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Abstract Mangrove microbial communities and their

associated activities have profound impact on biogeo-

chemical cycles. Although microbial composition and

structure are known to be influenced by biotic and abiotic

factors in the mangrove sediments, finding direct correla-

tions between them remains a challenge. In this study we

have explored sediment bacterial diversity of the Sundar-

bans, a world heritage site using a culture-independent

molecular approach. Bacterial diversity was analyzed from

three different locations with a history of exposure to

differential anthropogenic activities. 16S rRNA gene li-

braries were constructed and partial sequencing of the

clones was performed to identify the microbial strains. We

identified bacterial strains known to be involved in a va-

riety of biodegradation/biotransformation processes in-

cluding hydrocarbon degradation, and heavy metal

resistance. Canonical Correspondence Analysis of the en-

vironmental and exploratory datasets revealed correlations

between the ecological indices associated with pollutant

levels and bacterial diversity across the sites. Our results

indicate that sites with similar exposure of anthropogenic

intervention reflect similar patterns of microbial diversity

besides spatial commonalities.

Keywords Mangrove � Sundarbans � Polyaromatic

hydrocarbons � Sediment pollution � 16S rRNA � Bacterial

diversity � Multivariate analysis

Introduction

In tropical and sub-tropical regions, mangroves are transi-

tional coastal ecosystems that represent biological impor-

tance and productivity (Alongi 2002; Kathiresan and Qasim

2005). The mangroves are complex as well as extremely

dynamic ecosystems represented by fluxes in salinity, nu-

trient availability, and water levels both in daily basis as

well as with seasonal alterations (Gonzalez-Acosta et al.

2006; Marcial Gomes et al. 2008). Mangroves are of fun-

damental importance for establishment and maintenance of

coastlines through their ability to filter water and critical

roles in maintenance of the food chain and carbon cycle

(Giri et al. 2011; Marcial Gomes et al. 2008). More than one

third of the global population inhabits coastal regions and

small islands, where the long-term sustainability of human
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population depends largely on the stability and sustain-

ability of coastal ecosystems (Barbier et al. 2008).

The Sundarbans, a world heritage site is one such

mangrove ecosystem situated on the delta of three rivers,

e.g., Ganges, Brahmaputra, and Meghna on the Bay of

Bengal. Overall, the Sundarbans mangrove covers ap-

proximately 10,200 km2 spread over India (4,200 km2 of

reserve forest), and Bangladesh (6,000 km2 of reserve

forest) (Gopal and Chauhan 2006). The Indian Sundarbans

is bound on the west by the river Muriganga, and on the

east by rivers Harinbhanga, and Raimangal. Other principal

rivers flowing through this eco-system are Saptamukhi,

Thakuran, Matla, and Gosaba. Essentially, the Sundarbans

is made up of a mosaic of low lying islands intersected by a

complex network of tidal waterways, estuaries, creeks, and

mudflats. During high tide, the entire area is flooded with

brackish water, which mix with freshwater from the inland

rivers. The salt-tolerant mangrove forest of the Sundarbans

is teeming with organisms from all the domains of life

indicating maintenance of a sustainable ecosystem in this

region over the past few centuries (Gopal and Chauhan

2006). In recent times, practices such as clearcutting,

chemical and oil spills, alterations in hydrological activity,

changes of land usage pattern, aggressive agriculture and

aquaculture, and overall climate changes have consolidated

anthropogenic impact that cause of mangrove deterioration

around the world. Similar to the mangrove forests around

the globe, the Sundarbans is also facing significant an-

thropogenic pressure (Thompson et al. 2013). Large-scale

human intervention from the beginning of the last century

as a result of increased habitation and tourism in combi-

nation with upstream sedimentation events by all the three

main rivers are responsible for putting the Sundarbans

ecosystem under threat (Chaudhuri et al. 2012).

Mangrove ecosystems are considered to be the hotspots

of microbial diversity (Andreote et al. 2012), since these

microflora are adapted to highly variable physicochemical

conditions of flooding, salinity, light, and temperature, ac-

counting for most of the diversity (Feller et al. 2010) and

play a key role in the sustenance, productivity, and recovery

of mangroves (Ghosh et al. 2010; Roy et al. 2002; Santos

et al. 2010). Microbes are directly involved in nutrient

transformation/mobilization, nitrogen fixation, photosyn-

thesis, phosphate solublization, nitrate/sulfate reductions,

and in production of many extracellular substances in-

cluding antibiotics and a variety of degrading enzymes,

which lend themselves to multiple applications in biotech-

nology industries (Ghosh et al. 2007; Santos et al. 2010).

They are useful indicators of ecosystem stability and a

continuous monitoring of microbial diversity in a given

ecosystem might provide useful insights on the changes that

are taking place over a period of time due to anthropogenic

influences and human interventions (Mummey et al. 2002;

Ramond et al. 2012). A few recent reports have attempted to

study the microbiome of mangrove ecosystems using a

variety of techniques, including classical cultivation ap-

proaches, fingerprinting methods, and use of clone libraries

to analyze phylogenetic and functional genes (Andreote

et al. 2012).

To date, however, no systematic analysis has been at-

tempted to analyze the impact of human intervention on the

Sundarbans ecosystem and only little is known about the

microbial diversity and abundance in these mangrove

sediments (Ghosh et al. 2010; Marcial Gomes et al. 2008).

In this study we aimed to explore the bacterial abundance

and diversity with culture-independent 16S rRNA gene

based studies and to establish a correlation with other

ecological indices in the Sundarbans sediment.

Materials and methods

Ethics statement

No specific permits were required for the described field

studies, which complied with all relevant regulation. The

studied locations are not privately-owned. Moreover, the

study did not involve endangered or protected species.

Indeed, the Indian Coastal Zone Management (ICZM)

authority and Ministry of Environment and Forest of West

Bengal approved this experimental exercise.

Study area and soil sampling

The area of this study was in and around the Jharkhali island, a

small inhabited island in Sundarbans, which is about 130 km

south of Kolkata, West Bengal, India (Fig. 1, Table 1)

(Chaudhuri et al. 2012). The area is located in Survey of India

topographic sheet no. 79 B/12. Jharkhali is surrounded on

three sides by the Matla and the Vidyadhari rivers and by a

creek, Boro Herobhanga Khal, joining these two rivers. This

creek remains flooded by water coming from both the rivers

particularly during high tide and monsoon season. The area is

dominated by typical mangrove habitat. Station A (Jharkhali

jetty; 22�01007.613900N 88�40056.191000E) is located in the

subtidal area at the southern part of the Jharkhali island and on

the bank of Boro Herobhanga creek (Fig. 1) and is charac-

terized by low density mangrove vegetation (Table 1). Station

B (Sahidnagar; 22�00025.599900 N 88�42013.943800 E) is lo-

cated near the subtidal preserved area on the south-eastern side

of the Jharkhali Island and at the junction of the Vidyadhari

river and Boro Herobhanga creek (Fig. 1). This area is in the

process of eco-restoration because of a large-scale successful

afforestation program and therefore densely vegetated with

mangrove plants (Table 1). Station C (Godkhali;

22�06032.5700N 88�46022.2200E) is located on opposite side of
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the Gosaba island (Fig. 1), which is the last inhabited island

towards the Sajnekhali Wild life sanctuary and Tiger project

area of the Sundarbans reserve forest (UNESCO World

Heritage site: 1989). This station is situated in an intertidal

zone with high anthropogenic influences mainly due to the

addition of industrial effluents and oil leakage. The

Fig. 1 Map of Indian

Sundarbans showing the exact

location of the sampling sites

(Station A, B and C)

Table 1 Description of the sampling points, existing vegetations, and nature of contamination in the Sundarban

Sampling

stations

Description Coordinates Contamination Vegetation

Jharkhali

(station A)

Area under minor oil leakage due to

regular use of the jetty that serves

for transportation

22�01007.613900N
88�40056.191000E

Small impact of oil

leakage, and agri-waste

Low density mangrove vegetation

dominated by Phoenix paludosa

Sahidnagar

(station B)

Located near the preserved area,

under nearly pristine condition

22�00025.599900N
88�42013.943800E

Very low, mainly from

human activities, and

sedimentation events

Presence of mangrove speciesa,

predominance of Phoenix

paludosa

Godkhali

(station C)

Under high anthropogenic pressure,

i.e., oil leakage, agricultural wastes,

commercial market

22�06032.5700N
88�46022.2200E

Highly affected by

industrialization

Less abundant, existence of other

species besides those typically

found in mangroves

a In the Sundarbans region in the south–east part of India, the mangrove forest is composed mainly of species like Hental Palm (Phoenix

paludosa), Sundari (Heritiera fomes), Gewa (Excoecaria agallocha), Goran (Ceriops decandra), and Keora (Sonneratia apetala). These were the

same species that were used for eco-restoration in the region
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commercial and touristic use of the jetty situated near this

station further influence the flora and fauna in the neighbor-

hood. Station C is inundated with sea water about every 12 h.

Sediment samples were collected from all three stations dur-

ing low tide when the land was exposed. Sediment samples

were collected in triplicate from the surface (top 2 cm of the

sediment; hereafter referred to as AS, BS, and CS) and sub-

surface (at a depth of 16 cm; hereafter referred to as A6, B6,

and C6) from the three different stations (Fig. 1; Table 1)

around the island and transported to the laboratory in properly

labeled, sterile, and sealed centrifuge tubes on ice. Upon ar-

rival, a portion of each sediment sample was frozen at -80 �C

for poly aromatic hydrocarbon (PAH) analysis and DNA ex-

traction. The remaining sediment was stored at 4 �C for other

analytical procedures such as nutrients, and heavy metals

estimation.

Chemical analysis of the sediment

Chemical analyses were carried out with air-dried soil

samples. The soil pH was measured in 1: 2.5 soil–water

suspensions and found to be alkaline. The total organic

carbon (TOC) was measured by methods described previ-

ously (Black 1965; Nelson and Somers 1975). Conduc-

tivity and salinity were measured in situ with Hach

Portable Meters (HQ40d) (Hach Company, Loveland,

Colorado, USA) and expressed in parts per thousand (ppt)

or g Kg-1 as described previously (Knudsen 1901).

Nutrients like inorganic nitrogen (ammonia, nitrite, and

nitrate), soluble phosphate, and reactive silicate were

measured after quantitative extraction in respective

buffering conditions following methods described previ-

ously (Knap et al. 1996; Marcial Gomes et al. 2008). In-

dividual T test was performed for evaluation of the A and B

surface and depth samples against the CS and C6 sample

respectively at 95 % confidence level, since the C site is

taken to be the most polluted site.

Estimation of soil pollutants and heavy metals

Poly aromatic hydrocarbons (PAH) were extracted from

the sediment samples following QuEChERS methodology

described previously (Braganca et al. 2012; Correia-Sa

et al. 2012). After extraction, each of the PAHs was

separated and identified using a combined gas chro-

matography and mass spectrometry (GC/MS) method de-

scribed earlier (Fernandes et al. 2013).

To quantitate heavy metals in the sediment, about 3 g of

sieved samples were digested with a mixture of 10 ml

concentrated hydrochloric acid (HCl) and 3.5 ml concen-

trated nitric acid (HNO3). The mixtures were left overnight

without heating under a switch-on fume cupboard and were

heated for 2 h to 140 �C on the next day. Distilled water

was added to cool the digested sample and then filtered

with filter paper and topped up to 100 ml with distilled

water. The concentrations of heavy metals in the digested

samples were analyzed using an AAS (Atomic Absorption

Spectrophotometer) (Agilent Technologies, California,

USA). A comparison has then been made between the soils

samples regarding the concentration of heavy metals pre-

sent with MAL (Maximum Allowable Limits) of each

heavy metal studied.

Soil DNA isolation and 16S rRNA gene amplification

Prior to the total DNA isolation, surface and subsurface

samples were separately mixed for each station and ho-

mogenized to obtain a composite surface and subsurface

sample. Sediment DNA was extracted according to the

manufacturer’s protocol using the Soil Master DNA Ex-

traction kit (Epicenter, Wisconsin, USA). A NanoDrop

(Thermo Scientific, Wilmington, DE, USA) spectropho-

tometer was used to obtain an accurate quantitative and

qualitative estimate of the extracted DNA.

PCR amplification of the 16S rRNA gene sequence from

the composite sediment DNA was conducted in a thermal

cycler ABI 2700 (Applied Biosystems, Foster City, USA)

using universal primers 515F and 1492R as described

previously (Lane 1991). The PCR products were separated

electrophoretically on a 1 % agarose gel in 1X TAE buffer

and visualized using ethidium bromide under ultraviolet

illumination. All the amplified PCR products were eluted

from the agarose gel using Qiagen gel elution kit (Qiagen,

Duesseldorf, Germany). The gel-eluted PCR products

(515F/1492R amplicon) were ligated to the pGEM-T Easy

vector (Promega, USA) and transformed into competent

Escherichia coli XL1-Blue cells in order to generate partial

16S rRNA gene libraries. The clones were screened for a-

complementation using X-Gal (5-bromo-4-chloro-3-in-

dolyl-b-D-galactopyranoside) and IPTG (isopropyl-b-D-1-

bb-1- thiogalactopyranside). All the positive clones were

confirmed by PCR amplification and restriction digestion

analysis.

Sequencing of the 16S rRNA gene fragment

The sequencing of the partial 16S rRNA gene fragments in

each of the recombinant plasmids was performed in ABI

Prism 3100 automated DNA sequencer (Applied Biosys-

tem, Foster City, California, USA) following method de-

scribed previously (Ghosh et al. 2010) at Department of

Biotechnology, University of Calcutta. Briefly, for se-

quencing pGEM-T Easy vector based 16S rRNA gene li-

brary, 5 pmol 515F/1492R primer and the Big Dye

Terminator V3.1 sequencing kit was used as per

manufacturer’s protocol. The sequencing reaction

World J Microbiol Biotechnol

123



conditions were as follows: 96 �C for 10 s, 50 �C for 10 s,

and 60 �C for 4 min for 25 cycles. After the sequencing

PCR, the products (10 ll) were treated with 2 ll of

125 mM Na-EDTA, pH 8.0, and then precipitated using

2 ll of 3 M NaOAc (pH 4.6) and 50 ll absolute ethanol for

20 min at room temperature. The DNA was recovered by

centrifugation (13,000 rpm for 30 min at 20 �C), washed

with 70 % EtOH, dried, and resuspended in 15 ll Hi Di

formamide (Applied Biosystems, Foster City, California,

USA). Sequencing was performed in the ABI Prism 3100

Genetic Analyzer in the sequencing facility of Department

of Biotechnology, University of Calcutta.

Sequence processing and diversity analysis

Raw 16S rRNA gene sequence reads were screened for vector-

derived nucleic acid sequences using VecScreen software

(http://www.ncbi.nlm.nih.gov/VecScreen/VecScreen.html)

and edited for quality using Sequence Scanner v 1.0 and

Bioedit v 7.0.5. The processed partial 16S rRNA gene se-

quences were used to identify the microorganisms with the

help of BLASTn (http://www.ncbi.nlm.nih.gov/BLAST)

and all the sequences were subsequently submitted to Gen-

Bank. Sequences were further processed using MOTHUR

(Schloss et al. 2009) and were aligned against the SILVA

SSURef database (Quast et al. 2013), and screened to elim-

inate sequences with ambiguous bases. Chimera checking of

the sequences was carried out using the MOTHUR imple-

mentation of Uchime against the SILVA Gold reference

database (Quast et al. 2013), and all potentially chimeric

sequences were eliminated from further analysis.

Alpha diversity analysis using high quality sequences was

carried out in MOTHUR. Sequences across all samples were

normalized before proceeding to analysis. Community

richness was estimated through the observed richness (sobs),

Chao1 estimator, abundance-based coverage estimator

(ACE), and the jackknife estimator. Community diversity

was described using the Shannon, non-parametric Shannon,

and the Simpson indices. The sampling coverage was esti-

mated using Goods coverage for the given operational

taxonomic unit (OTU) definition. The number of additional

OTUs that would be observed for an additional 50 SSU reads

was calculated using the boneh estimator within MOTHUR.

Rarefaction curves and all diversity indices were calculated

at 3 % dissimilarity. MOTHUR was also used for generation

of Venn diagrams outlining similarities between microbial

community structures in different samples.

Phylogenetic analysis

Processed, high-quality16S rRNA gene sequences were

compared with those available in the public databases.

Identification to the species level was carried out as a 16S

rRNA gene sequence similarity of C97 % with that of the

prototype strain sequences in GenBank. Simultaneously,

representative OTU sequences for each sample were ex-

tracted from the datasets through MOTHUR. 16S rRNA

sequences from type strains corresponding to the identity

determined for each of the representative OTU sequences

were downloaded and edited for the region of interest, i.e.,

515–1,492 bp. The representative OTU sequences were

aligned with the type strain sequences for each sample prior

to tree building. The 16S rRNA sequence of Sulfolobus

solfataricus was included as outgroup. Multiple sequence

alignment for the dataset prepared was performed using the

ClustalW implementation of the MEGA (v 5.2) software

with default parameters (Tamura et al. 2011). Phylogenetic

trees were constructed using the neighbor-joining (NJ)

method for displaying the phylogenetic relationship between

sequences using MEGA. Bootstrapping was performed as

described previously on 1,000 random samples taken from

the multiple alignments (Felsenstein 1985).

Multivariate analysis

Prior to the multivariate analysis, standardization of the

entire environmental dataset was carried out by subtracting

the mean from each observation and dividing by the cor-

responding standard deviation. OTU abundance data for

the normalized dataset generated in MOTHUR during se-

quence clustering was standardized by Hellinger transfor-

mation. Canonical Correspondence analysis (CCA) was

carried out using the environmental dataset and the more

abundant OTUs of the study sites using the PAST v 2.17c

software (Hammer et al. 2001).

Nucleotide sequence accession numbers

The 16S rRNA gene sequences reported in this study were

submitted to GenBank under the accession numbers [Gen-

Bank: JN542831–JN543057, GenBank: JN594667–

JN594742, GenBank: JQ040614–JQ040686, GenBank:

JX007792–JX007919, GenBank: KC769696–KC769818,

and GenBank: KC899775–KC899794].

Results

Chemical characterization

Soil nutrient levels and chemical parameters

Chemical characteristics such as pH, total carbon, total

nitrogen, and salinity (EC) were estimated for surface and

subsurface samples from all the three stations in the present

study and revealed no significant variations in parameters
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such as pH (7.2–7.5) and salinity (8–10 ppt or g Kg-1)

confirming continuous supply of ground and river water in

these sampling stations (Table 2; Fig. 1). To assess the

health of the sediment, samples were analyzed for nitrate,

nitrite, phosphate, silicate, and ammonia (Fig. 2a). Mea-

surement of NO2
-, NO3

-, and NH4
? in the surface and

subsurface samples from all the three sampling stations

revealed a differential pattern for these nitrogen species.

Notably, NO2
- was found to be negligible in all three

stations whereas a considerable amount of NO3
- was de-

tected indicating ongoing microbial oxidation of the NO2
-

in these sampling stations (Fig. 2a). In station A, the

highest amount of NO3
- was detected whereas a com-

paratively lower concentration of NO3
- was estimated both

in stations B and C. In contrast, NH4
? concentration was

found highest in station C whereas a comparatively low

concentration of NH4
? was detected in stations A and B,

with an apparently higher concentration detected in station

B (Fig. 2a). To this end, our analysis revealed ongoing

nitrification in all the three sampling stations.

Measurement of inorganic phosphate in all the three

sampling stations revealed that, in station C, concentration

of PO4
3- was much higher compared to other sampling

stations (Fig. 2a). Notably, analysis of the identified bac-

terial clones in station C revealed a high number of clones

showing similarity to bacterial isolates involved in biore-

mediation of aquaculture and agricultural wastes, including

phosphorous-based pesticides and herbicides, which cor-

relate well with the detection of high concentration of

phosphate in this sampling station (Fig. 2a). The amount of

detected silicate in all three stations revealed no notable

difference presumably due to regular inundation of the

Table 2 Chemical parameters

Physicochemical parameters Station A (Jharkhali) Station B (Sahidnagar) Station C (Godkhali)

pH 7.5 ± 0.2 7.4 ± 0.1 7.2 ± 0.2

Salinity 8–10 ppta 8–10 ppta 7–9 ppta

Conductivity 16–20 ms/cm 16–20 ms/cm 14–18 ms/cm

Total organic carbon (TOC) (mg/L) AS: 8.5; A6: 8.5 BS: 5.8; B6: 12.0 CS: 2.0; C6: 7.5

Total nitrogen (N) (mg/L) AS: 1.6; A6: 6.3 BS: 1.3; B6: 1.3 CS:1.2; C6: 5.0

a ppt parts per thousand or gm Kg-1

Fig. 2 a Concentrations of Nitrate (NO3
-1), Nitrite (NO2

-1), Phos-

phate (PO4
3-), Silicate (SiO4

3-) and Ammonia (NH4
?) in surface,

and subsurface sediment samples collected from three sampling

stations (Station A, B, and C) in Sundarbans. b Concentrations (g

Kg-1) of heavy metals (Cr, Cd, Zn, Cu, Ni, Pb) in surface, and

subsurface sediment samples collected from three sampling stations

(Station A, B, and C) in Sundarbans. c Concentrations (g Kg-1) of

Iron (Fe) in surface (AS, BS, and CS), and subsurface (A6, B6, and C6)

sediment samples collected from three sampling stations (Station A,

B, and C) in Sundarbans. Surface and subsurface samples for A and B

showing significant differences (P \ 0.05) for CS and C6 samples

respectively are marked with an asterisk
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sampling sites because of tidal events. Slight unevenness

observed in the silicate levels for sampling station C may

be the result of sediment disturbance due to hectic naval

activity in the sampling site, known to be the busiest port in

the Sundarbans.

Variation in heavy metal distribution

Heavy metals have been shown to be a pivotal anthropogenic

factor in the marine environment (Boonchan et al. 1998;

Zocca et al. 2004). In general heavy metals are natural

constituents of marine ecosystems, although an excess

concentration of many of the known heavy metals imparts

potential ecological imbalance. Previously, it has been

shown that heavy metals like Fe, Zn, Cu, Mn, Hg, Pb, Ni, Cr,

and Cd are present in the Sundarbans estuaries (Banerjee

et al. 2012; Rahman et al. 2011; Saha et al. 2006; Sarkar et al.

2002). To ascertain the ecological impact of different heavy

metals in the present study, concentrations of heavy metals

like Fe, Cr, Cd, Zn, Cu, Ni, and Pd were measured in surface

and subsurface samples collected from all the three stations

(Fig. 2b, c). Heavy metal estimates for the Sundarbans

sediment found in our study were fairly consistent with

previously reported results (Massolo et al. 2012). However,

based on the Effects Range Low (ERL) and the Effects

Range Median (ERM) values determined by the US National

Oceanic, and Atmospheric Administration (NOAA) as a part

of their Sediment Quality Guidelines (SQG) (Long and

Morgan 1991), nickel showed a highly elevated value across

all the sites sampled. Also in the stations A and C, known to

be under high anthropogenic stress, levels of copper (AS,

A6, CS and C6), lead (A6 and C6) and cadmium (CS and C6)

were found to be highly elevated (Fig. 2b).

To our knowledge, sites covered under this study have

not been researched previously in detail as pertaining to

heavy metal or even petroleum pollution. Although the

presence of high levels of some heavy metals have been

shown in other regions of the mangrove forest (Sarkar et al.

2002), the large number of industrial blocks that have and

are coming up in the region are known to discharge pol-

lutants in the estuary, and our findings suggest the damages

may be more widespread than expected. Evenness in the

heavy metal levels across sites suggest dispersal of pollu-

tants through the waterways, thus aiding rapid and exten-

sive spread. More studies are required for understanding

the nature and source of pollutants and possible bioreme-

diation mechanisms for combating such pollution.

Distribution of Polyaromatic hydrocarbons (PAHs)

across sites

The spatial distribution of PAHs in the surface sediment is

generally influenced by the hydrodynamic conditions of the

wetland including sedimentation rate, external load of

PAHs, resuspension and redeposition of different PAH

congeners, physical and biological mixing, and biological

decomposition of PAHs (Romano et al. 2004; Santos et al.

2005). PAHs are recalcitrant to microbial degradation to a

certain extent and therefore persist longer than aliphatic

hydrocarbons in sediments, therefore being better indica-

tors of pollution events (Aronstein 1991; Davis et al. 2005).

To assess the amount and distribution of PAH congeners in

the three sampling stations at the surface and subsurface,

we estimated 13 different PAH congeners (Fig. 3) (Bra-

ganca et al. 2012; Correia-Sa et al. 2012; Fernandes et al.

2013). Notably, different PAH congeners appeared to be

distributed differentially in all three sampling stations.

Naphthalene was found to be the most abundant PAH

congener in all three sampling stations. One of the most

common PAHs, it shows elevated levels among all stations,

especially A6 which indicates a recent pollution event. The

overall evenness of napthalene pollution thus indicates

increased exposure of the more interior parts of the forest

to urbanization and industrialization. Interestingly, most of

the analyzed PAH congeners were detected at sampling

station C except for HCH-1, which was only detected in the

surface samples from stations A and B (Fig. 3). The de-

tection of a wide variety of PAH congeners at sampling

station C points at the heightened exposure of this site to

pollution events of various kinds and vulnerability to dif-

ferent sources of petroleum pollution. We therefore infer

that in corroboration of empirical findings, PAH congeners

substantially contribute to the high anthropogenic pressure

imparted on sampling station C. In comparison, PAH

congeners like Phenanthrene and Benzo (b)fluoranthene

were found to be mostly abundant in sampling station A,

possibly contributing towards high anthropogenic activity

in this sampling station.

16S rRNA gene amplicon analyses

Taxonomic characterization of microbial communities

and a-diversity analyses

Six partial 16S rRNA gene amplicon libraries were generated

constituting 465 sequences (average length 950–977 bp) for

culture-independent analyses, including 240 clones from

surface-derived sequences (AS = 85, BS = 78, CS = 75)

and 225 clones from subsurface derived sequences

(A6 = 80, B6 = 75, C6 = 66) (Table 3). After normaliza-

tion was carried out for the sequence datasets, numbers came

down to 59, 56, 62, 55, 59 and 53 for the AS, A6, BS, B6, CS

and C6 libraries respectively. Figure S1 A–F summarizes the

phylogenetic distribution of the 16S rRNA gene sequences.

These were distributed in the eight major phyla of the bac-

terial domain: Proteobacteria (a, b, c and d), Acidobacteria,
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Actinobacteria, Planctomycetes, Cytophaga-Flexibacter-

Bacteroides (CFB) group, Firmicutes, Gemmatimodadetes,

and Chloroflexi. In addition, we identified a number of ar-

chaeal sequences in the clone libraries generated from CS

(2.59 %) and C6 (5.71 %) samples in Station C amplified

probably due to the commonality of the universal primer

1492R for both bacteria and archaea. These were treated as

artifacts and removed from further analysis. The phyla Pro-

teobacteria (a, b, c, and d), Bacteroidetes, and Firmicutes

dominated the bacterial community in the sediment (Table 3;

Fig. 4a, b). Comparatively less abundant sequences were

represented by Acidobacteria, Actinobacteria, Plancto-

mycetes, Gematimonadetes, and Chloroflexi (Table 3,

Fig. 4a). Similar to our results, other studies of hypersaline

sediments, soils, and waters found that Bacteroidetes, Fir-

micutes, and/or Proteobacteria predominate the bacterial taxa

(Ghosh et al. 2010; Hollister et al. 2010; Kim et al. 2012;

Lefebvre et al. 2006; Mesbah et al. 2007; Moune et al. 2003).

Rarefaction curves of the observed OTUs at 3 % dis-

similarity within samples revealed a more homogenous and

holistic sampling for A6 and B6 16S rRNA gene clone li-

braries in comparison to others. However, further sampling

might facilitate a more accurate estimation of observed

community richness (Fig. 5a, b). For the A6 and B6 samples,

the boneh estimate for prediction of additional OTUs (for a

sample size of 50) is much lower, and the library coverage is

much higher with respect to the other sequence libraries

(Table S1), further confirming observation based on

Fig. 3 Concentrations

(mg Kg-1 dry weight) of

thirteen PAH congeners

[Naphthalene, Phenanthrene,

Anthracene, Fluoranthene,

Pyrene, Benzo(a)anthracene,

Chrysene,

Benzo(b)fluoranthrene,

Benzo(k)fluoranthrene,

Benzo(a)pyrene,

Benzo(ghi)perylene, HCH-I,

Chloropyrifos] in surface (AS,

BS, and CS), and subsurface

(A6, B6, and C6) sediment

samples collected from three

sampling stations (Station A, B,

and C) in Sundarbans

Table 3 Summary of the 16S rRNA gene sequences identified in AS, A6, BS, B6, CS, and C6 clone libraries

Bacterial division Number of clones (%) Sequence identity to

closest relative (%)
AS A6 BS B6 CS C6

Proteobacteria 41 (48.23) 39 (48.75) 32 (41.02) 24 (32) 26 (33.76) 23 (32.85) 86–100

Alpha 7 (17.07) 1 (2.56) 1 (2.7) 1 (4.16) 1 (3.84) 2 (8.69) 92–100

Beta 1 (2.43) 11 (28.2) 8 (21.6) 4 (16.66) 4 (15.38) 8 (34.78) 90–100

Gamma 33 (80.48) 26 (66.6) 21 (56.75) 19 (79.16) 19 (73.07) 13 (56.52) 89–100

Delta 0 1 (2.56) 2 (5.4) 0 2 (7.69) 0 86–98

Uncultured bacterium 21 (24.7) 19 (23.75) 36 (46.15) 25 (33.33) 37 (48.05) 28 (40) 87–100

Acidobacteria 1 (1.17) 0 1 (1.28) 0 3 (3.89) 1 (1.42) 97–100

Actinobacteria 1 (1.17) 0 0 1 (1.33) 2 (2.59) 0 94–99

Planctomycetes 1 (1.17) 0 1 (1.28) 0 2 (2.59) 0 95–99

Bacteroidetes (CFB) 16 (18.82) 20 (25) 6 (7.69) 24 (32) 1 (1.29) 9 (12.85) 91–100

Firmicutes 2 (2.35) 2 (2.5) 0 1 (1.33) 2 (2.59) 1 (1.42) 98–100

Chloroflexi 0 0 1 (1.28) 0 1 (1.29) 0 96–98

Gemmatimonadetes 0 0 0 0 0 2 (2.85) 97–98

Unidentified/unclassified 2 (2.35) 0 1 (1.28) 0 1 (1.29) 2 (2.85) 88–99

Total 85 80 78 75 75 66 86–100

Bold values indicate to discriminate between phylum and sub-phylum
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rarefaction analysis. The richness estimators (sobs, ACE,

Chao1, and Jackknife) show a large number of predicted

OTUs for the surface samples as also in diversity estimates

(Fig. 5b, Table S1). The diversity indices (Shannon, npshan-

non, and Simpson) show a similar overall pattern. Venn dia-

grams generated in MOTHUR for beta diversity analyses also

show a greater number of shared OTUs between subsurface

samples than for surface samples. The diversity of the surface

sediments can be seen to be higher than that of subsurface

samples, indicating more stable microbial communities in the

subsurface mangrove sediment than on the dynamic sediment

surface. However, further estimation of the diversity/richness

requires larger sample size, e.g., sequenced clones from all

three sampling stations for precise validation.

Functional representation of 16S rRNA genes

A number of studies carried out in order to evaluate the

pollution status of the Sundarbans estuary have highlighted

the presence of both organic and inorganic pollutants in the

sediments including heavy metals, organochlorine pesti-

cides, polychlorinated biphenyls (PCBs), and polybromi-

nated diphenyl ethers (PBDEs) (Binelli et al. 2007;

Guzzella et al. 2005; Kumar Sarkar et al. 2004; Satpathy

et al. 2012). However, little is known about the effect of

these anthropogenic components in shaping the resident

microbial communities in this sediment. Based on the

BLASTn based homology analysis of 16S rRNA se-

quences, we have identified several taxa at the genus and

species levels. Since bacterial diversity and community

structure often are good indicators of pollution events that

have happened or are happening (dos Santos et al. 2011;

Sousa et al. 2006; Tian et al. 2008), information pertaining

to similar events were recorded (Fig. 6) for the 16S rRNA

sequences. We manually grouped the sequences under the

following heads based on the information obtained: Marine

sediments, organisms and hydrothermal vents; Antimicro-

bial Activity; Haloacetic acid degradation; Polyhydroxy

alkanoates production; Rhizosphere metabolism; Waste-

water/Aquaculture/Agriculture/Industrial effluents; PHC/

Fig. 4 a Bacterial taxonomic

composition by Phyla from the

different sampling (Station A, B,

and C) sources. Clones used for

Table 2 were used for

taxonomic composition

analysis. Identified bacterial

phyla in surface derived

samples (AS, BS, and CS), and

subsurface samples (A6, B6, and

C6) from three sampling

stations are presented on a

comparative basis.

b Comparative distribution of

Proteobacterial classes (Alpha,

Beta, Gamma, and Delta) in

surface derived samples (AS,

BS, and CS), and subsurface

samples (A6, B6, and C6) from

three sampling stations
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PAH/AHC/aromatic compounds degradation; Hypersaline

and halophilic environment; Biogeochemical Cycle/min-

eralization/decomposition, and Heavy metal remediation/

resistance. Unfortunately, in our clone libraries we detected

numerous unidentified/uncultivable bacterial clones that

could not be used in our present analysis (Table 3). Fur-

thermore, we could only include bacterial clones that have

shown direct similarity to reported bacterial isolates/clones

associated to specific functional attributes (Fig. 6, Table

S2). All the libraries were found commonly populated with

bacterial clones showing attributes represented by Marine

sediments, organisms and hydrothermal vents; Hypersaline

and halophilic environment; Biogeochemical Cycle/min-

eralization/decomposition, and Heavy metal remediation/

resistance (Fig. 6). However, slightly differential pattern

was observed for other important attributes such as Was-

tewater/Aquaculture/Agriculture/Industrial effluents; PHC/

PAH/AHC/aromatic compounds Degradation; Antimicro-

bial Activity; Haloacetic acid degradation; Polyhydrox-

yalkanoates production etc. (Fig. 6). The species to

function correlation is summarized in Table S2. In the

following section, we have discussed bacterial adaptation

against PAH/PHC, and heavy metal derived pollution as

they are the main effectors of anthropogenic environmental

contaminations with reference to the identified organisms.

Bacterial adaptation against anthropogenic pollution

Station A was found to be populated with a high abundance

of bacterial strains capable of degrading PHC/PAH/AHC/

aromatic compounds (23.8 % in AS; 12.5 % in A6)

(Fig. 6). More importantly, a number of naphthalene and

phenanthrene degrading bacterial strains were identified in

the AS sample, showing a direct correlation between bac-

terial population abundance and the existence of the PAH-

congeners in station A.

Station B has been considered to be comparatively less

polluted from estimated pollutants and physicochemical

analysis as well as due to the recent eco-restoration of the

region. Analysis of the 16S rRNA gene sequences of the

Fig. 5 a Rarefaction curves of OTUs defined by 3 % sequence

variation in surface-derived, and subsurface samples from the

sampling stations (Station A, B, and C). b The ability of the four

nonparametric richness estimators (sobs, ACE, Chao1, and Shannon)

to predict the number of bacterial OTUs from different sampling

stations (both surface, and subsurface samples) compared with the

numbers of observed OTUs (rarefaction index) at 97 % level of

sequence similarity. c, d Venn diagrams of OTUs identified for

surface (AS, BS and CS) and subsurface samples (A6, B6 and C6) at

3 % sequence variation showing number of OTUs unique to and

shared between samples
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bacterial clones from both BS and B6 libraries, however, re-

vealed a number of bacterial clones showing homology to

isolates related to Heavy metal remediation/resistance

(12.5 % in BS; 33.4 % in B6) and PHC/PAH/AHC/aromatic

compounds degradation (6.7 % in BS; 13.4 % in B6) (Fig. 6).

Station C is loaded with different PAH-derived hydro-

carbon pollutants and also with agricultural wastes such as

chemical fertilizers etc. (Figs. 2, 3). In this station, we have

identified bacterial 16S rRNA gene sequences that are ho-

mologous to bacterial isolates involved in Haloacetic acid

degradation (7.5 % in CS; 1.5 % in C6), Wastewater/

Aquaculture/Agriculture/Industrial effluent-degradation (8 %

in CS; 13.4 % in C6), and heavy metal mobilization/resis-

tance (13.5 % in CS; 6.7 % in C6) etc. (Fig. 6). Despite the

presence of a jetty near station C with known oil leakage,

unlike for station A, and B, unfortunately we could correlate

only few 16S rRNA gene sequences to oil degrading bacterial

species/strains (11 % in CS; 3 % in C6).

Contrary to PAHs, however, heavy metals are found

more evenly distributed across all the sampling stations.

Although metals are ubiquitous in environments and are

generally present in non-toxic levels, anthropogenic ac-

tivities such as urbanization, reclamation of wetlands etc.

contribute directly to elevated levels of these heavy metals

(Feng et al. 2004). As mentioned above, we identified

many bacterial 16S rRNA gene clones that show phylo-

genetic similarity to bacterial clones/isolates involved in

the detoxification/mobilization of heavy metals (Table S2).

In general, it has been shown that anoxia and eutrophica-

tion in groundwater facilitates the mobilization of natural

and anthropogenic Hg, Cd and Ni in combination with iron

reduction in the system. In Sundarbans, both anoxia and

eutrophication predominate in all the stations under study.

In addition, presence of biological mobilizing vehicle such

as microbial cell factories further facilitates the process.

Across all the sampling sites, the trend for heavy metal

accumulation has been C [ A [ B, which is as we had

expected from our empirical findings. However, microbial

adaptation for heavy metals as observed from our grouping

(Fig. 6) showed highest level of identifiers at Station B.

Studies based on 16S rRNA gene based bacterial di-

versity evaluation through clone library preparations have

Fig. 6 Functional attributes based clustering of the identified

sequenced clones from AS/A6, BS/B6, and CS/C6 libraries. Func-

tional attributes are assigned based on identification of the nearest

neighbor in the NCBI database, and recognition of their correspond-

ing specific attributes as evident from previous studies. The clustering

was performed based on following functional attributes, e.g., Marine

sediment, organisms and hydrothermal vent; Antimicrobial activity;

Haloacetic acid degradation; Polyhydroxyalkanoate production; Rhi-

zosphere metabolism; Waste water/Aquaculture/Agri-/Industrial ef-

fluents; PHC/PAH/AHC/aromatic compound degradation;

Hypersaline and halophilic environment; Biogeochemical cycle/

mineralization/decomposition; and Heavy metal remediation/

resistance
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known drawbacks of low clone numbers compared to next

generation sequencing techniques. However, they can be

sufficient to study low diversity ecosystems as ecosystems

under any kind of external pressure. Rarefaction analysis

has shown that this is not the case here for most samples,

which seem to be under some pressure but not enough to

influence complete bacterial community shifts. However,

on accounts of a combined index of microbes attributed to

environmental contamination, a rough evenness is ob-

served between sites. Some sites seem to be more affected

by one of the kinds of contamination than the other, for

e.g., Station C has a high number of clones corroborating to

wastewater/aquaculture/agriculture effluents compared to

other sites while, Station A seems more affected by PAH

contamination and B by heavy metal contamination. These

observations may be due to the differential pollution levels

observed at the sites or active bioremediation mechanisms

that need to be studied in further investigations. It is clear

however that contrary to our empirical beliefs, much of the

Sundarbans, within as well as outside the sampling region

might be at risk from environmental pollution.

Microbes involved in biogeochemical cycling

Increasing eutrophication in this region of Sundarbans has

been recently exhibited by our laboratory (Manna 2012;

Manna et al. 2010) and has reached levels considered to be

adverse for maintenance of a sustainable mangrove

ecosystem. During eutrophication, biogeochemical feed-

backs in bottom sediments can increase the availability of

both N and P; this seems to be the case in all three stations

(A, B, and C) from our physicochemical analysis. Stations

A and C with high levels of nitrate and phosphate are

potentially eutrophic. Since, microbial abundance reflects

the effect of eutrophication in the global biogeochemical

cycles in a given region we also assessed the status of

microbes involved in the fundamental roles of biogeo-

chemical cycling.

Within our clone libraries, we identified bacterial clones

involved in carbon fixation (Rhodobacter, Photobacterium)

(Ehrenreich and Widdel 1994), organic carbon cycling

(Bacteroidetes) (Alain et al. 2012; Handley et al. 2012) and

biogeochemical cycling of methanol (Methylophaga tha-

lassica) (Table S2) (Reshetnikov et al. 2011). In addition, a

numbers of sequenced clones were found to be involved in

the N-cycle (Nitrogen fixing Azotobacter spp. and Delftia

tsuruhatensis (Han et al. 2005), nitrite oxidizing Nitrospira

spp., nitrifying Chloroflexi bacterium clone (Sorokin et al.

2012), and denitrification/nitrate reducing Marinobacter

aquaeolei (Dunsmore et al. 2006; Yoshie et al. 2006),

Delftia acidovorans (Wang et al. 2007), and Delftia spp.

(Wang et al. 2007)) (Table S2). Also, a number of clones

represented bacterial strains involved in the global S-cycle

biogeochemistry (Bacillus alkalitelluris) (Lee et al. 2008),

and sulfate reduction (Desulfuromonaceae, Desulfobacter-

aceae) (Kondo et al. 2012) or sulfur oxidation (Thioalka-

livibrio spp.) (Sorokin et al. 2001). Representatives of the

anammox group of Planctomycetes (Awata et al. 2012;

Chouari et al. 2003), involved in anaerobic oxidation of

ammonia into nitrogen, were detected in all the sampling

stations within the surface–derived samples, and this

indicated the possibly low oxygen status of the surface

sediment. Careful analysis of the identified clones within

our libraries has further provided insights into highest de-

tection of ammonium in Station C, Godkhali; where

number of ammonia oxidizing bacteria (AOA) detected

was considerably less in comparison to Station A or B,

indicating little ammonia oxidation in this station. In con-

trary, number of bacterial strains involved in ammonia

oxidation was highest in Station A. The number of bacte-

rial strains involved in the process of denitrification was

high in all the three stations corroborating nicely with de-

tection of little nitrite in the sediment samples. Our find-

ings, thus indicated a healthy soil environment with

functional biogeochemical cycles.

Multivariate analysis

After transformation of environmental data and OTU data,

canonical correspondence analysis (CCA) was carried out

to correlate microbial community data with environmental

data. The CCA was conducted using the abundant OTUs

derived for each sample through MOTHUR for the 16S

rRNA sequences obtained. The CCA triplot thus generated

(Fig. 7) summarizes the correlation hence found between

environmental parameters, samples and OTUs. Depending

on the environmental parameters the samples were ordi-

nated in different parts of the plot. In the CCA plot,

92.95 % of the correlation between the OTUs, samples and

the environmental variables was explained by the two axes.

The first CCA axis shows high positive correlations with

heavy metals Ni, Pb and Cd. The sample AS shows high

positive correlations with all of these heavy metals, known

to be present in toxic levels as mentioned above. The site

AS thus maybe at an elevated risk compared to other sites,

regarding heavy metal pollution. Notably, the CCA axis

also shows positive correlation with pH, TOC, nitrate

levels, nitrite levels, salinity and conductivity. This is ex-

plained by the positive correlation with the AS sample,

which has higher levels of all the above parameters com-

pared to other samples except for salinity and conductivity.

Higher levels of the latter can be explained by its proximity

to the Matla, which is the principal distributary of the

Hooghly joining it to the Bay of Bengal and hence has a
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differential effect on salinity and conductivity than the

other sites. The CCA axis also shows positive correlation

with Pseudomonas fulva, Thalassospira sp. and Mari-

nobacter sp., all which are highly represented in the AS

sample (data not shown). Ralstonia spp. shows high

negative correlation with nitrate levels, indicative of an

anaerobic environment of the subsurface samples it has

high correlation with and a nitrate based respiration.

Chryseobacterium spp. correlates well with the subsurface

samples and is probably involved in chlorinated hydro-

carbon degradation as is evident from previous BLAST

results.

The second axis shows positive correlations with all of

the pollutants and separates the samples mainly by sample

depth. The mangrove sediments of the Sundarbans are

known to anoxygenic in nature and the degradation of

hydrocarbons are probably incomplete in the subsurface

sediments as compared to the surface thus showing high

correlation with the said samples. Adding to the conclusion

Stenotrophomonas spp., an aerobic degrader of petroleum

hydrocarbons (PHC) is seen to correlate negatively with

the axis and with the CS sample where it is the most

abundant. The axis indicates that the B site is more polluted

than originally envisaged empirically. Besides the fact that

the subsurface sample of site B is observed to be highly

influenced by the PAH levels, the close correlation of the

surface sample indicates that it is under recent and heavy

pollution, as it is a younger human acquisition than the

other sites.

Discussion

A large amount of anthropogenic activity has been

documented in the Sundarbans wetland mainly due to rapid

human settlement, tourism, port activities, operation of ex-

cessive number of mechanized boats, deforestation, and fi-

nally increasing industrial, agricultural, and aquaculture

practices. A number of studies carried out in order to eval-

uate the pollution status of the Sundarbans estuary have

highlighted the presence of both organic and inorganic

pollutants in the sediments including heavy metals,

organochlorine pesticides, polychlorinated biphenyls

(PCBs), and polybrominated diphenyl ethers (PBDEs) that

could well have led to substantial changes in the Sundarbans

environment (Binelli et al. 2007; Guzzella et al. 2005; Ku-

mar Sarkar et al. 2004; Satpathy et al. 2012). However, little

is known about the effect of these anthropogenic compo-

nents in shaping the resident microbial communities in this

sediment. In general, bacteria play an important role in

biogeochemical cycle and in the productivity, maintenance

and restoration of the mangrove ecosystem. It is therefore of

Fig. 7 Canonical Correspondence Analysis (CCA) of samples based on environmental parameters, nutrient and heavy metal levels, pollution

status and abundant OTU representatives using PAST (v 2.17c)
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high importance to analyze the bacterial diversity in a

hitherto uncharacterized mangrove ecosystem in order to get

insights into the mangrove health. In the recent past, both

culture-dependent and culture-independent analysis of the

mangrove bacterial communities have been proposed to

increase our understanding of environmental bacterial

communities and their interactions with anthropogenic fac-

tors, allowing us to speculate possible strategies for biore-

mediation and monitoring of the these mangrove

ecosystems. Microorganisms being extremely adaptable to

almost any environment have also been used as proxies for

assessing and estimating the biological health of an envi-

ronment upon numerous occasions (Dias et al. 2010; dos

Santos et al. 2011; Marcial Gomes et al. 2008; Sousa et al.

2006; Tian et al. 2008). In this study, the bacterial diversity

and abundance in the surface (2 cm) and sub-surface

(16 cm) sediment of different sampling stations in an Indian

mangrove, i.e., Sundarbans, selected empirically on the basis

of their history of exposure to different anthropogenic in-

fluences, was therefore, extensively explored and correlated

to pollutants, heavy metals and nutrients distributions to

understand the implications of increasing anthropogenic

pollution in the estuary.

In the current study we estimated heavy metal levels in

the surface and sub-surface sediments for Cr, Cd, Zn, Cu,

Ni, Pb and Fe. Heavy metal contamination in the mangrove

ecosystems due to rapid industrialization and economic

development is a fast growing problem and recent studies

show that coastal regions close to industrial and urban ar-

eas are being exposed to increasing amounts of heavy

metal contamination, some of which is toxic to the biota

(Feng et al. 2004; Romano et al. 2004; Santos et al. 2005).

It has been reported that, in intrinsically tidal systems that

are brackish in nature, an increase in the Na, K, Mg, Ca,

and chloride concentrations along with a variable salinity

due to admixture of fresh as well as seawater and periodic

tidal inundation could lead to the solubilization and mo-

bilization of heavy metals from sediments. As an exten-

sion, this would lead to rapid contamination of the

estuarine water due to runoffs (Comans and Van Dijk

1988; Gambrell et al. 1991; Paalman et al. 1994). Studies

carried out by Feng et al. in the urbanized Yangtze river

estuary, sampled 1.8 km downstream from a point source,

indicate that although the heavy metal levels for Cu and Pb

in the surface sediments are much lower than what is

recorded in their study, the levels in the subsurface are

comparable. Also, levels of Ni and Cr were found to be

elevated all throughout the sampling sites. All the above

may have originated from point sources for wastewater

discharges of nearby electroplating, paint, smelting, or

other industrial units (near site C) and rapidly spread later

to downstream sites. This observation is also supported by

the lower levels observed at site B as compared to sites A

and C. Also, heavy metals discharged in estuarine and

coastal waters generally lead to sequestration of these

metals onto sediment particles (Santschi 1984), and thus a

single sediment core can be treated as a chronological

record of heavy metal input, accumulation, and utilization

over time (Santschi 1984; Satpathy et al. 2012). Our results

thus suggest that substantial contamination, at least for Cu,

Pb, Cd and Ni have been contributed in recent times, while

lower amounts of surface contamination, at sites A and C,

under anthropogenic pressure may be explained by physi-

cal disturbances of the sediment being close to busy wa-

terways and a jetty.

Recent studies in the Sundarbans mangroves indicate a

sediment accumulation rate of 3–4.8 mm year-1 in the

estuarine system (Banerjee et al. 2012), which is compa-

rable to many of the other mangrove ecosystems of the

world. In our study, we have concentrated on the surface

and subsurface sediment samples, thus, roughly repre-

senting the differences in the sediment microbial commu-

nity structure for a span of approximately 35–45 years.

Estimation of different petroleum hydrocarbons carried out

in our study consistently showed a higher level of hydro-

carbon contamination at the subsurface level than at the

surface. Hydrocarbons, by virtue of being hydrophobic in

nature, are scarcely soluble in water and tend to adsorb

readily onto organic matter, particularly sediments. They

are, therefore, extremely persistent in the environment

(Aronstein 1991). However, our findings do not necessarily

point at a decreasing pollution level at recent times. The

rapid aerobic degradation and abiotic losses of hydrocar-

bons in the surface sediment compared to the subsurface

sediment (Davis et al. 2005) are probable justification for

such a finding. As shown in Fig. 6, for functional attribute-

based classification, a higher number of clones were at-

tributed to the hydrocarbon degradation class in the surface

sediments, which adds impetus to the former conclusion.

Among the identified clones from the surface sediments,

majority are found to be involved in PAH degradation

under aerobic conditions. However, the identified bacterial

clones from the subsurface sediments have clearly indi-

cated dominance of anaerobic PAH degraders. The sub-

surface oxygen is often depleted with subsequent drop of

the redox potential resulting in an increase in anaerobic

microorganisms that contribute in PAH degradation under

anaerobic conditions. The hydrocarbon pollution, thus,

even if gradually increasing in the Sundarbans, is probably

being actively remedied by the ecosystem.

In the present study, we have also evaluated the bacterial

diversity and abundance using a clone library based cul-

ture-independent analysis. Since it reflects the history of

the region, a number of similar studies have been con-

ducted in Guanabara Bay, Brazil due to its proximity to Rio

de Janeiro and in the mangroves adjoining Sao Paolo.
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Partial sequencing of the 16S rRNA gene clones obtained

in our study revealed a high prevalence of the Proteobac-

teria phylum, with Gammaproteobacteria being the most

abundant group, followed by Betaproteobacteria,

Deltaproteobacteria and Alphaproteobacteria. Previous

studies on Sundarbans sediment by Ghosh et al. (2010)

reported similar dominance of Proteobacteria. The studies

of the Brazilian urban mangroves, which have mainly

concentrated on microbial community structure changes

due to oil pollution and other environmental factors report

alphaproteobacteria, gammaproteobacteria and acidobac-

teria as the dominant phyla, while phyla as firmicutes,

actinobacteria and betaproteobacteria are the less dominant

ones (Dias et al. 2010). The urban Sundarbans therefore

show large similarities in bacterial community structure

where the phylum alphaproteobacteria seems to occupy a

limited niche in the ecosystem and phyla gammapro-

teobacteria, acidobacteria and firmicutes play a more sub-

stantial role. The limited diversity of betaproteobacteria

and actinobacteria observed in our study has also been

reported by (Marcial Gomes et al. 2008). Previous studies

in the Brazilian mangroves have also associated the pres-

ence of the genera Marinobacter with pollution events (dos

Santos et al. 2011), which has been identified in large

numbers across our samples (data not shown) and grouped

under the category Marine Sediments in Fig. 6 due to its

primarily marine characteristics. The study by dos Santos

et al. also showed an increase in the levels of Deltapro-

teobacteria and proteobacteria after a pollution event,

which indicates that site B, showing a similar profile is

amply polluted. Stenotrophomonas sp., a genus closely

associated with degradation of PAHs (Boonchan et al.

1998; Zocca et al. 2004) was identified in large numbers

across all samples, more so at the A site. Furthermore, the

rarefaction and OTU analysis indicated that the diversity of

the surface sediments were higher than that of subsurface

samples, confirming a stable microbial communities in the

subsurface mangrove sediment compared to the dynamic

sediment surface of Sundarbans. Previous work carried out

in the Brazilian pristine mangroves (Dias et al. 2010) show

a predominance of proteobacteria in the surface soil.

However, in contrast to our study where gammapro-

teobacteria dominated all the sites, alphaproteobacteria was

found to be the dominant group. Also acidobacteria were

found in large numbers contrary to our findings. Work

carried out in China (Jun-Bin Liang et al. 2007), however

shows greater similarity to the bacterial diversity encoun-

tered in our study including predominance of gammapro-

teobacteria, besides CFB, actinobacteria, Chloroflexi,

Firmiocutes and Planctomycetes. Diversity of bacteria seen

in the subsurface samples of mangroves in a previous work

(Dias et al. 2009) shows great variation from our results.

As opposed to a great variety of bacteria encountered in our

approach, mainly Vibrio sp., actinomycetes and Bacillus

were identified in the study. Further culture independent

studies are required to conclusively assess the differences

in subsurface bacterial diversity in mangrove sediments

around the world. Differences observed at the surface level,

however, show that biogeography may be a major deter-

mining factor that influences the bacterial diversity in

mangroves. Although greater similarities were found with

the bacterial diversity observed in Chinese mangrove of

Futian, differences in the composition of gammapro-

teobacteria, for e.g., dominant presence of bacteria asso-

ciated in biogeochemical cycling as Thioalkalivibrio

nitratireducens, Thioalkalivibrio denitrificans, Rhab-

dochromatium marinum, and Thiococcus sp. in Futian as

opposed to large numbers of Stenotrophomonas sp. in our

study indicate shifts due to pollution events. To this end,

our bacterial community analysis revealed a more clear

view of bacterial diversity and abundance in the Sundar-

bans sediment.

We carried out CCA of our environmental and taxo-

nomic datasets to assess the holistic impact of biotic and

abiotic factors on the sites. Earlier we had found that our

chemical analyses of the samples indicate an anaerobic, yet

healthy soil quality on accounts of sediment nutrient levels

whereas PAH pollution is elevated at site C and heavy

metal contamination was found to be almost even

throughout the region. Even though these observation were

different from empirical ones, bacterial taxonomic data

based on 16S rRNA clones had shown drastic differences

with regard to pollution. A contradiction of the B site,

considered empirically to be the more pristine of all the

sites being possibly highly polluted was observed due to a

large association with clones attributed to heavy metal and

PAH degradation. Our CCA analysis showed that, the B

site indeed was the most influenced by the PAH levels. The

CCA also showed that PAH pollution in subsurface sam-

ples was similar, but not so influential factors for the sur-

face samples indicating possible rapid degradation of

PAHs. Also, clustering of the subsurface samples demon-

strate that a more even bacterial community structure can

be expected depending on the depth of sediment samples in

mangrove sediments excluding subtle differences influ-

enced by pollution.

To summarize, our study clearly demonstrates a similar

pattern of response of the microbial communities towards

PAH congeners, heavy metals and nutrients; i.e., increasing

microbial abundance, changes in microbial community

structure and decrease in microbial diversity. Two major

conclusions drawn from the present study are therefore as

follows: 1. Pollution in the Sundarbans may be more

widespread than previously expected and the proteobacte-

ria seem to be the most advantageously placed phyla.

Further sampling to the east of the Matla river is required to
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estimate the extent of the spread and changes in biota in-

curred thereof. The observation of site B coming up as an

amply polluted site warrants further studies in these regions

as to understand the extent of degradation and how the

biota are coping with it, probing different aspects of pol-

lution, more in context of the proteobacteria. 2. We can

also conclude from the above work that, overall, the PAH

congeners may be the major determining factor in shaping

the microbial community structure within the sediment and

therefore may need more stringent monitoring in the

mangrove. Further studies at deeper levels of sequencing

and other molecular methods will be useful in advanced

validation of our findings. To our knowledge, the present

study is the first attempt to correlate the physical and

chemical parameters with the spatial alteration in the mi-

crobial abundance and diversity in the Sundarbans sedi-

ment in the backdrop of anthropogenic interventions.
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