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Abstract

India harbors the wealthiest biodiversity of mangroves, yet the utilization of sequence-based DNA barcodes for the charac-
terization of mangrove diversity from the Indian coastal region is needed to be explored. In the present study, we assessed
DNA barcode-based phylogenetics of mangroves from Sundarbans Delta and Kerala at the ITS locus of the nuclear genome.
The phylogenetic analysis was performed using Bayesian inference, which proved to resolve the evolutionary a [nitles
e Leckively. Our study presents mangroves’ systematic assessment with total 6 DNA sequences generated from 5 genera,
and the first DNA barcode of Volkameria inermis and Avicennia marina from Payyanur Kerala, Avicennia alba and Suaeda
maritima from the Sundarbans Delta was reported from ITS locus. The phylogenetic assessment confirmed that Avicennia
belongs to the family Acanthaceae and placed the Volkameria inermis from Payyanur and Clerodendrum eriophyllum under

the same monophyletic clade.
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Introduction

Mangrove vegetation is extended up to 1,70,000 km?of the
earth’s surface (Duke 1992). Mangrove forests are divided
into two hemispheres, the Indo-West Pacific (IWP) and the
Atlantic Caribbean East Pacific region (ACEP) (Duke 1992).
IWP is believed to be the place where mangroves originated
(Kathiresan and Bingham 2001). Rhizophora fossil was first
recorded from India during Palaeocene Era (Thanikaimoni
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1987) and later on from Australia (Churchill 1973), and
during the Eocene, this genus became widely distributed
in West Africa (Medus 1975), Central America (Tieghem
1898) and Europe. The first fossil of Avicennia was recorded
from France in the early Eocene and later on, from London
and Australia (Churchill 1973; Tieghem 1898) in the late
Eocene. (Saenger 1998) elucidated the fossil distribution of
Avicennia and Rhizophora on the eastern shorelines of the
Tethys Sea during the early Eocene, which later on migrated
westward (Tieghem 1898). Human interference and rapidly
changing environmental conditions result in the loss of man-
groves’ genetic biodiversity (Maguire et al. 2000).
Mangrove forests are distributed in 112 countries and
territories, covering 18 million hectares area, which is just
0.45% of the world’s forest (Spalding 1997). 41.4% of total
mangroves exist in South and Southeast Asia. Kathiresan
and Bingham (2001) had classified 62 mangrove species
belonging to 52 genera and 36 families, distributed in 12
habitats of India (Kathiresan and Bingham 2001). Naskar
(2004) had reported 60 species of true mangroves and about
40 species of associated mangroves from Sundarbans Delta
(Naskar 2004). The existing mangrove cover of Sundarbans
Delta is inhabited by Avicennia sp., Aegialitis rotundifolia,
Aegiceras corniculatum, Bruguiera sexangula, Ceriops
decandra/roxburghiana, Heritiera fomes, Kandelia candel,
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Lumnitzera racemosa, Sonneratia apetala, Sonneratia
caseolaris, Acanthus ilicifolius and many more (Barik and
Chowdhury 2014; Naskar and Mandal 1999; Selvam et al.
2004; Singh 2012; Vidyasagaran et al. 2011). Family Rhiz-
ophoraceae displays the maximum richness in Sundarbans
Delta at both genus and species level (Barik and Chowdhury
2014; Duke et al. 1998).

The mangrove cover in Kerala was scattered from
Ernakulam to Kannur districts. Reddy (2008) had reported
that Bruguiera parviflora, Rhizophora apiculata, Avicen-
nia officinalis, and Excoecaria agallocha are significant
mangroves in Kannur, Kerala. Anju et al. (2017) reported
the existence of Aegiceras corniculatum Blanco from
Ayiramthengu and Chettuva in Kerala (Anju et al. 2017).
Rhizophora mucronata L., Rhizophora apiculata B., and
Kandelia candel (L.) Druce were barcoded with trnL-F and
ribosomal ITS (Surya and Hari 2017).

Due to several convergent and autapomorphic features,
it becomes challenging to classify Avicennia within angio-
sperms. Based on some embryological resemblances, Van
Tieghem (1898) suggested its relationship with Santalaceae
(Tieghem 1898). Dahlgren (1975) associated Avicenniaceae
with Celastraceae as they share a similar kind of cellular
endospermic development (Dahlgren 1975). Many authors
pointed out that Avicennia being a black mangrove, bears
the same floral character as Asterids, and both are placed
together (Schénenberger and Endress 1998).

However, within Asterids, Avicennia is classified either
under Verbenaceae or as a distinct family associated with
Verbenaceae, though synapomorphic connections have not
yet identified. Now a day, molecular studies have placed
Avicenniaceae as a member of Lamiales (Schonenberger
and Endress 1998). Based on molecular phylogenetics Avi-
cennia is monophyletic to Acanthaceae, thus nested under
Acanthaceae (Daniel 2016; Mohd Yunus et al. 2015). Das
et al. (2015) illustrated a very close kinship of Avicennia
with the species of Acanthus based on clustering pattern of
Acanthus ilicifolius With Avicennia marina and Acanthus
volubilis with the Avicennia alba-Avicennia officinalis clus-
ter (Das et al. 2015).

Since the 1960s, protein markers are used as a tool for
phylogeographic analysis. Later on, to know the level of
biodiversity or genetic diversity among various species of
mangroves, the genetic variabilities and interspecies rela-
tionships are studied using molecular markers such as RFLP,
RAPD, AFLP, SSR, STS, SNP, etc. (Bhadalkar et al. 2014;
Waugh and Power 1992). Molecular studies can open the
door to select specific conservation measures and provide
evidence to develop genetic sampling and preservation
strategies. Schwarzbach and McDade (2002) identified the
closest terrestrial relative of family Avicenniaceae using
a trnL-trnF spacer, trnL intron, rbcL, and nuclear riboso-
mal introns (ITS1, 5.8S, and 1TS2). Lakshmi et al. (1997)

recognized a diverse population of Acanthus ilicifolius Linn.
(Acanthaceae) using RFLP and RAPD molecular marker
along the Indian coastline. atpB-rbcL and trnL-trnF spacer
of chloroplast DNA were used to study the population dif-
ferentiation of Ceriops tagal (Rhizophoraceae) between the
Indian Ocean and the South China Sea. 18S gene of Excoe-
caria agallocha was sequenced to predict its close related-
ness to Rhizophora stylosa and Xylocarpus granatum (Salve
et al. 2013). In 2016, Saddhe et al., had identified fourteen
mangrove species from Goa, using rbcL and matK DNA
marker (Saddhe et al. 2016), whereas in 2017 they had used
four complementary DNA marker including ITS, psbk-psbl,
rpoC1 and atpF-atpH along with rbcL and matK (Saddhe
et al. 2017). It is evident from the above publications that
the DNA barcoding and phylogeographic estimation of man-
groves from India were rarely conducted.

Our study aimed to elucidate the phylogenetic relation-
ships among the di [erknt mangrove species using DNA
barcoding. We used DNA sequence data from the nuclear
region (Internal transcribed spacer 1 and internal transcribed
spacer 2) for revealing the hidden biodiversity of mangroves
from Sundarbans Delta and Kerala. ITS is the most com-
monly used locus for plant molecular systematic investiga-
tions at the species level due to high copy number (Kress
et al. 2005). Hence, easy to amplify even from small quanti-
ties of DNA, moderate size (below 700 bp), which makes
amplification and sequencing easy and has a high degree of
variation even between closely related species (Bast et al.
2016).

Materials and methods
Taxon sampling and DNA extraction

The leaf samples of mangroves (Fig. 2) were collected from
the sites marked in Fig. 1. Isolates were brought to the labo-
ratory in insulated boxes maintained at 4-10 °C using ice
packs and processed immediately.

Pressed vouchers were prepared and deposited at the
herbarium of Central University of Punjab and Department
of Botany, Shivaji University, Kolhapur, Maharashtra. The
morphology of collected isolates (Fig. 2) was compared to
the specimens available online at United States National
Herbarium maintained by Smithsonian National Museum
of natural history (US) (http://collections.nmnh.si.edu/
search/botany), the morphological key provided in the
books “Manual of Indian Mangroves” (Naskar 2004) and
“Field Identification guide for Indian Mangroves” (Reddy
2008). The leaf dimensions, shape, arrangement, margins,
venation, presence of stipule and inflorescence (if any), etc.
were considered for initial identification. The image of each
sample was taken using a Canon 60D EOS camera. Scale
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Fig. 1 Map of India showing sampling sites (SAJ Sajnekhali, Sundar-
ban Delta, West Bengal; DOY Doyyapur, Sundarban Delta, West Ben-
gal; KEL Kelom, Kerala; PAY Payyanur, Kerala)

Fig.2 a Aegiceras cornicula-
tum having salt glands at the
leaf surface. b Volkameria iner-
mis with lance-shaped leaves
and auxiliary cyme.c Avicennia
marina. d Suaeda maritima. e
Avicennia alba. f Rhizophora
mucronata: mucronate tip and
cuneate base

calibration and size measurement of pressed vouchers were
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done with the public domain software ImageJ (http://rsbweb.
nih.gov/ji.).

Four isolates of di Lerknt mangrove plants were stored
at —80 °C for further analysis. 100 mg of samples were
used for DNA extraction by using a standardized HiPurATM
plant genomic DNA Miniprep Extraction Kit (HiMedia Lab-
oratories Pvt. Ltd., Mumbai) following the manufacturer’s
protocol. The DNA quality and quantity were checked on
0.8% agarose gel and spectrophotometer, respectively.

PCR amplification

Genomic DNA was amplified in 20 pL reaction mixtures
containing 10X PCR bu [er] 10 mM dNTPs 25 mM MgCI2,
4uL primers, and one unit of DreamTaq™ DNA Polymerase
(Applied Biosystems, Foster City, CA, USA). The template
was amplified in BioRad T100TM Thermal Cycler (BIO-
RAD, California, USA). Primers used for amplifying the
nuclear region (ITS 1- TCCGTAGGTGAACCTGCGG and
ITS 2-GCTGCGTTCTTCATCGATGC), (ITS 3-GCATCG
ATGAAGAACGCAGC and ITS 4- TCCTCCGCTTATTGA
TATGC) (Imperial Life Sciences, India). The temperature
profile included an initial denaturation at 94 °C for 5 min,
followed by 35 cycles at 94 °C for 1 min, 54 °C for 2 min and
72 °C for 2 min, and a final extension at 72 °C for 10 min.
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Purification and DNA sequencing of PCR products

Amplicons were purified using ExoSAP-IT® PCR clean-up
kit following the manufacturer’s instructions (USB Corpo-
ration, Cleveland, OH, USA) to avoid downstream inter-
ferences. Amplified strands were sequenced using dideoxy
chain termination method with ABI Big Dye Terminator
Cycle Sequencing Ready® Reaction Kit v3.1 (Applied
Biosystems®, Foster City, CA, USA) and programmable
thermal cycler. Purified extended products were vacuum
dried and sequenced with 3730xI DNA Analyzer (Applied
Biosystems®, Foster City, CA, USA).

Phylogenetic analysis

Step-by-Step protocol was followed for phylogenetic anal-
ysis, which includes sequence alignment, maximum like-
lihood test to find the best fitting nucleotide substitution,
models. The phylogeny was reconstructed by using Bayesian
Inference (BI) and distance analysis, as outlined by Bast
in 2013 (Bast 2013). DNA sequences obtained as color-
coded electropherograms were assembled, and BLASTn
sequence similarity searches were performed using Geneious
ProV6.1.3 (available at http://www.geneious.com) (Bio-
matters Limited, New Zealand), a licensed software (Bast
2013). MUSCLE algorithm aligned the best BLASTNn hits.
Alignments were edited with eye, and ends were trimmed to
minimize the gaps. The alignment was carried out separately
for all the samples with their geographical isolates avail-
able with GenBank. The best fitting nucleotide substitution
model test was performed using MEGA version 6 (Tamura
et al. 2013), and the model with lowest BIC score =472.321
and lowest LnL =—6.931 was selected. The phylogenetic
analysis was done with MrBayes using Jukes-Cantor (JC69)
model (Huelsenbeck and Ronquist 2001) with a total chain
length of one lakh; total burnin-length is ten thousand, and
the e [ective sample size is 385.911. The analysis was run
with Monte Carlo Markov Chains (MCMC) algorithm to
approximate the posterior probability. First, 10,000 trees
were discarded as burn-in, and the resampled frequency
was 200.

Table 1 Data generated and used during this study

Results

True and associated mangroves belonging to 6 species, 5
genera and 5 families were identified. The taxa were prelimi-
narily identified on the basis of morphology, and the species
identification was confirmed from sequenced data by per-
forming NCBI BLAST. This data is executed for preliminary
verification of mangroves at the species level. The identified
species include Avicennia marina, Avicennia alba, Suaeda
maritima, Aegiceras corniculatum, Rhizophora mucronata
and Volkameria inermis (Table 1).

A total of 44 DNA sequences, retrieved from NCBI
along with 6 sequences generated during the current study,
were used for phylogenetic analysis using MrBayes, which
resulted in a well-resolved phylogram (Fig. 3) with 65.4%
pairwise percentage identity and GC content of 62.1%.
Table 1 depicts the data generated and the accession of the
sequences deposited in the GenBank database. Results of
pairwise distance analysis represent a relatively low rate of
nucleic acid substitution at this locus. DNA barcodes for
isolate Avicennia marina (Fig. 2) and Avicennia alba (Fig. 2)
have been generated for the first time from Payyanur and
Sajneknhali, respectively. Although both species form a single
clade C (a) (Fig. 3) with 83.0% pp and share common ances-
try with 67.5% identity, they are distantly related with 0.030
pairwise distances. Avicennia alba from Sajnekhali is closely
associated with (69.1% identity, pairwise distance =0.007)
Avicennia alba collected from India (KJ784551.1) by Sahu
and Kathiresan (Unpublished), depicting that both are
evolved concurrently.

Our study generated DNA sequence data at the selected
barcode (ITS) for the associated mangrove species Vol-
kameria inermis (Fig. 2) from Kerala, which belongs to
clade C (b) of Lamiaceae family (Fig. 3). The best hit for
Volkameria inermis from Payyanur in BLASTn sequence
similarity search was KT728412.1 collected from Arunachal
Pradesh, India. Both are 93.8% identical with 0.99 pp, and
the pairwise distance among them is 0.055. This similarity
among them might be due to less sequence divergence and
less dispersal rate. Volkameria inermis from Payyanur is

S.no.  Mangrove species Location Latitude Longitude Voucher accession Accession number

1 Rhizophora mucronata ~ Payyanur, Kerala ~ 12° 6'0.18" 75°12'0.53" CUPVOUCHER-RM-2014-1  MG461690.1

2 Aegiceras corniculatum  Kelom, Kerala 12°5'17.77"  75°11'22.36" CUPVOUCHER-AC-2014-1  MG461689.1

4 Avicennia alba Sajnekhali,West ~ 22°7726.00" 88°49’52.11" CUPVOUCHER-AL-2014-1 MG461681.1

Bengal

Avicennia marina Payyanur, Kerala ~ 12° 6'0.18" 75°12' 0.53" CUPVOUCHER-AM-2014-6 MG461683.1
Volkameria inmeris Payyanur, Kerala ~ 12° 6'0.18" 75°12' 0.53" CUPVOUCHER-VI1-2014-1 MG270577.1
Suaeda maritima Doyyapur, West 21°56'0.08"  88°51'0.72" CUPVOUCHER-SM-2014-1  MG461688.1

Bengal
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KJ161167.1_Dolichandrone spathacea
MG46

0.62

MG461681.7

0.2

Fig.3 Phylogenetic reconstruction of mangrove ITS dataset using
Bayesian Inference with Jukes-Cantor model (LnL=-6.9314) of
molecular evolution. Numbers near nodes represent Bayesian Pos-
terior Probabilities, exceeding 0.5 with total chain length =100,000.

monophyletic with Clerodendrum eriophyllum from United
Kingdom (1.0 pp). Suaeda maritima (Fig. 2) belonging to
the family Chenopodiaceae is an associated mangrove and
lies in close proximity with same species from South Korea
and Germany with 0.99 and 1.0 pp and 0.097-0.140 pair-
wise distance respectively. Aegiceras corniculatum from
Kelom (Fig. 2) exhibited more a [nify towards the rest of the
members of family Primulaceae with 0.1 pp. Aegiceras cor-
niculatum from Kelom and China form a monophyletic clade
with Myrsine salicina from New Zealand and Heberdenia
excelsa from Germany (Clade B, Fig. 3). The geographi-
cal barriers and distance are less between China and India,
so this might be the acknowledged reason that they share a
common evolutionary pattern. The argument is supported
with 0.1 pp. Rhizophora mucronata from Payyanur with
0.1 pp lies near to EF119073.1 from China (Pairwise dis-
tance 0.063), forming a sister clade with 52.3% identity.
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This phylogram is rooted with Dolichandrone spathacea. Scale bar
given on bottom is in the units of average nucleotide substitutions per
site

However, it is distantly related to Rhizophora racemosa from
the USA (pp 0.53).

Dlscussions

This study is the first attempt of DNA barcode-based bio-
diversity assessment of mangroves from Kerala and Sunda-
rbans Delta, West Bengal, using ITS locus to the best of
our knowledge. There is a previous report of DNA barcode-
based assessment form Goa using rbcL and matK DNA
marker and from the West Coast of India (Saddhe et al.
2016, 2017). However, there are many reports of mangrove
identification based on morphological assessment (Barik and
Chowdhury 2014; Bhosale 2005; Naskar and Mandal 1999;
Selvam et al. 2004; Singh 2012; Vidyasagaran et al. 2011).
Countable reports are existing on molecular phylogenetics
using RAPD, RFLP, AFLP, SSR, STS, and SNP (Bhadalkar
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etal. 2014; Das et al. 2014; Lakshmi et al. 1997; Salve et al.
2013; Waugh and Power 1992). Present study exhibit that
ITS is a suitable locus for within-species phylogenetic
evaluation. This study generated the DNA based barcode,
MG461683.1 Avicennia marina, Payyanur and MG461681.1
Avicennia alba, Sajnekhali for the first time from Kerala and
Sundarbans Delta, respectively. It was concluded from ITS
locus that species of Avicennia exhibit close relationship and
belong to the same sister clade C (a) with a minimum dis-
tance of 0.020 and an average of 1.0 pp and 67.5% identity,
which is comparable to the results of Das et al. 2014 and
Parani et al., 2000. According to them, both share common
node and ancestry within the phylogenetic tree with 98.0%
identity. Parani et al. (1998) reported that Indian populations
of Avicennia marina, A. officinalis, and A. alba Blume are
genetically divergent (Parani et al. 1998). This divergence is
more between populations than within population as it origi-
nated from the central Tethys region and migrated westwards
and eastwards (Schwarzbach and Ricklefs 2001). Avicennia
was previously placed within Verbenaceae family (M. Reddy
et al. 1993) but the study using nuclear and chloroplast DNA
sequences confirmed that it is a member of Acanthaceae
family, and it is in line with our research. Barik and Chowd-
hury in 2014 revised the list of true mangroves reported
from the Indian Sundarbans delta based on literature sur-
vey and field surveys, enlisting A. alba Blume (voucher no:
CBES518), A. marina vierh. (voucher no: CBES432) and A.
officinalis L. (voucher no: CBES504) (Barik and Chowdhury
2014). Li et al. (2016) reconstructed phylogenetic tree via
Bayesian inference (BI), maximum likelihood (ML), and
maximum parsimony (MP) methods, suggesting that there
were three major subclades within the IWP clade (1) the A.
marina complex, (2) A. rumphiana and A. alba, and (3) A.
officinalis and A. integra. The A. marina complex clade and
the A. officinalis/A. integra subclade form sister clade, but
both don’t form cluster with the A. rumphiana and A. alba.
They also analyzed the two floral morphological character-
istics, that is, stigma position and style length revealing that
A. officinalis retains the ancestral stigma position and style
length of 1.0 mm whereas A. albalA. rumphiana lineage
and the A. marina complex display independent degenera-
tion (Li et al. 2016). The monophyletic relationship between
Avicennia and Acanthaceae is also evident by Saddhe et al.,
(2017), who explored three markers, psbK-psbl, rpoCI, and
atpF-atpH to resolve Avicennia genera sampled from Goa
region, West Coast of India. After DNA barcoding and phy-
logenetic reconstruction, they revealed that A. marina and
A. officinalis/A. integra from sister clade, whereas A. alba is
genetically distinct (Saddhe et al. 2017).

Volkameria inermis from Payyanur and Clerodendrum
eriophyllum from the USA are synapomorphic and belong
to a monophyletic clade. Clerodendrum sp. are closely
related to Volkameria sp. and share a common evolutionary

pattern (Yuan et al. 2010). The Acanthaceae form a mono-
phyletic clade with the Lamiaceae, they are roofed under
the same order Lamiales, but both are genetically distinct.
This bifurcation among clades depicted the prior evolution
of Avicennia. Many literary studies suggested that geological
events and the recolonization process favors the widespread
dispersal of Avicennia sp. It evolved more frequently than
Volkameria sp, owing to the small sequence divergence.
Duke (1995) proposed that about ten species of Avicennia
are distributed worldwide, specifically tropical estuarine
habitats. It was supposed to be originated from the western
Gondwanan and radiated to southern continental fragments
through tectonic dispersal (Duke 1995). Wee et al. (2015)
detected a substantial divergence between the populations
of R. mucronata and R. stylosa from the Indian Ocean and
Pacific Ocean region (Wee et al. 2015). The same kind of
divergence was observed between Rhizophora mocronata
from Payyanur and Rhizophora stylosa from the USA in the
present study, signifying that there exists some barrier to
the gene flow, which prevents the mixing across the genetic
boundaries. Our observation corresponds with Duke et al.
(2002), who postulated the occurrence of sympatry from
India to Australia as the Indian Ocean is a barrier to the
gene flow which separates the population of Rhizophora sp.
(Duke et al. 2002). This taxa cross the Central American
isthmus and the Atlantic Ocean, two dispersal barriers to
reach Indio West Pacific (IWP) (Dominguez et al. 1998).
Clues are available, suggesting that it’s not only oceanic cur-
rents that act as a barrier to gene flow, but the environmental
adaptations, selection pressure, changing climatic conditions
are also contributing to the same. Cyclones, warming ten-
dencies, and sea level rise also resulted in population frag-
mentation and act as a barrier to gene flow.

Though mangrove species studied here belong to di [erént
families and genus, they are still grouped under the taxo-
nomic group Pentatetalae also called Tricolpales, including
all flowering plants. This study generates many DNA bar-
codes for the first time from the ITS locus, but still, immense
research needs to be carried out to explore the mangrove
biodiversity.
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