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Abstract Mangroves have wide applications in

traditional medicines due to their several therapeutic

properties. Potentially toxic elements (PTEs), in

mangrove habitats, need serious concern because of

their toxicity, bioaccumulation capacity and ecotoxi-

cological risks. In the current study, we aimed to

examine sediment quality and bioaccumulation of

PTEs in a mangrove-dominated habitat of Sundarban,

India, and their relation with antimicrobial property of

ten mangrove species of the region. Antimicrobial

activity of different solvent fractions of mangrove

leaves was assessed against seven microorganisms.

The highest antimicrobial activity was detected in

ethyl acetate and acetone-extracted fractions of Avi-

cennia alba. Various sediment quality indices

revealed progressively deteriorating nature of surface

sediment having moderate contamination, however,

low ecotoxicological risk. The accumulation factors

(AF) for different PTEs indicate a gradual metal

bioaccumulation in leaf tissue. Antimicrobial activi-

ties indicated both positive and negative correlations

with manganese (Mn), copper (Cu), iron (Fe) and zinc

(Zn) concentrations of mangrove species. Concentra-

tion of Mn showed a significant correlation with
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almost all the fractions, whereas Cu had correlation

with ethyl acetate, acetone and methanol fractions

(P\ 0.05). The AF of Mn and Cu exhibited correla-

tion with antimicrobial activities of acetone and

methanol fractions, whereas Fe and Zn had correlation

with hexane and ethyl acetate fractions. Overall, Mn,

Fe, Cu and Zn concentrations of Acanthus ilicifolius

and Avicennia alba leaves and in the surface sediments

demonstrated the strongest association (P\ 0.05)

with their antimicrobial activity as also depicted in

correlation and cluster analysis studies. Thus, this

study will help to establish a link between the PTEs in

mangrove ecosystem with their bioactivity.

Keywords Sundarban � Mangrove � Antimicrobial

activity � Sediment quality � Potentially toxic metal �
Bioaccumulation

Introduction

Mangroves are the intertidal salt tolerant plant species

which have a wide range of applications in traditional

medicines since ages due to their antimicrobial, anti-

inflammatory, anticancer and other therapeutic prop-

erties. Their ability to survive under stressful condi-

tions has endowed them with some unique

morphological features and prima facie unusual

physiological processes (Bandaranayake 2002).

Despite their ecological, societal and economical

functions, these habitats are continuously under stress

due to anthropogenic pressure and changing climatic

vulnerability.

The global mangrove cover has been estimated to

be 156, 220 km2 (Ghosh et al. 2015), of which India

shares a part of the largest estuarine mangrove habitat

of the world, i.e., ‘Sundarban’—spanning about

350 km in width along Bangladesh (Gopal and

Chauhan 2006). Due to huge bioprospecting potential,

the naturally occurring estuarine mangroves have

recently been explored for their organic content,

precisely secondary metabolites, elemental composi-

tions along with their antimicrobial and other medic-

inal properties (Arivuselvan et al. 2011; Bakshi and

Chaudhuri 2014; Bakshi et al. 2015).

Mangrove species play a crucial role in conserving

the coastal estuarine habitats in tropics and subtropics

worldwide (Bayen 2012). Generally, estuarine sedi-

ments are anaerobic and reduced by nature, thus

leading to retention of waterborne trace metals

(Lacerda and Abrao 1984). Organic component and

sulfide-rich mangrove sediments enhance the possi-

bility of formation of insoluble metal sulfides and

organometallic complexes causing elevated trace

metal sequestration (Zhou et al. 2011; Sałata and

Dąbek 2017). Typically, this has resulted to their wide

range of trace metal distribution and their consequent

bioaccumulation potential in mangroves. Moreover,

they act as a natural reservoir of nutrients, especially

organic carbon and sink for trace metals, thereby

influencing the biogeochemical cycles in this unique

habitat (Jennerjahn and Ittekkot 2002).

Several studies have been carried out globally on

different aspects of potentially toxic elements (PTEs),

including their distribution, toxicity, persistent nature,

bioaccumulation capacity, potential ecotoxicological

risks to assess the anthropogenic influence in various

estuarine ecosystems (Zhang et al. 2010; Antoniadis

et al. 2017a, b; Sarkar et al. 2017). Environmental

stress encountered by the habitat can be monitored by

studying the concentration of the PTEs in the

sediments, their degree of contamination, consequent

biomarker response and associated ecological risks

(Qi et al. 2015; Menghan et al. 2015; Goldyn et al.

2015; Rinklebe et al. 2017). PTEs accumulated in

soils, sediments and plants can be estimated by

calculating several mathematical indices (Farsad

et al. 2011; Ravisankar et al. 2015; Ferati et al.

2015; Zhao et al. 2015).

The presence of different bioactive metabolites,

organic compounds and trace elements is the charac-

teristics of the plants having several pharmacological

attributes (Han et al. 2001; Xie et al. 2004). Some of

them have direct effects on human health (Tolonen

1990; Chen et al. 1993; Obiajunwa et al. 2002) and

required to be monitored in terms of their regulatory

limit, allowable concentration, toxicity level and their

potential ecotoxicological risks (Bodin et al. 2013;

Altundag et al. 2015; Cheng and Yap 2015). The trace

elements such as Mn, Fe, Cu and Zn are involved in
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different metabolic and cellular functions, like pri-

mary and secondary metabolism, gene regulation, cell

protection, signal transduction and hormone percep-

tion (Hänsch and Mendel 2009; Altundag et al. 2015).

Many trace elements play a significant role in the

formation of active constituents of plants which are

responsible for their medicinal, healing properties and

nutritive value supplementation (Pytlakowska et al.

2012; Zeiner et al. 2015). On the other hand, synthesis

of bioactive secondary metabolites may get compro-

mised in plants growing in polluted habitats contam-

inated by toxic metals (Lajayer et al. 2017). Hence,

quantitative data on major and trace element contents

in medicinal or edible plants are of considerable

significance in order to understand their pharmaco-

logical activity (Chuang et al. 2000; Gowrishankar

et al. 2010; Swain et al. 2012), as well as to analyze

their potential risk upon consumption (Tyokumbur

and Okorie 2011; Moore et al. 2015).

In contrast to the non-medicinal plants, some

medicinal plants contain higher concentration of

trace elements possibly due to their higher capacity

for uptake from soil (Rajukar and Damame 1998).

Characterization of the major and trace elements of

common medicinal plants is reasonably available in

the research databases. Minerals and trace elements

present in two tropical medicinal plant Syzygium

caryophyllatum and Syzygium densiflorum having

several pharmacological attributes including

antibacterial and antifungal activities have been

investigated by Subramanian et al. (2012). In a

recent work by Giordani et al. (2017), the possible

trace element contamination of traditional herbal

preparations of lichen Cetraria islandica having

antioxidant, antimicrobial and anti-inflammatory

activities was studied.

But unfortunately, plants like mangroves which

have wide traditional application as biomedicine are

undervalued and the presence of microelements in

these plants has never been correlated with their

bioactivity. The study of bioaccumulation of PTEs in

various parts of mangrove and their consequent biotic

response could provide an insight to the plant–

sediment interactions (Nath et al. 2013; Chaudhuri

et al. 2014; Nath et al. 2014a, b).

Mangroves have been reported to possess a number

of phytoalexins and phytoanticipin compounds which

have an active role in plant defense mechanism and

have potential for their commercial exploitation

(Sutton et al. 1985; Liebezeit and Rau 2006; Zhu

et al. 2009; Eldeen and Effendy 2013). Different

mangroves have been used widely for their pharma-

ceutical values, especially against asthma, diabetes,

diuretic, dyspepsia, hepatitis, leprosy, neuralgia,

paralysis, ringworms, rheumatism, skin diseases,

snake bites, tiger bites, stomach pains, etc. (Ban-

daranayake 1998). Several scientific studies have been

carried out to validate the antimicrobial, antiviral,

anticancer properties of mangroves (Bobbarala et al.

2009; Arivuselvan et al. 2011; Prabhu and Guruvay-

oorappan 2013). Several mangroves and back man-

groves of Indian Sundarban, namely Heritiera fomes,

Ceriops decandra, Ceriops tagal, Excoecaria agal-

locha, Rhizophora apiculata, Xylocarpus granatum,

Sonneratia apetala, Nypa fruticans, Bruguiera gym-

norhiza, Avicennia sp., Phoenix paludosa, Hibiscus

tiliaceous, Suaeda maritima, Clerodendrum inerme,

Sarcolobus carinatus have been used for different

therapeutic applications. Researchers have docu-

mented various applications of these plants against

ailments like fever, malaria, cold and cough, bronchi-

tis, asthma, skin diseases, ulcers, leprosy, small pox,

diarrhea, dysentery, diabetes, antifertility (Naskar

et al. 2002; Mondal and Mondal 2011; Datta et al.

2011; Bakshi and Chaudhuri 2014). Antimicrobial

activity of mangroves like Acanthus ilicifolius,

Aegiceras corniculatum, Aegialitis rotundifolia, Avi-

cennia alba, Avicennia marina, Avicennia officinalis,

Bruguiera gymnorrhiza, Cerbera odollam, Ceriops

decandra, Cynometra iripa, Heritiera fomes, Nypa

fruticans, Phoenix paludosa, Rhizophora mangle,

Sonneratia alba, Xylocarpus granatum and others

have been studied against several animal and plant

pathogens (Chaudhuri and Guha 2010; Khajure and

Rathod 2010; Bakshi and Chaudhuri 2014).

On the other hand, this ecologically sensitive region

has been reported to have deposition of several PTEs

generated from natural weathering processes and

anthropogenic contamination (Ghosh et al. 2016;

Bakshi et al. 2017; Chowdhury et al. 2017; Ghosh

et al. 2018). Eventually, the phytoavailable PTEs result

in their uptake, translocation and bioaccumulation in

the dominant mangrove species of the region (Anto-

niadis et al. 2017c). Accumulation factors of PTEs in

mangrove leaves have been used by the researchers to

estimate the potential of metal bioaccumulation of the

plant and the plant–sediment interaction (Bakshi et al.

2017). A recent study on elemental accumulation and
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distribution pattern was carried out in 13 mangroves of

Indian Sundarban, showing higher enrichment of the

essential microelements like Mn, Fe, Zn, Cu, Co, Ni in

different plant parts. Among the studied plants, Son-

neratia apetala andAvicennia officinaliswere found to

be the most potent accumulator of trace elements. To

the best of our knowledge, no previous study has been

conducted incorporating these accumulated PTEs in

the mangroves which are playing significant role in

formation of active constituents of plants responsible

for their pharmacological properties. This study was

aimed to assess the bioaccumulation of PTEs in

mangroves from their habitat sediment and their

relation with the antimicrobial property of mangroves.

Materials and methods

Study area

The Indian Sundarban, a part of the world’s largest

mangrove habitat, is situated at the dynamic

estuarine region of Bengal and sustained by com-

plex Hooghly Matla estuarine system which

includes numerous tributaries, distributaries, conflu-

ences and tidal creeks.

Present study was conducted at an island of Indian

Sundarban which is known as Jharkhali island

(22�000N–22�120N and 88�380E–88�470E) (Fig. 1).

The island has diverse mangrove vegetation, including

Avicennia sp., Aegiceras sp., Aegialites sp., Bruguiera

sp., Excoecaria sp. and Sonneratia sp. along with

various back mangroves (Thespesia sp., Derris sp.).

The island, previously a part of the Namkhana Reserve

Forest, experiences regular tidal influx and currently

inhabited by a strong population of around 1,58,092.

This ecologically sensitive region has been able to

confront the climatic and anthropogenic vulnerabili-

ties including coastal erosion up to a certain extent.

The island has also received appreciable acknowledg-

ment for remarkable in situ mangrove conservation.

There has been a significant increase in mangrove

cover area by 265 ha during 2008–2010 by plantation

in and around the island (Manna et al. 2013).

Sampling of mangrove leaves and sediment

Surface sediment (at 5–10 cm depth) samples were

collected in triplicate from 4 different locations (S1,

S2, S3 and S4) of intertidal mud flats of Jharkhali

island (Fig. 1). Mature and healthy leaves of similar

height and health conditions were collected from at

least 10 plants of each species, namely Avicennia

marina, Avicennia alba, Avicennia officinalis, Son-

neratia apetala, Sonneratia caseolaris, Excoecaria

agallocha, Aegiceras corniculatum, Acanthus ilici-

folius, Ceriops decandra and Nypa fruticans; and

pooled into one sample for each site. The genus and

species of the plants have been confirmed following

the manual of Banerjee et al. (1989). Collected

sediment samples were dried in the laboratory and

ground to fine powder (\ 63 lm) with a mortar and

pestle prior to determine physicochemical properties

and elemental concentrations. Mangrove leaves were

dried and powdered (\ 63 lm) to extract bioactive

metabolites responsible for their antimicrobial prop-

erties. The leaf powder (50 g) was extracted in Soxhlet

apparatus using hexane, ethyl acetate, acetone and

methanol according to polarity gradient and processed

further for analyzing their antimicrobial activity

(Bakshi and Chaudhuri 2014).

Physicochemical parameters of sediments

Organic carbon content of sediment was measured by

standard Walkey and Black titrimetric method (Walk-

ley and Black 1934). The sediment pH and electrical

conductivity (EC) were measured using a Wenser

WPH 10 pH meter and Labman LMCM 20 conduc-

tivity meter, respectively (Ghosh et al. 2016; Bakshi

et al. 2017).

Elemental analysis

The elemental concentrations of intertidal sediments

and mangrove leaves were estimated using Xen-

emetrix (Ex-3600)) energy-dispersive X-ray fluores-

cence (ED-XRF) spectrometer consisting of an oil-

cooled Rh anode X-ray tube (maximum voltage

50 kV, current 1 mA). The ED-XRF technique is

multi-elemental, rapid, nondestructive and sensitive

(ppm level) which has been successfully applied to

analyze sediment and plant materials worldwide (Yagi

et al. 2013; Schneider et al. 2016; Ravisankar et al.

2015). Measurements were taken for 400 s in vacuum

using filters for optimum detection of elements and

quantitatively analyzed by nExt software. The X-rays

were detected using a liquid-nitrogen-cooled
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12.5 mm2 Si(Li) semiconductor detector (resolution

150 eV at 5.9 keV).

Sediment samples

The concentration of aluminum (Al), calcium (Ca),

chromium (Cr), copper (Cu), iron (Fe), lead (Pb),

manganese (Mn), nickel (Ni), potassium (K), silicon

(Si), titanium (Ti), vanadium (V) and zinc (Zn) in

sediment samples was estimated. 150 mg of each dried

sediment sample, sieved through 63-lm acid-washed

nylon sieve, was pelletized using tabletop pelletizer

(pressure 110–130 kg/cm2 for 2 min) and measured in

triplicates for quantitative elemental analysis in ED-XRF.

Leaf samples

Dried and ground mangrove leaf samples were

subjected to analyze for the estimation of elements

(Ca), chlorine (Cl), copper (Cu), iron (Fe), potassium

(K), manganese (Mn), phosphorus (P), sulfur (S) and

zinc (Zn). 120 mg of each dried and sieved leaf sample

was pelletized using tabletop pelletizer (pressure

100–110 kg/cm2 for 1 min) and measured in tripli-

cates for quantitative elemental analysis.

Leaf fractions

The hexane, ethyl acetate, acetone and methanol

fractions of the leaf samples were also undergone

qualitative spectra analysis for four microelements,

i.e., Mn, Fe, Cu and Zn. 5 lL of each of the fractions

were poured on membrane filters, air-dried for 1 h and

used for qualitative elemental analysis. Blank mem-

brane filters and solvent-soaked membrane filters have

been also run as negative and positive control.

Fig. 1 Map of the study area a India, b West Bengal, c Jharkhali island of Sundarban, d sampling locations
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Antimicrobial activities of the mangrove leaves

Microorganisms used in this study were procured from

Microbial Type Culture Collection (MTCC), Institute

of Microbial Technology, Chandigarh, India. Four

bacterial strains (Escherichia coli (MTCC 3221),

Agrobacterium tumefaciens (MTCC 609), Streptococ-

cus mutans (MTCC 497), Staphylococcus aureus

(MTCC 7405)) and three fungal strains (Aspergillus

flavus (MTCC 1884), Tricophyton rubrum (MTCC

296), Fusarium oxysporum (MTCC 284)) were used to

estimate antimicrobial activity of mangrove leaf

fractions, using disk assay method. In brief, leaf

fractions were concentrated using rotary evaporator

and paper disks of 5 mm diameter soaked with the

concentrated (1 mg/mL) leaf fractions have been

placed on agar plates inoculated with the organisms

(Bakshi and Chaudhuri 2014). The zone of inhibition

(ZoI) has been measured using Hi Media Antibiotic

Zone Scale-C (PW297) and compared with the

positive controls ampicillin (for bacteria) and flucona-

zole (for fungi) and negative control DMSO.

Bioaccumulation of potentially toxic elements

(PTEs) in mangrove species

Mangrove species play a crucial role in maintaining

elemental concentration in an estuarine ecosystem (He

et al. 2014). The bioaccumulation of PTEs in

mangrove leaves was calculated to estimate degree

of PTE accumulation in mangrove leaf tissues from

ambient sedimentary environments (MacFarlane et al.

2007). Accumulation factor (AF) in mangrove leaves

was calculated using Eq. (1) where CBiota and Csediment

are total metal concentrations in plant and sediment,

respectively, in mg/kg.

AF ¼ CBiota

CSoil

ð1Þ

Sediment quality indices

Sediment quality indices are important tools to quantify

magnitude of the degree of elemental contamination in

sediment system in contrast to geochemical background

values which indicate concentration of a certain

element in pristine sediment without any anthropogenic

input. Calculation of different sediment indices largely

depend on correctly chosen background values and a

standard classification structure (Birch 2016). Different

researchers have used Wedepohl’s shale values (Wede-

pohl 1995) and/or upper continental crust (UCC) values

of Taylor and McLennan (1985) as geochemical

background in Indian subcontinental estuarine system

which also covers the area investigated in the current

study (Banerjee et al. 2012; Ghosh et al. 2016, 2018;

Sarkar et al. 2017). Hence, the UCC (Taylor and

McLennan 1985) values have been considered as

geochemical background due to the absence of specific

geochemical background value in the Sundarban estu-

arine systems.

Enrichment factor (EF)

Enrichment factor (EF) was estimated to quantify

magnitude of human-induced changes in this complex

estuarine region based on standardizing the tested

element against one reference element with low

occurrence variability such as Mn, Ti, Al and Fe

(Schiff and Weisberg 1999; Reimann and de Carital

2000; Sutherland 2000). The EF has been calculated

according to Eq. (2), where Ex and Fex are the

sediment sample concentrations of the element and

Fe, while Eb and Feb are their concentrations in the

geochemical background (Salomons and Förstner

1984; Abrahim and Parker 2008; Islam et al. 2015).

EF ¼ Ex

Eb

� Feb

Fex
ð2Þ

Geo-accumulation Index (Igeo)

The magnitude of contamination in sediments was

quantified and classified according to seven enrich-

ment classes of geo-accumulation Index (Igeo) (Muller

1969; Antoniadis et al. 2017b, c). It is calculated using

Eq. (3), where Cn and Bn are the concentration of the

trace elements in the sediment and geochemical

background of that element.

Igeo ¼ log2

Cn

1:5 � Bn

� �
ð3Þ

Contamination factor (Cf)

The degree of contamination by each element in the

sediment can be assessed from the contamination
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factor (Cf) (Hakanson 1980; Rinklebe and Shaheen

2017). It has been calculated using Eq. (4), where Ex

and Eb are the concentrations of the trace elements in

the sediment and geochemical background value of

the element, respectively (Islam et al. 2015; Shaheen

et al. 2017).

Cf ¼
Ex

Eb

ð4Þ

Pollution load index (PLI)

The pollution load index (PLI) is a significant key to

estimate degree of contamination in coastal and

estuarine sediments (Tomlinson et al. 1980; Anto-

niadis et al. 2017c). It has been calculated using

Eq. (5) where Cf is the contamination factor.

PLI ¼ ðCf1 � Cf2 � Cf3 � � � � � CfnÞ1=n ð5Þ

Potential ecological risk index (PERI)

The ecological risk of the elements has been evaluated

as the quantitative expression of the risk degree based

on some common PTEs of ecological importance

(Hakanson 1980; Gong et al. 2008; Sany et al. 2012;

Guo et al. 2015) followed by Eqs. (6) and (7).

Er ¼ Tr � Cf ð6Þ

PERI ¼
Xm
i¼1

ERi ð7Þ

Here, Er is the potential risk of individual element; Cf

is the contamination factor; Tr is the toxic response

factor (TRF) for a given metal (TRF of Zn = 1,

Cr = 2, Cu = 5 and Pb = 5) (Hakanson 1980); PERI is

the sum of potential risk of individual metal (potential

ecological risk index); and m is the number of

individual metals. The standard gradation system of

ecological risk has been modified in our study as we

have considered only Zn, Cr, Cu and Pb unlike the

classic PERI method which considers eight pollutants,

including PCBs, Hg, Cd, As, Pb, Cu, Cr and Zn (Jiang

et al. 2014) (Table S1).

Another important parameter to assess the ecotox-

icological risk is the effect range low (ERL)/effect

range median (ERM) and the threshold effect level

(TEL)/probable effect level (PEL) values of the

respective elements as per the sediment quality

guideline (SQG) (MacDonald et al. 1996; Long and

MacDonald 1998) (Table S1, Supporting Material).

Values with low-range elemental concentrations

(within TEL or ERL) suggest less adverse effects

and low ecological risk, whereas high range values

(more than PEL and ERM) represent high ecological

risk (Long and MacDonald 1998). The level of toxicity

has been monitored by comparing the elemental

concentration of sample with these limit values (Long

et al. 1995).

Statistical analysis and quality assurance

The quality assurance in PTEs analysis using ED-XRF

was maintained using standard reference material

(SRM) [Estuarine sediment- SRM 1646 and Apple

leaf- SRM1515] from National Institute of Standards

and Technology (NIST). Analytical accuracy,

reported as recovery, was 94–107%, and relative

standard deviation was \ 5% for all measured

elements. All the antimicrobial activities and elemen-

tal analysis have been carried out in triplicates, and the

mean value was taken with the standard deviation.

Differences between means were estimated using

Duncan’s multiple range test at P\ 0.05. Further

Pearson’s correlation analysis was used to assess the

association between the elements detected in different

leaf and sediment samples. The antimicrobial activity

of the leaf extracts was correlated with the elemental

concentration of the crude leaf dust and the accumu-

lation factors (AFs) to find out whether they are having

any positive or negative effect on their bioactivity. The

correlation statistics study was also performed

between each pair of elements in both sediment and

leaf and among the plants as well. Cluster analysis was

carried out to determine the linkage between the

mangrove plants according to the elemental

concentration.

Results and discussion

Physicochemical parameters of sediments

Throughout the sampling locations, the range of pH,

conductivity and organic carbon of the samples has

been varied between 7.4–7.81, 1512–1701 lS/cm and

0.71–0.87%, respectively. Within the same island, this
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variation among the physicochemical characteristics

found may be because of different land use pattern,

variation in sources of organic matter, and their

deposition and the distance of the sampling location

from the riverside (Ghosh et al. 2016). The source of

organic carbon in the studied region is largely because

of agricultural and aquaculture runoff along with

domestic sewage, erosion and deposition (Banerjee

et al. 2012).

Elemental analysis of sediment samples

The elemental concentration of Al, Ca, Cr, Cu, Fe, K,

Mn, Ni, Pb, Si, Ti, V and Zn in the sediment samples is

represented in Table 1. The four locations showed

variable range of elemental concentration mostly due

to the influence of different environmental and tidal

parameters, several sources of contamination and

diverse land use pattern. Among the macro-elements,

maximum concentration of Al was found to be present

in site S2 (10,724 mg/kg) along with Si (227,140 mg/

kg), K (26,353 mg/kg), Ca (20,153 mg/kg), Ti

(3525 mg/kg) and Mn (1101 mg/kg).

Comparing to all other sites, S1 showed lower

range of average elemental concentration except that

of Cr, i.e., 169.65 mg/kg. Most trace elements were

present in maximum concentration in site S3 including

Fe (75,037 mg/kg), V (147.29 mg/kg), Ni(68.42 mg/

kg), Cu (67.39 mg/kg), Zn (129.81 mg/kg) and Pb

(15.48 mg/kg).

Our study showed an increase in most of the studied

elements (V, Cr, Mn, Fe, Ni, Cu and Zn) than the

earlier works carried out by several researchers in this

region (Table 2). In last two decades, Jharkhali island

situated in the downstream of Hooghly Matla estuar-

ine system is continuously experiencing steady growth

in population which has reached up to 1,58,092 in

2011 from 92,276 in 1991 (Samanta and Hazra 2012;

Manna et al. 2013). The increasing population pres-

sure has also led to loss of * 16 km2 mangrove cover

in the island (Manna et al. 2013). The surrounding

estuarine region of the island has come across

immense industrial growth in sectors like textiles,

paper, pesticides, pharmaceuticals, jute, plastic,

leather (Mitra et al. 2012). Moreover, the estuary

receives huge sewage input from the drainage system

of the adjacent urban ecosystem (Pramanick et al.

2015). The contaminated sewages, industrial effluents,

surface and agricultural runoffs of various origin like

vehicular emission, construction work, open dumping

of solid waste, boating and fishing activities, burning

of waste, domestic cooking, etc. (Bakshi et al. 2017;

Chowdhury et al. 2017) have also led to gradual

deposition and accumulation of PTEs. These factors

chiefly contribute to increased accumulation of ele-

ments in sediments of Jharkhali, which in turn results

Table 1 Average concentrations of the studied elements (mg/kg) in the sediment samples

Location S1 S2 S3 S4

Elements Avg SD Avg SD Avg SD Avg SD

Al 96,061.00a 18,130.00 107,247.00a 1426.00 100,248.00a 8395.00 90,036.00a 35,519.00

Si 211,775.00a 24,933.00 227,141.00a 1546.00 204,194.00a 12,175.00 206,163.00a 57,027.00

K 25,457.00a 2050.00 26,353.00a 307.00 26,282.00a 605.00 24,729.00a 2642.00

Ca 17,363.00b 2369.00 20,153.00a 360.00 14,097.00c 564.00 10,831.00d 1527.00

Ti 3074.00a 445.00 3525.00a 86.20 3001.17a 62.00 2804.00a 765.00

V 144.54a 15.86 140.39a 6.33 147.29a 6.62 144.38a 15.30

Cr 179.65a 24.83 160.13a 7.58 176.39a 23.33 173.20a 34.00

Mn 1082.00a 18.14 1101.00a 41.48 982.00c 44.00 715.00d 34.00

Fe 70339a 2592 71,175.00ab 700.00 75037a 2154.00 70,769.00b 2236.00

Ni 57.39ab 4.15 51.45b 13.16 68.42a 1.10 50.06b 2.57

Cu 60.70a 7.14 61.10a 0.95 67.39a 7.24 58.63a 0.53

Zn 117.49a 6.53 121.85a 7.35 129.81a 5.35 115.23a 10.55

Pb 8.13a 1.50 13.66a 4.01 15.48a 2.56 8.88a 1.10

Values accompanied by different letters are significantly different within rows at the level (P\ 0.05)
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into their greater bioaccumulation in plants and

surrounding habitat. Interestingly, Pb is the only

element in our study which showed notably lower

concentration than the earlier decades mostly because

of the use of unleaded petrol since 2000 (Singh and

Singh 2006).

Elemental analysis of mangrove leaves

This study depicts elemental distribution of Ca, Cl,

Cu, Fe, K, Mn, P, S and Zn in leaves of ten mangrove

plants (Table 3). Among all the studied elements,

maximum concentration of P (1820 mg/kg) and

K (11,514 mg/kg) has been observed in the leaves of

S. caseolaris, whereas the highest Cl (19,953 mg/kg)

was recorded in A. marina. E. agallocha showed

maximum amount of Ca (15,623 mg/kg), and C.

decandra leaves had highest concentration of S

(3568 mg/kg), respectively.

For microelements, A. ilicifolius showed the max-

imum amount of Fe (846 mg/kg and Zn (69 mg/kg);

highest concentration of Mn (1154 mg/kg) has been

recorded in N. fruticans leaves, and the highest Cu

(16.96 mg/kg) concentration has been estimated in the

leaves of A. officinalis. Our study observed some

contrasting results in terms of elemental concentration

in different mangrove plants in India. In most of the

cases, the concentration of trace elements, namely Cu,

Cr, Fe, Zn, showed twofold–20-fold increase than the

earlier reports of other researchers (Agoramoorthy

et al. 2008; Akhand et al. 2012; Chakraborty et al.

2013; Badarudeen et al. 2014). The increased depo-

sition of contaminants may have resulted in elevated

elemental bioaccumulation in mangroves and hence

resulted in this changing scenario (Chaudhuri et al.

2014; Bakshi et al. 2017).

Elemental transfer or extraction rate in plant or

biological preparations is extremely element specific

(Giordani et al. 2017). In our study, the qualitative

spectra of ED-XRF were analyzed for four PTEs (Mn,

Fe, Cu and Zn) showing signature peaks at their

corresponding energy (5.9, 6.4, 8.1 and 8.6 kV). The

presence of characteristics peaks in the qualitative

spectra suggests that most of the microelements which

are present in the crude leaf dusts are also

extractable in the solvent fractions. The figures of

solvent specific (i.e., hexane, ethyl acetate, acetone

and methanol) microelement spectrum of ten man-

groves are given in supporting material (Fig. S1,

Supporting Material). One channel number in the

figures corresponds to 10 kV energy; hence, the peaks

found at around 590, 640, 804 and 863 represent the

qualitative peak of Mn, Fe, Cu and Zn, respectively.

The crude leaf powder of N. fruticans, A. ilicifolius

and A. officinalis showed the highest concentrations of

microelements (Mn, Cu, Fe, Zn) and in case of the

solvent fractions the strong intensity of four micronu-

trients were recorded in case of A. corniculatum, C.

Table 2 Comparative analysis of average elemental concentrations (mg/kg) in sediment samples of the region

V Cr Mn Fe Ni Cu Zn Pb

Subramanian et al. (1988 124.12 67.15 553.00 31,084.00 32.12 26 71 29.07

Subramanian (1993) NS NS 553.00 31,084.00 NS 26 71 29.07

Ramesh et al. (1999) 71.69 61.20 NS NS 37.40 NS 64.61 10.54

Sarkar et al. (2004) 40 41.15 674.00 34,300.00 37.80 32.75 111.5 20

Chatterjee et al. (2009) NS 55.98 579.44 31,156.44 30.17 25.74 65.59 22.18

Banerjee et al. (2012) NS 44.13 574.20 37,533.30 50.3567 38.39 75.85 NS

Massolo et al. (2012) NS 69.70 616.00 38,037.00 34.32 29.5 75.97 21.42

Akhand et al. (2012) NS 141.06 NS 35,371.70 42.99 39.53 97.46 29.7

Chakraborty et al. (2013) NS 26.18 NS NS NS 37.48 58.97 58.89

Antizar-Ladislao et al. (2015) NS 39.95 NS NS 19.36 24.25 NS 15.13

Ghosh et al. (2016) 127.33 165.75 1064.00 56,851.00 44.44 47.75 88.75 6.8

Watts et al. (2017) 107.00 84.15 812.00 42,536.00 45.32 36 83.78 27.88

Present study 144.15 172.35 969.95 71,829.90 56.83 61.96 121.09 11.54

NS not studied
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decandra, A. ilicifolius, S. apetela and N. fruticans.

This is a primary confirmation of the fact that the

higher PTE concentration in crude leaf powder of N.

fruticans, A. ilicifolius and A. officinalis results better

extractability of those elements in the above-men-

tioned plant fractions. This is worth-mentioning that

the strongest PTE intensities were found mostly in the

plants, showing good antimicrobial activities. Overall,

the work revealed the extractable nature of essential

microelements which were found in the leaf fractions

of mangroves and can play a crucial role in their

antimicrobial activity (Xie et al. 2004; Pytlakowska

et al. 2012; Zeiner et al. 2015).

Antimicrobial activities of the mangrove leaves

Results depicted zones of inhibition (ZoI) found in

disk assay study with leaf extract fractions of ten

mangrove species against four bacterial and three

fungi species. Figure 2 shows antibacterial activity of

four solvent fractions, i.e., hexane, ethyl acetate,

acetone and methanol, respectively. Among different

solvents, the maximum activity was found in ethyl

acetate and acetone fractions. A. marina, A. alba, A.

ilicifolius, C. decandra and E. agallocha showed

better antimicrobial potential than the others. In our

study, the strongest antimicrobial potential was exhib-

ited by the A. marina extracts with 21.9 mm and 17.7

zone of inhibition against S. aureus and S. mutans,

respectively.

Hexane fractions of nearly all ten plants showed the

poorest results in the disk assay method where the

highest activity found against Staphylococcus aureus

against A. ilicifolius and E. agallocha. The ethyl

acetate fractions were found to be the most active in

our experiment. These fractions of almost all the

plants showed strong inhibitory effects against all four

bacteria. A. marina showed the maximum activity

against E. coli and S. aureus (15.8 and 21.9 mm ZoI,

respectively).

Acetone fractions also exhibited good result against

most of the organisms specially E. coli, A. tumefaciens

and S. aureus. Methanol fractions also demonstrated

moderate activity against the pathogenic bacteria.

Previous reports showed that among these plants A.

ilicifolius and A. marina extracts are most effective

even in very low concentrations (Bakshi and Chaud-

huri 2014). The antifungal activity of the chosen
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mangrove plants of Indian Sundarban was not satis-

factory (Fig. 3).

Although antifungal activity of different mangrove

plants has been determined partially (Choudhury et al.

2005; Khajure and Rathod 2010; Chaudhuri and Guha

2010; Bobbarala et al. 2009), in our study only A. alba,

A. marina and S. caseolaris showed potential of

antifungal activity against A. flavus and T. rubrum.

The ethyl acetate and acetone extract of A. marina

exhibited growth inhibitory effect against A. flavus

with 6 and 6.5 mm zone of inhibition. In case of A.

alba, the only active extract was acetone with 6.9 mm

zone of inhibition. Antifungal action against T. rubrum

was found only in case of ethyl acetate and acetone

extracts of S. caseolaris and A. alba leaves.

Bioaccumulation of PTEs in mangrove species

Accumulation factors (AFs) in leaves can significantly

portray the magnitude of elemental bioaccumulation

in a plant from the habitat sediment and also offers an

insight to changes in plant–sediment interaction from

the earlier period (Mahdavian et al. 2017). In our

study, the maximum AF for K has been found in A.

marina (0.424), for Ca it was E. agallocha (1.442), AF

for Mn was highest in N. fruticans (1.048), for Fe and

Fig. 2 Antibacterial activities of mangrove leaves*. a Hexane fractions, b ethyl acetate fractions, c acetone fractions, d methanol

fractions. *Values accompanied by different letters are significantly different within columns at the level (P\ 0.05)
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Zn A. ilicifolius showed the highest AF (0.011 and

0.536), for Cu it was A. officinalis (0.252) (Table 4).

The AF of Fe in Sundarban mangroves leaves found

in the previous work was in between 0.015 and 0.021

which is almost similar to our work (Akhand et al.

2012). The range of AF in the case of Cu and Zn was

from 0.05–0.31 and 0.13–0.34 by the similar author,

whereas the same was observed to be 0.46 and 0.69 in

another work by Chakraborty et al. 2013. The AF

values found in our study correspond to the highest

elemental concentrations of the plants and indicate the

gradual accumulation of trace elements in the leaf

tissues.

The abundance of PTEs in sediment system leading

to their bioaccumulation in plants indicates the

phytoremediation potential of mangroves, which can

essentially reduce metal leaching into the environ-

ment. Aerial parts of mangrove can be very efficient

for remediating PTEs from sediment system by

phytoextraction or/and phytomining (Rizwan et al.

2016; Naeem et al. 2016). In our study, A. officinalis,

A. ilicifolius and N. fruticans were found to have the

better potential for phytoremediation of Cu, Fe, Zn and

Mn from contaminated sediments.

Fig. 3 Antifungal activity of mangrove leaves*. a Hexane fractions, b ethyl acetate fractions, c acetone fractions, d methanol fractions.

*Values accompanied by different letters are significantly different within columns at the level (P\ 0.05)
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Sediment quality indices

The sediment quality was assessed by calculating

various indices followed by categorization based on

the standard classification system. The classification

of the sediments based on the EF values (Liu et al.

2005), Igeo values (Muller 1969), Cf values (Hakanson

1980) and PLI values is shown in Table S1.

In sediment samples, Cu and Cr showed the highest

EF values which varied from 1.36 to 1.47 for Cu and

from 1.08 to 1.23 for Cr followed by V, Mn, Ni and Zn

with mean EFs between 0.5 and 1 (Table 5). These

results indicate that according to the level of contam-

ination of EF (Table S1) there is no significant

enrichment by the studied elements in all sites.

Elements including Al, Si, K, Ca, Ti and V revealed

negative geo-accumulation index (Igeo) values reflect-

ing their uncontaminated status in the four locations

(Table 5). Positive Igeo values for Cr (0.33–0.50), Cu

(0.65–0.85) and Zn (0.11–0.29) were observed in all

the locations, suggesting uncontaminated to moder-

ately contaminated state for these elements (Müller

1969). Sampling locations, S1 and S2, showed posi-

tive Igeo values for Mn (0.043–0.069), whereas Ni has

only positive value at location S3 (0.053). The result of

Igeo values matches with the result of EF values where

the elements showing higher EFs also showed positive

Igeo number (Cr, Mn, Ni, Cu, Zn). In terms of

contamination factor (Cf), all locations were observed

to possess moderate contamination where most of the

Cf values for Cu, Cr, Fe, Zn, Mn, V and Ni was

between 1 and 3 (Hakanson 1980). The K, Ca and Pb

showed low contamination status with Cf\ 1. The

highest Cf values were observed for Cu in all 4

locations (2.34–2.69). Similarly, Cr, Mn, Fe and Ni

also exhibited higher Cf values (1.02–2.11) (Table 5).

The calculated pollution load index for S1–S4 was

found to be between 1.08 and 1.30, suggesting the

progressively deteriorating quality of the habitat

sediment in the study area. The increasing order of

PLI is S3[ S2[ S1[ S4.

Overall, studied sediment quality indices suggested

complementary results revealing the low to moderate

contamination (in terms of Cf) and progressive dete-

rioration (in terms of PLI) in the sediment quality of

the island. In all 4 locations of the island, the higher

concentrations of most of the elements especially Cu,

Cr, Mn, Ni, V and Zn from the geochemical

background value suggest increased upstream weath-

ering along with rapid urbanization and industrial

growth in this extremely sensitive region due to

release of industrial waste and domestic sewage, brick

kilns, boating and shipping and fishing activity,

vehicular emission, etc. (Sarkar et al. 2004; Gopal

and Chauhan 2006; Chatterjee et al. 2007; Banerjee

et al. 2012). In location S3, the EF value of Zn is 0.99

and the same spot also has the highest Igeo factor for

Zn, i.e., 0.286. The highest Zn intensity in the leaf

fractions was observed in two plants collected from

the similar spot (S3), i.e., A. marina and A. officinalis,

which in turn exhibit considerable antimicrobial

property. Copper also followed comparable trend,

where plants A. alba and S. apetela at spot S1 (EF

1.412 and Igeo 0.043) showed adequate antimicrobial

activity. The PLI in both these spots (S3 and S1) was

higher, i.e., 1.30 and 1.20, respectively (Table 6).

Potential ecological risk index

The potential risk of individual element (Er) and

comprehensive potential ecological risk index (PERI)

was calculated to quantify the degree of risk associated

with some common PTEs of ecological importance

(Table 6). The Er values of Cr, Cu, Zn and Pb ranged

Table 4 Accumulation factor in mangroves

A.

marina

A.

alba

A.

officinalis

S.

apetala

S.

caseolaris

E.

agallocha

A.

corniculatum

A.

ilicifolius

C.

decandra

N.

fruticans

K 0.424 0.295 0.272 0.299 0.437 0.383 0.130 0.377 0.123 0.245

Ca 0.277 0.142 0.191 0.435 0.463 1.442 0.232 0.179 1.019 0.078

Mn 0.110 0.129 0.868 0.633 0.330 0.055 0.152 0.152 0.987 1.048

Fe 0.002 0.002 0.004 0.003 0.003 0.002 0.002 0.011 0.003 0.004

Cu 0.198 0.241 0.252 0.111 0.168 0.066 0.101 0.141 0.099 0.137

Zn 0.098 0.126 0.094 0.139 0.243 0.195 0.085 0.536 0.048 0.107
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from 3.77–4.28, 11.73–13.48, 1.62–1.83 and

2.39–4.55, respectively. The highest Er values were

found mostly in spot S3 (Cu, Zn and Pb) and S1 (Cr).

The potential ecological risk index (PERI) of man-

grove sediments in four spots lies from 20.04 to 24.01.

The risk values suggest degree of pollution and risk

level to be within ‘low ecological risk’ category

(A) despite moderate and progressive contamination

in sediment (Table S1).

Ecological risk assessment of the elements was also

evaluated by comparing their concentrations with

TELs and PELs (Long and MacDonald 1998) and

ERL and ERM (Long et al. 1995). The Cr concentra-

tion in all 4 sites was \ PEL and ERL values. Cu

values are higher than TEL and ERL, but much lower

than PEL and ERM values. The Ni concentrations in

all spots are higher than PEL and ERL values, and in

two spots (S1 and S3) these values are even more than

ERM. All of the spots had Pb amount much lower than

TEL and ERL. The Zn level crossed TEL limit in one

spot (S3) and in the rest of spots remained under TEL

limit. Locations with low-range elemental concentra-

tions (within TEL or ERL) suggest less adverse effects

and low ecological risk, whereas high ecological risk

prevails in the spots with high range values (more than

PEL and ERM) (Long and MacDonald 1998).

Relationships between elements and plant

antimicrobial activity

Result confirmed a wide variation in elemental

concentrations in mangroves, even in the case of

leaves collected from the same site. This is mostly due

to difference in uptake and accumulation potential of

macro- and microelements in different plant species

which is largely controlled by their genotype (Sh-

tangeeva 1994; Rai et al. 1995; Willey and Fawcett

2006). Pearson’s correlation analysis showed a sig-

nificant association among some of the leaves and

sediment elemental concentration (Table 7). No pre-

cise pattern of correlation between the elemental

concentration with respect to species and solvent

specific antimicrobial activity of mangroves was

observed. However, in most of the cases elemental

concentrations found to have either positive or neg-

ative regulation on antimicrobial activities except

ethyl acetate fractions against A. tumefaciens. In the

case of microelements, Mn showed a range of

Table 5 Enrichment factor, geo-accumulation index and contamination factor of the sediments

Al Si K Ca Ti V Cr Mn Fe Ni Cu Zn Pb

EF

S1 0.37 0.19 0.46 0.24 0.36 0.79 1.23 0.90 1.00 0.76 1.41 0.96 0.28

S2 0.41 0.20 0.48 0.27 0.41 0.75 1.08 0.90 1.00 0.67 1.40 0.99 0.46

S3 0.36 0.17 0.45 0.18 0.33 0.75 1.13 0.77 1.00 0.85 1.47 1.00 0.50

S4 0.35 0.18 0.45 0.15 0.32 0.78 1.18 0.59 1.00 0.66 1.36 0.94 0.30

Igeo

S1 - 1.23 - 2.22 - 0.91 - 1.87 - 1.29 - 0.15 0.50 0.04 0.20 - 0.20 0.70 0.142 - 1.65

S2 - 1.07 - 2.12 - 0.86 - 1.66 - 1.09 - 0.19 0.33 0.07 0.21 - 0.36 0.70 0.19 - 0.90

S3 - 1.17 - 2.28 - 0.86 - 2.17 - 1.32 - 0.12 0.47 - 0.10 0.29 0.05 0.85 0.29 - 0.72

S4 - 1.33 - 2.26 - 0.95 - 2.55 - 1.42 - 0.15 0.44 - 0.56 0.21 - 0.40 0.65 0.11 - 1.52

CF

S1 – – 0.80 0.41 – 1.35 2.11 1.55 1.72 1.30 2.43 1.66 0.48

S2 – – 0.83 0.48 – 1.31 1.88 1.57 1.74 1.17 2.44 1.72 0.80

S3 – – 0.82 0.33 – 1.38 2.08 1.40 1.84 1.56 2.70 1.83 0.91

S4 – – 0.78 0.26 – 1.35 2.04 1.02 1.73 1.14 2.35 1.62 0.52

Table 6 Eco-toxicological risk and pollution load index of

sampling locations

Er(Cr) Er(Cu) Er(Zn) Er(Pb) PERI PLI

S1 4.28 12.14 1.66 2.39 20.42 1.20

S2 3.77 12.22 1.72 4.02 21.72 1.27

S3 4.15 13.48 1.83 4.55 24.01 1.30

S4 4.08 11.73 1.62 2.61 20.04 1.08
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correlation (r = - 0.59–0.5, n = 30) with almost all

the fractions, whereas Cu had correlation with ethyl

acetate, acetone and methanol fractions.

Zn and Fe showed correlation with hexane fractions

only; Mn had negative correlation with the antimicro-

bial activities against A. tumefaciens and S. aureus

except for the acetone fractions. Fe showed positive

correlation with only the hexane fractions against

E. coli, S. aureus and S. mutans. The relation of

bioactivities of mangrove leaves with accumulated

elements is shown by means of their appreciable

correlation with the accumulation factors (AF). The

AF of Mn and Cu mostly shows correlation with the

antimicrobial activities of acetone and methanol

fractions of mangroves, whereas Fe and Zn exhibit

correlation with the hexane and ethyl acetate fractions

(Table 8).

The trace elements can play a vital role in

propagation of various body functions, metabolic

processes, enzymatic activities and immunologic

reactions, eventually exhibiting both positive and

negative impact on several diseases (Chaturvedi et al.

2004; Selvaraju et al. 2009; Emsley 2011; Gowris-

hankar et al. 2010). In a study by Mulaudzi et al.

(2017), commonly used herbal mixtures of South

Africa has been characterized by broad-spectrum of

antimicrobial activities against Escherichia coli and

Neisseria gonorrhoeae and high amount of Cr, Cu, Cd,

Mn and Pb (Mulaudzi et al. 2017). In our study,

mangrove leaves from the study site contained opti-

mum amount of elements like Fe, Mn, Cu and Zn

which are required by body for their role in combating

pathogenic infection (Gowrishankar et al. 2010; Rajan

et al. 2014). Use of these plants by the local inhabitants

of Sundarban and other mangrove habitats as indige-

nous medicines for the treatment of wound, inflam-

mation, skin irritation, diarrhea, etc. can thus be

explained in terms of the role of these elements in

boosting immune system and metabolism of the end

users (Bandaranayake 2002; Valentino 2006; Borkow

et al. 2009; Ayodele and Bayero 2010; Cobanoglu

et al. 2010).

The positive association and linkage between the

plants and surface sediments on the basis of elemental

concentration are represented in Table S2 in supple-

mentary material. Close association between man-

grove plant A. marina with A. alba, A. officinalis, S.

apetela, S. caseolaris, A. ilicifolius and N. fruticans

was observed. Elemental accumulation in specific

tissues and cellular organelles in plants are also

Table 7 Correlation coefficients (Pearson) between plant elements and plant antimicrobial activity (n = 30)

P S K Cl Ca Mn Fe Cu Zn

H_E coli 0.62*** NS 0.46* NS NS NS 0.45* NS 0.66***

H_A. tumefaciens NS - 0.67*** NS NS - 0.45* - 0.54** NS NS NS

H_S. mutans NS - 0.37* 0.39* 0.56*** NS - 0.40* 0.55** NS 0.47**

H_S. aureus NS NS 0.77*** 0.70*** NS - 0.59*** 0.49** NS 0.68***

EA_E coli - 0.49** 0.64*** NS NS 0.75*** NS NS - 0.57** NS

EA_A. tumefaciens NS NS NS NS NS NS NS NS NS

EA_S. mutans NS NS NS NS 0.38* NS NS NS NS

EA_S. aureus NS - 0.67*** NS NS NS - 0.59*** NS NS NS

A_E coli NS NS NS NS 0.51** NS NS NS NS

A_A. tumefaciens - 0.51** 0.44* - 0.66*** - 0.65*** NS 0.50** NS NS NS

A_S. mutans NS - 0.44* NS NS - 0.70*** NS NS NS NS

A_S. aureus NS - 0.64*** NS NS - NS - 0.52** NS NS NS

M_E coli NS NS NS NS - 0.46** - 0.48** NS 0.44* NS

M_A. tumefaciens NS NS NS NS - 0.77*** - 0.46* NS 0.58*** NS

M_S. mutans NS NS - 0.48** - 0.50** NS - 0.40* NS NS NS

M_S. aureus NS NS 0.44* NS 0.47** - 0.40* NS - 0.53** 0.38*

NS not significant, H hexane, EA ethyl acetate, A acetone, M methanol

*Correlation is significant at the 0.05 level; **correlation is significant at the 0.01 level; ***correlation is significant at the 0.001 level
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facilitated by complex mechanisms involving multiple

hormonal, genomic and metabolic events. In our

study, plant-sediment association is not clearly evident

and no significant correlation was found between

element concentrations in plant and sediment. This

supports the findings of Shtangeeva et al. (2009) and

Reimann et al. (2015), who suggested good correla-

tions between element concentrations as measured in

plant–soil system are seldom observed irrespective of

the fact that most plants accumulate their nutrients

from the soil horizons beneath.

The cluster analysis, deriving dendograms con-

structed with the concentration of elements in different

mangrove leaves from all sites, showed A. marina and

A. ilicifolius are linked closely. Close association and

similarity were also observed among C. decandra, A.

corniculatum and E. agallocha (Figure S2 in supple-

mentary material). This result justifies the Pearson

correlation analysis where similar kind of positive

association was established.

The entire study considering three components can

be summed up in the three-dimensional relationship

among the microelemental concentrations of the

sediment, plant species and average plant bioactivity

where the strong association was found in A. ilicifolius

and A. alba (Fig. 4). The relationship was strong with

almost all four microelements (Mn, Fe, Cu and Zn) as

also suggested in correlation and cluster analysis

studies. Moreover, our results indicate that the nature

of sediment was moderately contaminated and suffer-

ing from progressive deterioration in terms of sedi-

ment quality indices.

Mangrove plant species showed significant antimi-

crobial properties, which was closely associated with

plant microelements accumulated from the sediments.

The deterioration in sediment quality might affect

elemental accumulation process of plants which can in

turn influence their antimicrobial properties. This

study helps to identify the relationship between

elemental composition of mangroves and their bioac-

tivity and as such highlight the effect of sediment

quality on this association.

Conclusions

This study examined the influence of sediment quality

and elemental bioaccumulation on bioactivity of

mangrove leaves of Indian Sundarban. Among the

ten mangrove plant species, the most active plants

(having maximum antimicrobial potential) are Avi-

cennia marina, Avicennia alba, Acanthus ilicifolius,

Ceriops decandra and Excoecaria agallocha. The

elemental profiling of mangrove leaves, surrounding

sediment quality and their close association with their

bioactivity suggested the role of available PTEs

toward antimicrobial activity. Mangrove leaves con-

tained optimum amount of elements like Fe, Mn, Cu

Table 8 Correlation

coefficients (Pearson)

between elemental

bioaccumulation (AF) and

plant antimicrobial activity

(n = 30)

NS not significant,

H hexane, EA ethyl acetate,

A acetone, M methanol

*Correlation is significant at

the 0.05 level; **correlation

is significant at the 0.01

level; ***correlation is

significant at the 0.001 level

Ca K Mn Cu Fe Zn

H_E coli NS 0.43* NS NS 0.45* 0.67***

H_A. tumefaciens - 0.41* NS - 0.52** NS NS NS

H_S. mutans NS 0.37* NS NS 0.54** 0.44*

H_S. aureus NS 0.77*** - 0.62*** NS 0.50** 0.69***

EA_E coli 0.83*** NS NS - 0.59*** NS NS

EA_A. tumefaciens NS NS NS NS NS - 0.39*

EA_S. mutans 0.39* NS NS NS NS NS

EA_S. aureus NS NS - 0.48** 0.42* NS NS

A_E coli 0.57** NS NS NS NS NS

A_A. tumefaciens NS - 0.67*** 0.64*** NS NS NS

A_S. mutans - 0.73*** NS NS NS NS NS

A_S. aureus NS NS - 0.49** 0.42* NS NS

M_E coli - 0.45* - 0.38* 0.56** 0.40* NS - 0.47**

M_A. tumefaciens - 0.80*** NS 0.45* 0.58*** NS NS

M_S. mutans NS - 0.52** 0.48* NS NS NS

M_S. aureus NS 0.46* - 0.42* - 0.57** NS 0.39*
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and Zn, which play some crucial roles in different

physiological, metabolic and immunologic functions.

Overall, our research revealed the presence of essen-

tial microelements in leaf fractions of mangroves

having significant antimicrobial activity. The concen-

trations of various PTEs and respective AF values

showed distinctly different results than the studies of

previous researchers which indicate the changing

deposition and accumulation pattern of elements in

the study area. Various indices (EF, Igeo, Cf, PLI)

indicated that the surface sediment is facing moderate

contamination and low ecological risk, where only Cr

and Ni were found to cross the limit of ERL and PEL.

The progressively deteriorating sediment contami-

nated from various point and nonpoint sources can

certainly influence and affect the elemental profiling

of the surrounding biotic community by

bioaccumulation and biomagnification. Mangrove

plants having unique morphology and unusual phys-

iological processes show various significant bioactiv-

ities like antimicrobial properties, which is closely

associated with the studied PTEs specially in A.

ilicifolius and A. alba. Monitoring of the habitat

sediment and the influence of the changing bioaccu-

mulation pattern on the bioactivities of mangrove can

be a useful tool to establish the pharmacological

potential of the bioaccumulated PTEs in the studied

mangrove species.
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