a single method is able to analyze them all.
Volatile compounds are separated and detected by GC-MS, while polar and semipolar metabolites can be extracted in methanol, separated, and detected by UHPLCMS-TOF [121].
In this study, after stringent criteria of selection were applied, the GC-MS analysis
technique yielded a total of 29 overall unique elements identified in Queretaro and
Chiapas extracts, with 7 compounds shared among the two populations, 11 unique
for Queretaro and 11 unique compounds for Chiapas. Similar behavior was observed
when contrasting the identified compounds in each extract (hexanoic, acetonic, and
methanolic), as illustrated in Figure 19. The retention times, formulas, molecular
weights, and identifier numbers of individual compounds identified in each extract
are registered in Table 9. As well, representative TIC chromatograms for the GC-MS
profiles obtained from the A. indica Queretaro (Figure 20) and Chiapas (Figure 21)
are shown.
A variety of compounds with different physicochemical properties, including
important primary and secondary metabolites, were identified in both populations,
such as phenolic compounds, terpenes, vitamins, and fatty acids. Amongst these
compounds, plenty are reported to possess relevant biological activities, which are
further discussed in Table 10.
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Fig. 19 Venn diagrams of shared and unique compounds in A. indica extracts. A) Overall
compounds in each population; B) Hexane extract, C) Acetone extract and D) Methanol
extract
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Table 9. Compounds identified by GC-MS analysis in A. indica samples from Queretaro and
Chiapas, in three extracts
RT
(min)

Compound

Formula

Molecular
weight

NIST

ID

107373

5510

EXTRACT
Queretaro hexane extract
Tetradecane

6.88

C14H30

198

Hexadecane
Pentanoic acid, 5-hydroxy-, 2,4-di-t-butylphenyl
esters
Dodecanoic acid

9.90

C16H34

226

11.42

C19H30O3

306

164493

140841

11.62

C12H24O2

200

158671

8479

Tetradecanoic acid

14.81

C14H28O2

228

290632

35322

3,7,11,15-Tetramethyl-2-hexadecen-1-ol

15.08

C20H40O

296

114703

43206

n-Hexadecanoic acid

18.00

C16H32O2

256

36484

2558

Phytol

19.75

C20H40O

296

108870

8107

9,12,15-Octadecatrienoic acid, (Z,Z,Z)-

21.69

C18H30O2

278

333201

41695

C14H30

198

107373

5510

Chiapas hexane extract
Tetradecane

6.87

γ-Elemene

8.81

C15H24

204

122161

16407

3,7,11,15-Tetramethyl-2-hexadecen-1-ol

14.88

C20H40O

296

114703

43206

n-Hexadecanoic acid

18.16

C16H32O2

256

36484

2558

Phytol

19.73

C20H40O

296

108727

8051

Heptacosane
Phenol, 2,2'-methylenebis[6-(1,1-dimethylethyl)4-ethylSqualene

25.68

C27H56

380

150574

5509

28.13

C25H36O2

368

80709

140652

29.42

C30H50

410

256484

7710

β-Tocopherol

33.78

C28H48O2

416

250145

28203

Queretaro acetone extract
Tetradecane
Pentanoic acid, 5-hydroxy-, 2,4-di-t-butylphenyl
esters
Dodecanoic acid
2-Hexadecene, 3,7,11,15-tetramethyl-, [R-[R*,R*(E)]]Tetradecanoic acid

6.87

C14H30

198

107373

5510

11.44

C19H30O3

306

164493

140841

11.52

C12H24O2

200

290933

6719

14.01

C20H40

280

67754

32422

14.88

C14H28O2

228

290632

35322

3,7,11,15-Tetramethyl-2-hexadecen-1-ol

15.09

C20H40O

296

114703

43206

n-Hexadecanoic acid

18.11

C16H32O2

256

335494

6723

Phytol

19.74

C20H40O

296

108727

8051

Octadecanoic acid

21.01

C18H36O2

284

334866

2560

21.82

C18H30O2

278

333201

41695

9,12,15-Octadecatrienoic acid, (Z,Z,Z)-

Chiapas acetone extract
γ-Elemene

8.89

C15H24

204

122161

16407

3,7,11,15-Tetramethyl-2-hexadecen-1-ol

15.00

C20H40O

296

114703

43206

n-Hexadecanoic acid

18.18

C16H32O2

256

36484

2558

Phytol

19.74

C20H40O

296

108870

8107
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Squalene

29.44

C30H50

410

256484

7710

Stigmasterol
β-Tocopherol

33.81

C29H48O

412

352610

18876

38.14

C28H48O2

416

250145

28203

Queretaro methanol extract
2,4,5-Trihydroxypyrimidine

5.41

C4H4N2O3

128

149759

132

1,3-Dioxol-2-one,4,5-dimethyl-

5.50

C5H6O3

114

236906

10337

Maltol
4H-Pyran-4-one, 2,3-dihydro-3,5-dihydroxy-6methylBenzofuran, 2,3-dihydro-

6.44

C6H6O3

126

156029

17333

6.61

C6H8O4

144

108691

1857

7.68

C8H8O

120

229752

82196

2-Furancarboxaldehyde, 5-(hydroxymethyl)-

9.22

C6H6O3

126

60544

12795

3,7,11,15-Tetramethyl-2-hexadecen-1-ol

15.01

C20H40O

296

114703

43206

Hexadecanoic acid, methyl ester

16.91

C17H34O2

270

333716

38248

n-Hexadecanoic acid

18.08

C16H32O2

256

335494

6723

Phytol

19.73

C20H40O

296

108727

8051

Octadecanoic acid

20.97

C18H36O2

284

334866

2560

16407

Chiapas methanol extract
γ-Elemene

8.86

C15H24

204

122161

Dodecanoic acid

11.47

C12H24O2

200

290933

6719

Tetradecanoic acid

14.76

C14H28O2

228

290632

35322

3,7,11,15-Tetramethyl-2-hexadecen-1-ol

14.85

C20H40O

296

114703

43206

Pentanoic acid

15.71

C5H10O2

102

229860

6711

n-Hexadecanoic acid

18.27

C16H32O2

256

335494

6723

Heptadecanoic acid

19.48

C17H34O2

270

63743

2548

Phytol

19.75

C20H40O

296

108727

8051

Octadecanoic acid

21.07

C18H36O2

284

290961

8481

7-Hydroxy-6-methoxy-2H-1-benzopyran-2-one
Phenol, 2,2'-methylenebis[6-(1,1-dimethylethyl)4-methylSqualene

22.67

C10H8O4

192

104258

141495

27.24

C23H32O2

340

135891

131447

29.47

C30H50

410

312504

7711

β-Tocopherol

33.97

C28H48O2

416

250145

28203

Vitamin E

36.06

C29H50O2

430

26126

28228
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Fig. 20. Representative Total Ion Current (TIC) Chromatograms obtained from GC-MS
technique of Queretaro A. indica extracts. A) Hexane, B) Acetone, and C) Methanol. The
plot represents counts vs. acquisition time.
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Fig. 21. Representative Total Ion Current (TIC) Chromatograms obtained from GC-MS
technique of Chiapas A. indica extracts. A) Hexane, B) Acetone, and C) Methanol. The plot
represents counts vs. acquisition time.
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Table 10. Bioactivities of A. indica compounds identified by GC-MS
Compound

Q

2-Furancarboxaldehyde, 5(hydroxymethyl)-

x

3,7,11,15-Tetramethyl-2hexadecen-1-ol

x

4H-Pyran-4-one, 2,3-dihydro3,5-dihydroxy-6-methyl-

x

C

x

Common
name

Chemical
class

-

Furans

Phytol

Diterpene
alcohol

-

Pyranone

Activity or applications
Chemical building block for renewable
fuels, therapy of sickle cell disease,
antimicrobial
Antimicrobial, anti-inflammatory,
anticancer,
diuretic, antifungal and antimalarial
Antioxidant, anti-diabetic

Reference

[122]

[123]
[124]

Heptacosane

x

-

Alkane

Antioxidant, anti-arthritic, anti-aging,
anti-depressant, anti-inflammatory, antihyperglycemic and anti-hyperlipidemic
Hypocholesterolemic, Nematicide,
Antiarthritic, hepatoprotective,
antiandrogenic, hypocholesterolemic 5alpha reductaseinhibitor, antihistaminic,
Antihelminthic,anti-inflammatory,antidiarrheal
Antibacterial, antifungal, antioxidant,
cox-1 and cox-2 inhibitor, antiviral,
hypocholesterolemic, candidicide
Antioxidant

Heptadecanoic acid

x

Margaric acid

Fatty acid

Antioxidant

[130]

Antifungal, antibacterial
Antioxidant, hypocholesterolemic,
nematicide, pesticide, antiandrogenic,
flavor agent, hemolytic
Flavor potentiate, food preservative and
natural antioxidant
Antioxidant, hypocholesterolemic,
nematicide, anti-androgenic, hemolytic,
used as flavoring agent
Anti-inflammatory

[131]

Antibacterial

[135]

Antioxidant

[136]

Antioxidant

[136]

7-Hydroxy-6-methoxy-2H-1benzopyran-2-one

x

Scopoletin

Phenolic
coumarin

9,12,15-Octadecatrienoic acid,
(Z,Z,Z)-

x

Linolenelaidic
acid

Fatty acid

Benzofuran, 2,3-dihydro-

x

-

Coumarin

Dodecanoic acid

x

Lauric acid

Fatty acid

x

Hexadecane

x

-

Alkane

Hexadecanoic acid, methyl
ester

x

-

Fatty acid
ester

Maltol

x

n-Hexadecanoic acid

x

x

Palmitic Acid

Fatty acid

Octadecanoic acid

x

x

Stearic acid

x

Valeric acid

x

-

x

-

Fatty acid
Carboxylic
acid
Phenolic
compound
Phenolic
compound

Pentanoic acid
Phenol, 2,2'-methylenebis[6(1,1-dimethylethyl)-4-ethylPhenol, 2,2'-methylenebis[6(1,1-dimethylethyl)-4-methyl-

Phenolic
compound

Squalene

x

-

Triterpene

Stigmasterol

x

-

Steroid

Tetradecanoic acid

x

x

Myristic acid

-tocopherol

x

Vitamin E

β-Tocopherol

x

γ-Elemene

x

Fatty acid
Fat soluble
vitamin
Fat soluble
vitamin
Sesquiterpene

Vitamin E
isoform
-

Antioxidant, antitumor, and
cytoprotective
Antimicrobial, antiarthritic, antiasthma
diuretic, anti-inflammatory,
hypocholesterolemic
Larvicidal and repellent
Antioxidant, anti-inflammatory, cytotoxic,
antimicrobial

[126]

[127]
[128]
[129]

[132]
[133]
[123]
[134]

[137]
[126]
[138]
[139]

Antioxidant

[139]

Antitumor

[140]

Q and C columns indicate if the compounds where present or absent in Queretaro and Chiapas samples, respectively
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[125]

On the other hand, untargeted UHPLC-QTOF-MS profiling was accomplished in both
positive and negative ion modes, resulting in extensive mass lists for miscellaneous
classes of phytochemical compounds. The putative identification of compounds was
generated by a comparison of condensed formula, mass (m/z), and isotopic mass of
each population analyzed. Thus, only differential compounds are presented in this
study. Among these compounds, a wide variety of secondary metabolites were
observed, including flavonols, polyphenols, glucosides, anthocyanins, alkaloids.
In positive ionization mode, the methanolic extracts of A. indica yielded a total of 47
preliminary identified compounds, with 31 unique elements for Chiapas and 16 for
Queretaro samples (Table 11)
Several of the preliminarily identified compounds possess relevant bioactivities. For
example in Chiapas extracts, relevant compounds include: xanthorhamnin, which is
a glycosylated flavonoid has shown antioxidant and radioprotective properties [141];
diprenylnaringenins propolis constituents that have gained interest as they perform
as a phytoestrogen [142], hederagenin is a triterpene glycoside with antibacterial
activity [143] and scopoletin, that has shown to reduce blood glucose and lipid
levels [144].
As well, in Queretaro extracts were putatively identified: flavonoids isoquercetin, that
has shown anti-oxidation, anti-hypertension and anti-inflammation activities [145]
and quercetin, which acts as an antioxidant, antimicrobial and anti-inflammatory
[146]; fatty acids α-Linolenic acid and its conjugates have been associated with antiadipogenic and anti-carcinogenic activities [147] while stearidonic acid is reported to
help in cardiovascular disease, inflammation and neurological disorders [148].
The chromatograms generated in positive ionization mode are shown in Figure 22.
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Table 11 . Preliminary compounds identified in methanolic A. indica extracts by UHPLCQTOF-MS in the positive ionization mode
Formula

M-H+
(m/z)

Mass
Error
(ppm)

6.802
6.802
6.852

C15H10O7
C21H20O12
C27H30O16

303.041
465.096
611.156

-28.336
-14.954
-8.293

9.764

C34H26N4O2

523.187

-48.734

13.943

C16H35NO2

274.265

-33.930

16.271

C20H28O3

317.199

-36.922

16.271
18.346
18.930

C18H28O2
C18H38O4Si2
C18H26O5

277.207
375.242
323.187

-33.302
10.079
5.038

18.930
18.930

C20H28O2
C18H30O2

301.205
279.223

-37.368
-31.715

19.384

C21H36O4

353.257

-33.802

20.220

C21H40N2O2S
i

381.288

-12.349

20.220

C21H40O3

341.296

-27.070

22.295

C44H77O10P

797.514

-23.432

23.081
6.802

C29H48O2
C15H10O7

429.364
303.041

-21.223
-28.336

3.587

C22H22N4O5

423.155

-26.477

5.158

C10H8O4

193.041

-46.176

5.562

C12H11ClO2

223.052

0.467

8.120

C28H20D2Si2

417.165

46.798

10.852

C27H28N4O4

473.212

-13.563

12.120

C28H42O6

475.297

-17.069

12.322

C33H50O8

575.352

-11.029

12.473

C18H36O4Si2

373.225

7.159

Retention
time (min)

Tentative identification

Queretaro
Quercetin
isoquercetin
Rutin
2,2'-[1,2-Ethanediylbis(oxy)]bis(4,6diphenylpyrimidine)
3,7,11-Trimethyl-2-(methylamino)-1,3dodecanediol
(5Z,7E)-8-Isopropyl-1,5-dimethyl-15oxabicyclo[9.3.2]hexadeca-5,7,11-triene-2,16dione
Stearidonic acid
Bis(trimethylsilyl) dodecanedioate
Diethyl [3-(benzyloxy)-2-butanyl]malonate
Retinoic acid
Alpha-Linolenic acid
3-Methyl-6-nonyl-6-[(tetrahydro-2H-pyran-2yloxy)methyl]-5,6-dihydro-2H-pyran-2-one
(4E,8E)-5,9-Dimethyl-1-(4-methyl-1piperazinyl)-10-[(trimethylsilyl)oxy]-4,8undecadien-1-one
PROPYLENE GLYCOL 1-OLEATE
(14Z)-24,27,28-Trihydroxy-24-oxido-18-oxo19,23,25-trioxa-24lambda~5~phosphaoctacos-14-en-21-yl
(4Z,7Z,10Z,13Z)-4,7,10,13-icosatetraenoate
(-)-Cholesteryl acetate
Quercetin

Chiapas
3,5-Dinitro-N-[3-(1,2,3,4-tetrahydro-9Hcarbazol-9-yl)propyl]benzamide
Scopoletin
4-Chloro-1a,7a-dimethyl-1a,7adihydrocyclopropa[b]chromen-7(1H)-one
1,2-Bis[(~2~H)ethynyl]-1,1,2,2tetraphenyldisilane
5,5'-Methylenebis[2-(4methylphenyl)tetrahydropyrrolo[3,4-c]pyrrole1,3(2H,3aH)-dione]
(6-Hexyl-2,8-dimethyl-3,4,9,10-tetrahydro2H,8H-pyrano[2,3-f]chromene-2,8-diyl)di-2,1ethanediyl diacetate
(2beta,3alpha,4beta,5beta,25R)-Spirostan2,3,4-triyl triacetate
Bis(trimethylsilyl) (2E)-2-dodecenedioate
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{2-[2,6-Dihydroxy-4-(6-hydroxy-1-benzofuran2-yl)phenyl]-6-(2,4-dihydroxyphenyl)-4methyl-3-cyclohexen-1-yl}[2,4-dihydroxy-3-(3methyl-2-buten-1-yl)phenyl]methanone
5,5'-[(E)-1,2-Diazenediyl]bis{2-[4(hexyloxy)phenyl]pyrimidine}
Tris(trimethylsilyl) 2-[(trimethylsilyl)oxy]-1,2,3propanetricarboxylate
Bis(trimethylsilyl) (2E)-2-dodecenedioate
6,8-Diprenylnaringenin
1,4-Bis(benzyloxy)anthracene
Rubusoside
2-[(N-Benzoylphenylalanyl)amino]-3phenylpropyl acetate
(10E,12Z,15Z)-9-Hydroperoxy-10,12,15octadecatrienoic acid
(8xi,10xi,13xi,17beta)-3-Oxoandrosta-1,4dien-17-yl 10-undecenoate
enoxolone
4,6-Diamino-2-{[3-O-(2,6-diamino-2,6dideoxyhexopyranosyl)pentofuranosyl]oxy}-3hydroxycyclohexyl 2,6-diamino-2,6dideoxyhexopyranoside
5,5'-[(E)-1,2-Diazenediyl]bis{2-[4(hexyloxy)phenyl]pyrimidine}
14-Isopropenyl-3,7,11-trimethyl-2,6,10cyclotetradecatrien-1-yl 4,7,7-trimethyl-3-oxo2-oxabicyclo[2.2.1]heptane-1-carboxylate
Hederagenin
(2R,5E,7E)-8-Isopropyl-1,5-dimethyl-16-oxo15-oxabicyclo[9.3.2]hexadeca-5,7,11-trien-2yl acetate
(3S,3'R)-3,3'-Dihydroxy-7,7',8,8'-tetradehydrobeta,beta-caroten-4-one
4,5-Dimethyl-2-(2-methylphenyl)-2-phenyl1,1-bis(trimethylsilyl)-1,2,3,6-tetrahydrosiline
2-Phenylpyrrolo[2,1-b][1,3]benzothiazole
4,4'-Butylidenebis(6-tert-butyl-m-cresol)
TRANS-NEROLIDYL ACETATE
Eicosapentanoic acid
12-Phenyl-1-dodecanol

12.826

C39H36O9

649.243

-1.110

12.905

C32H38N6O2

539.294

-35.794

13.410

C18H40O7Si4

481.216

48.601

13.561
13.943
13.943
14.246

C18H36O4Si2
C25H28O5
C28H22O2
C32H50O13

373.225
409.193
391.183
643.318

5.534
-18.485
35.764
-23.011

14.750

C27H28N2O4

445.193

-43.986

14.930

C18H30O4

311.228

21.501

15.334

C30H44O3

453.329

-17.122

15.435

C30H46O4

471.338

-18.249

16.170

C23H46N6O13

615.325

8.862

16.372

C32H38N6O2

539.328

27.599

16.523

C30H44O4

469.321

-21.736

16.955

C30H48O4

473.355

-16.085

17.359

C22H32O4

361.243

16.995

17.510

C40H50O3

579.359

-42.104

17.611

C26H40Si3

437.259

19.250

18.094
18.144
18.397
18.548

C16H11NS
C26H38O2
C17H28O2
C20H30O2

250.078
383.287
265.207
303.220

38.568
-20.580
-33.183
-37.646

18.548

C18H30O

263.228

-35.276
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Fig. 22. Chromatograms generated by UHPLC-QTOF-MS in positive ionization mode of
methanolic extracts of A. indica from A) Queretaro and B) Chiapas samples
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Meanwhile, in the negative ion mode, a total of 29 unique overall elements were
identified in methanolic extracts of A. indica (Table 12), with Chiapas extracts
presenting 16 differential compounds, and Queretaro extracts, 13. As well,
chromatograms generated by UHPLC-QTOF-MS in negative ionization mode are
shown in Figure 23.
Compounds reported to present relevant bioactivities include flavonol myricetin-3galactoside, a presumed antioxidant [149]; widely distributed anthocyanin cyanidin3-O-glucoside, which besides being a powerful antioxidant, is a gastroprotective,
anti-inflammatory, anti-thrombotic, and chemo-preventive [150]; flavonol quercetrin
which acts as a leishmanicidal [151]; indole alkaloid strictosidine, besides
possessing antifungal activity, represents the central intermediate in the
biosynthesis of monoterpene indole alkaloids of pharmaceutical importance [152];
oleic

acid,

a

fatty

acid

with

anti-inflammatory,

antiandrogenic

and

hypocholesterolemic potential [153], among others.
For both positive and negative ionization modes, Principal Component Analysis
(PCA) was generated automatically by Progenesis QI (Figures 24 and 25) , which
uses feature abundance levels across runs to determine the principal axes of
abundance variation [154]. In this study, the bi-plots show evident clustering of
samples from Queretaro, Chiapas, and QC (pooled sample which acts as an intern
control). Hence PCA analysis was able to discriminate between various preparations
of the extracts of A. indica.
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Table 12. Preliminary compounds identified in methanolic A. indica extracts by UHPLCQTOF-MS in the negative ionization mode
Tentative identification

Retention
time (min)

Queretaro
Astringin
0.323
D-Turanose
0.323
Aspalathin
2.045
Myricetin-3-Galactoside
2.348
Quercetin-3,4'-O-di-beta-glucopyranoside
2.348
Cyanidin-3,5-O-diglucoside
2.600
isoquercetin
2.651
6"-O-Acetylisoquercitrin
2.701
Quercitrin
2.852
Kaempferol-3-Glucoside-3''-Rhamnoside
2.852
9-HOTrE
4.928
9-HODE
5.108
2-Methoxy-6-(12-phenyldodecyl)phenol
5.764
Chiapas
Narcissin
2.903
3-{2-[4-(6-Fluoro-1,2-benzoxazol-3-yl)-1piperidinyl]ethyl}-9-hydroxy-6,7,8,92.953
tetrahydro-4H-pyrido[1,2-a]pyrimidin-4-one
Strictosidine
3.385
1,1,1,3,3,3-Hexafluoro-2-propanyl
(3alpha,5beta,6alpha,20R)-3,6-bis(2,2,23.638
trifluoroacetoxy)cholan-24-oate
Methyl glucosyl-3,4-dehydro-apo-8'3.941
lycopenate
1-Hydroxy-3-[(hydroxy{[(1S,2R,3R,4S,5S,6R)2,3,4,5,6pentahydroxycyclohexyl]oxy}phosphoryl)oxy]4.171
2-propanyl (4Z,7Z,10Z,13Z)-4,7,10,13icosatetraenoate
Oleandrin
4.221
(20-Ethyl-7,8-dihydroxy-1,6,14,16tetramethoxyaconitan-4-yl)methyl 2-(3-methyl4.423
2,5-dioxo-1-pyrrolidinyl)benzoate
3-[(3-Formamido-2-hydroxybenzoyl)amino]-8hexyl-2,6-dimethyl-4,9-dioxo-1,5-dioxonan-74.625
yl 3-methylbutanoate
1,8-Dioxacycloicosane-9,20-dione
5.360
1,2-Dilauroyl-sn-Glycero-3-Phosphate
5.410
1-Hydroxy-3-[(hydroxy{[(1S,2R,3R,4S,5S,6R)2,3,4,5,65.410
pentahydroxycyclohexyl]oxy}phosphoryl)oxy]2-propanyl palmitate
Juniperic acid
5.612
(7Z)-3-Hydroxy-7-octadecenoic acid
5.713
Oleic acid
6.095
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Formula

M-H(m/z)

Mass
Error
(ppm)

C20H22O9
C12H22O11
C23H22O13
C21H24O11
C21H20O11
C21H20O13
C21H20O12

387.115
341.111
433.133
479.086
625.141
610.148
463.091

16.594
6.559
-6.805
42.073
6.177
5.878
5.265

C25H36O2
C27H31O16

505.095
447.096

3.638
-8.835

C18H32O3
C27H30O15
C18H32O3
C27H30O17

593.151
293.214
295.230
367.266

5.570
-0.378
10.050
0.064

C28H32O16

623.161

-0.453

C22H25FN4O3

393.172

-2.944

C27H34N2O9

529.206

-24.230

C31H38F12O6

715.255

34.493

C37H52O8

605.330

-29.403

C29H49O12P

601.299

33.956

C32H48O9

575.301

-37.878

C37H50N2O10

663.312

-24.113

C28H40N2O9

547.301

43.047

C18H32O4
C27H53O8P

293.213
517.353

1.018
42.149

C25H49O12P

571.284

-7.826

C16H32O3
C18H34O3
C18H34O2

271.231
297.246
281.251

12.401
9.951
9.632

Fig. 23. Chromatograms generated by UHPLC-QTOF-MS in negative ionization mode of
methanolic extracts of A. indica from A) Queretaro and B) Chiapas samples
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Fig. 24. Principal component analysis of A. indica from Queretaro (red dots) and
Chiapas (purple dots), and QC control (blue dots) analyzed by UHPLC–QTOF-MS
in positive ionization mode. The sub-metabolomic clusters are located at the distinct
positions in two-dimensional space prescribed by two vectors of principal component
1 (PC1 = 71.37%) and principal component 2 (PC2 = 15.87%)

Fig. 25. Principal component analysis of A. indica from Queretaro (red dots) and
Chiapas (purple dots), and QC control (blue dots) analyzed by UHPLC–QTOF-MS
in negative ionization mode. The sub-metabolomic clusters are located at the distinct
positions in two-dimensional space prescribed by two vectors of principal component
1 (PC1 = 53.24%) and principal component 2 (PC2 = 30.93%)
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CONCLUDING REMARKS
•

In this study, using a high stringent genome-wide computational-based
approach, 44 miRNAs belonging to 21 families were identified in Azadirachta
indica. Their precursors, secondary structures and minimum folding indexes
were calculated, supporting their classification as miRNAs.

•

As well, a total of 48 potential target transcripts of the putative ain-miRNAs were
identified, including many transcription factors. Among targets, some were found
to be involved in anthocyanin, terpenoid, flavonoid and alkaloid biosynthesis.

•

The identified now on ain-miRNAs showed a high degree of conservation to their
homologs in monocot and dicot plant species, especially Citrus sinensis.

•

The expression of 9 selected miRNAs in A. indica tissues was validated by RTPCR. As well, the differential expression pattern of 5 selected miRNAs between
Queretaro and Chiapas samples was observed by RT-PCR. Particularly, miR160
was

underexpressed

in

Chiapas

samples,

involved

with

anthocyanin

accumulation, which may be a response of adaptation to its coastal environment.
•

Furthermore, hexane, acetone, and methanol extracts were obtained and
analyzed by GC-MS, and 29 unique compounds were identified, including
relevant flavonoids, terpenes, vitamins and fatty acids with reported biological
activities. Among populations, only 7 were common to both Queretaro and
Chiapas samples.

•

Finally, methanolic extracts of A. indica were prepared and analyzed by UHPLCQTOF-MS revealing that Queretaro and Chiapas presented differential metabolic
profiles according to the Principal Component Analysis. Flavonoids and
triterpenes of pharmacological importance were observed among the compound
identified.
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