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Abstract: Lindane is an organochlorine pesticide belonging to persistent organic pollutants (POPs)
that has been widely used to treat agricultural pests. It is of particular concern because of its
toxicity, persistence and tendency to bioaccumulate in terrestrial and aquatic ecosystems. In this
context, we assessed the role of bacteria associated with the sponge Hymeniacidon perlevis in lindane
degradation. Seven bacteria isolates were characterized and identified. These isolates showed
a remarkable capacity to utilize lindane as a sole carbon source leading to a percentage of residual
lindane ranging from 3% to 13% after 12 days of incubation with the pesticide. The lindane metabolite,
1,3-6-pentachloro-cyclohexene, was identified as result of lindane degradation and determined by
gas chromatography—mass spectrometry (GC-MS). The bacteria capable of lindane degradation
were identified on the basis of the phenotypic characterization by morphological, biochemical and
cultural tests, completed with 165 rDNA sequence analysis, and assigned to Mameliella phaeodactyli,
Pseudovibrio ascidiaceicola, Oceanicaulis stylophorae, Ruegeria atlantica and to three new uncharacterized
species. The results obtained are a prelude to the development of future strategies for the in situ
bioremediation of lindane.

Keywords: H. perlevis; sponge-associated bacteria; gas chromatography-mass spectrometry (GC-MS);
lindane; 1, 3-6-pentachloro-cyclohexene; bioremediation

1. Introduction

Over the last few decades, the important growth of industrialization, the intensive use of soils
for agriculture and the continuous urban development [1] have released either directly or indirectly
in the marine environment several kinds of pollutants without the adequate treatment to remove
their harmful effects, thus determining the occurrence of serious pollution problems [2,3]. Nowadays,
compounds of anthropogenic origin foreign to certain biological systems, namely xenobiotics, are found
even more frequently with the majority of them showing harmful behaviour against the biota of these
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biological systems [4,5]. Among these compounds persistent organic pollutants (POPs) are included.
POPs, as defined by the Governing Council of the United Nations Environment Program (UNEP)
are “chemical substances that persist in the environment, bio-accumulate to hazardous levels in
living organisms through the food, and pose a risk of causing adverse effects to human health and
the environment.”

Among POPs are included many pesticides that are employed to control the harmful effects
of pests on agriculture productions. Lindane (y—hexachlorocyclohexane or y-HCH), for example,
has long been one of the most widely used insecticides, becoming almost ubiquitous nowadays [6],
resulting in a consistent number of contaminated waters and a significant impact on natural
ecosystems [7,8]. Around 1945 the commercial production of lindane started, and between 1950 and
2000 it has been estimated that about 6 million tons have been produced globally with the maximum
annual usage rising to about 300,000 tons in 1981 [9]. Lindane can enter the coast, marine and
oceanic environments by a number of processes, however, the air-water gas exchange as well as
run-off and leaching from soil seem to be the primary ways of deposition and accumulation in
water bodies. Thus, the application of this pesticide has resulted in marine contamination of global
dimensions [9-11]. This pesticide in aquatic systems tends to become associated with particulate
matter and accumulates in bed sediments, which is highly toxic to aquatic organisms and eventually
responsible for the reduction of the abundance and diversity of species. It causes increased mortality in
fishes and benthic macro-invertebrates species, and results in changes in the zooplankton community
structure [12,13]. The contamination of seawater can affect early embryonic development in sea
organisms such as starfish [14], zebrafish [15] and sea urchins [16]. Lindane is also a carcinogenic
endocrine disrupter and is known to exert damaging effects on the reproductive and nervous systems
in mammals [17,18]. Due to the deleterious effect of lindane on the environment and human health,
in 2009 its use was banned in 50 countries and restricted in 33 more under the Stockholm convention
on Persistent Organic Pollutants [19]. Various bilateral and multilateral international agreements
and treaties have addressed this pesticide, including, the Rotterdam Convention, the OSPAR
Commission for the Protection of the Marine Environment of the Northeast Atlantic and the Stockholm
Convention [11]. However, organochlorines, including lindane, are still used or stocked without
control in developing countries [20,21]. In this framework, decontamination of lindane-polluted
marine environments is needed and represents a very complex task. This is due to the recalcitrant
nature of organochloride pesticides; they are strongly resistant to physical, chemical and biological
degradation [22,23]. In this scenario, the Water Framework Directive (WFD by the Commission of
the European Union: EU 2000/60/EC) has shifted its emphasis away from primarily monitoring
chemicals to an approach that incorporates both chemical and ecological objectives and is designed
to protect the structure and functions of aquatic ecosystems [24]. Scientists all over the world
are working towards the development of remediation technologies including physical, chemical
and biological remediation. Bioremediation is a potential technique for the biological treatment of
industrial waste and contaminated environments [25,26]. Recent research has shown that, apart from
the utilization of microorganisms for the biodegradation of target pollutants, aquatic ecosystems
are home to several invertebrate species who deserve the definition of zooremediators [27] due to
their ability to hyperaccumulate, stabilize or degrade pollutants. Among them, marine sponges
have demonstrated the capability to remediate aquatic microbial pollution [28-30] and accumulate
metals [31,32]. In addition, sponges host massive consortia of microorganisms within the mesohyl
matrix that can amount up to 60% of their total biomass [33], exceeding that of seawater by two to three
orders of magnitude [34], and significantly contributing to the host metabolism [35]. Several studies
have examined the diversity of sponge-associated microbial communities by using cultivation-based
approaches, and revealed that the microbial communities can be quite different among different species
of sponges including mostly the phyla Actinobacteria, Bacteroidetes, Cyanobacteria, Firmicutes,
Planctomycetes, Proteobacteria and Verrucomicrobia [36—40]. Furthermore, the advancement of
molecular techniques such as 165 rRNA gene-based community analysis and fluorescent in situ
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hybridization (FISH) has increased our knowledge of the diversity of microorganisms associated
with marine sponges [41]. Because sponge-bacteria interactions are widely distributed and, in some
cases, specific to the host, it is generally believed that symbiotic interactions exist between sponges and
microorganisms [42]. Symbiotic functions that have been attributed to microbial symbionts include
nutrient acquisition, stabilization of the sponge skeleton, secondary metabolite production, and
processing of metabolic waste and xenobiotics [42,43]. In this framework, a previous study by
Aresta et al. [44] investigated the ability of the demosponge Hymeniacidon perlevis to bioremediate
lindane-polluted seawater during in vitro experimentation. Sponges showed low mortality when
exposed to a lindane concentration of 1 ug/L and were able to remove about 50% of the lindane
content from seawater within 48 h. Furthermore, the authors assessed the role exerted in lindane
degradation by bacteria isolated from the sponge. In the present work, we increased the knowledge
on the H. perlevis-associated bacteria able to degrade lindane. In particular, those bacteria showing a
remarkable remediating capacity were isolated and characterized, complementing culture-based with
molecular methods, with the goal of inferring some environmental implications as well as developing
a promising potential tool for low-cost in situ bioremediation (detoxification) of lindane-polluted
marine environments.

2. Results

2.1. Screening of Lindane Degradation by Bacterial Isolates

In order to further characterize the lindane-degrading bacterial isolates arising from the sponge
homogenates, we evaluated their ability to grow by utilizing lindane as a sole carbon source for
12 days. For this purpose, tubes containing lindane (0.05 mg/L) were inoculated with each bacterial
isolate (named as Li-6, Li-7, Li-8, Li-12, Li-13, Li-17 and Li-18) and, after 12 days, were subjected to
SPME-GC-MS analysis to evaluate the residual lindane concentration. Sphingobium japonicum MTCC
6362 incubated with lindane (0.05 mg/L) was used as a positive control, and tubes containing only the
lindane solution in AS (seawater filtered on 0.22 um pore size) at the same concentration represented
the negative control. As reported in Figure 1, remarkable lindane degradation was evidenced. Indeed,
the residual lindane percentage ranged between 13% for Li-17 and 3% for Li-6, while the lindane
concentration in the negative control remained high and was around 0.4% in the positive control.
All samples were then subjected to further SPME-GC-MS analysis in TIC mode, to search for the
presence of metabolites of lindane. Moreover, the extracted-ion SPME-GC-MS chromatogram (/z 181
and 183) obtained by analyzing the content of all the bacterial strains incubated with lindane showed
another peak (15.69 min) besides that of lindane. The spectrum was recognized by the National Institute
of Standards and Technology (NIST) library as belonging to 1,3-6-pentachloro-cyclohexene (PCCH)
(Figure 2), a well-known lindane metabolite [45-47]. The probability of the match exceeded 86%.
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Figure 1. Percentage of residual lindane measured in all the tubes containing each bacterial strain
incubated with lindane. Positive control = Sphingobium japonicum MTCC 6362 incubated with lindane.
Negative control = lindane solution (0.05 mg/L).
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Figure 2. (A) Full scan SPME-GC-MS chromatogram of Li-13 sample after 12 days of incubation
and (B) extracted-ion chromatogram at m/z 181 and 183; L: lindane peak (19.52 min); M:
1,3-6-pentachloro-cyclohexene (15.69 min).

2.2. Molecular Analysis of Lindane-Degrading Bacteria Isolated from Hymeniacidon perlevis

The amplified sequences coding for 165 rRNA of the lindane-degrading bacteria Li-6, Li-7, Li-§,
Li-12, Li-13, Li-17 and Li-18 were compared with the closest sequences present in the Ezbio cloud
server [48]. Phylogenetic relationships between the 16S rRNA gene sequences of our isolates and those
of their closely related reference strains are shown in Figures S1 and S2 (of Electronic Supplementary
Material). Comparison analysis of the 165 rRNA gene sequence of isolate Li-6 indicated that the closest
relative of this strain was Alteromonas australica CIP 109921T [49] (Table 1). Due to its low similarity
with this closest reference strain, the isolate Li-6 in the Neighbor-Joining (NJ) tree occupied a distinct
phylogenetic position (Figure S1A).

The 16S rRNA gene sequence of Li-7 exhibited high identity (Table 1) with that of type strain
Mameliella phaeodactyli KCTC 42178T [50]. This result was consistent with the taxonomic position of
our isolate in the NJ tree (Figure S1B).

Li-8 revealed an identity of 100% (Table 1) to Pseudovibrio ascidiaceicola NBRC 100514T [51],
also confirmed by phylogenetic analysis (Figure S1C).

Li-12 appeared to be closely related (Table 1) to Oceanicaulis stylophorae LMG 2723T [52], and was
clustered with the abovementioned reference strain in the NJ tree (Figure S1D).

Li-13 revealed an identity (Table 1) with the reference strain Sulfitobacter dubius KMM 3584T [53],
and branched in a phylogenetic cluster comprising S. dubius, Oceanibulbus indolifex and Sulfitobacter
delicatus (Figure S2A).

Li-17 exhibited 98.67% of homology (Table 1) with that of the type strain Bacillus aquimaris JCM
11544T [54], and clustered with B. aquimaris and Bacillus vietnamensis in the NJ tree (Figure 52B).
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Lastly, phylogenetic analysis indicated that the closest reference strain of isolate Li-18 was Ruegeria
atlantica NBRC 15792T [55] (Table 1). In the NJ tree, Li-18 was positioned together with the aforesaid
reference strain (Figure S2C).

Table 1. The bacterial strains showing the best growth and lindane removal performances after 12 days
of lindane exposure.

Lindane Residual (%)

Bacterial Isolate Closest Species Similarity (%)

(12 Days)

Control 89+4

Li-6 Alteromonas australica CIP 1099217 97.23 34+04

Li-7 Mameliella phaeodactyli KCTC 421787 99.63 11 £ 0.6

Li-8 Pseudovibrio ascidiaceicola NBRC 1005147 100 5+05

Li-12 Oceanicaulis stylophorae LMG 27237 99.34 10+ 0.5

Li-13 Sulfitobacter dubius KMM 35847 98.34 3+03
Li-17 Bacillus aquimaris JCM 115447 98.67 13 £0.7
Li-18 Ruegeria atlantica NBRC 157927 99.12 12 £0.7

Data are the mean + SD (n = 3).

3. Discussion

In a previous study [44], we isolated some lindane-degrading bacteria associated with the
demosponge Hymeniacidon perlevis. Due to their filtering habitus, sponges potentially accumulate
contaminants from the environment [56,57]. Moreover, being sessile marine invertebrates and modular
in body organization, they can live many years in the same location and therefore have the capability
to accumulate anthropogenic pollutants over a long period. In particular, H. perlevis is a suitable
species for this investigation, because it lives in environments subjected to strong anthropogenic
pollution such as semi-enclosed basins and harbors, and is common and abundant along coastlines,
thus providing abundant material to work with [30,58]. It is well known that almost all marine sponges
host in their tissues a large number of microorganisms playing a central role in sponge biology [59].
Several observations support the idea that bacteria synthesize sponge-specific compounds either
completely or in the form of precursors completed subsequently by sponge metabolism, and carry
out several functions formerly ascribed to sponges [59]. In the present work, we further characterized
and identified, for the first time, the lindane-degrading bacteria associated with the sponge H. perlevis.
We demonstrated that the seven selected strains were able to grow well in presence of lindane as the
only carbon source, leading to a lindane residual percentage that ranged from 13% to 3% after 12 days.
It is well known that the aerobic degradation pathway of lindane is initiated with dechlorination to form
PCCH, followed by further reactions leading to various products [47,60]. By using the SPME-GC-MS
approach in the present study, we confirmed, as already reported by Aresta et al. [44], the presence of
a small amount of PCCH, which was clear evidence of a bacteria-mediated degradation in progress.
Most of the lindane-degrading bacterial isolates were Gram-negative bacteria. Interestingly, an increase
of Gram-negative bacteria has been reported in marine sediment subjected to various stress conditions,
among which are polycyclic aromatic hydrocarbons PAH [61-63] and trace element contamination [64].
The resistance to stressors and survival of Gram-negative bacteria is mainly attributable to the presence
of cyclopropyl fatty acids FAs that maintain higher membrane stability [65].

In particular, among the selected strains showing lindane-removal capability, the isolate Li-6 was
related to the species Alteromonas australica. Previous studies have reported that the genus Alteromonas
is one of the most common heterotrophic bacteria living in marine habitats [66,67]. The hydrolytic
activities of the Alteromonas genus as a whole are impressive, and this example fit with its known
capabilities to exploit sudden inputs of organic matter in their environment. Indeed, members of the
genus Alteromonas can grow rapidly as soon as a new carbon source is added to the marine habitat.
On account of this feature, a broad diversity of carbon-processing pathways are ascribable to members
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of the genus Alteromonas including polycyclic aromatic hydrocarbon (PAH) biodegradation in crude
oil-contaminated sediments [68,69]. Consistent with this high metabolic capability, we demonstrated
the ability of A. australica to degrade lindane. Interestingly, the Alteromonas sp. belongs to the bacteria
also associated with the marine sponge Fasciospongia cavernosa, and showed heavy metal resistance
patterns [70].

The isolate Li-7 was assigned by 165 rRNA gene sequencing to the species Mameliella phacodactyli,
isolated for the first time from the marine algae Phaeodactylum tricornutum in 2013 [50]. This species,
as well as Li-13 which is closely related to Sulfitobacter dubius, belongs to the family of Rhodobacteraceae
in the class Alphaproteobacteria [71,72]. Interestingly, several Rhodobacteraceae members and the
relative presence of members of Sulfitobacter have previously been identified in oil-polluted marine
environments and have been shown to dominate oil-polluted environments of the North Sea [73] and
Southeast Asia [74] and cold habitats [75,76]. In addition, members of Rhodobacteraceae have very
diverse metabolisms and are also known to degrade hydrocarbons [77] and to possess haloalkane
dehalogenases (HLDs) that catalyse the conversion of halogenated alkanes into their corresponding
alcohol products and hydrogen halides. This suggests potential applications in biocatalysis, biosensors
and cell imaging, as well as in the bioremediation of recalcitrant and carcinogenic halogenated
by-products from organic synthetic reactions and halogenated pesticides and insecticides [78,79].
Moreover, representatives of Sulfitobacter can be considered as marine bacteria playing an important
role in organic sulfur cycling [80].

The isolate Li-8 was assigned to the species Pseudovibrio ascidiaceicola. The association between
sponges and Pseudovibrio spp.-related bacteria has been investigated in several studies. The first
indications of the symbiotic character of this genus were published by Webster and Hill [41], who
found a Pseudovibrio sp. as the dominating culturable alpha-proteobacterium associated with the
sponge Rhopaloeides odorabile. The strain was localized in the mesohyl region of the sponge surrounding
the choanocyte chambers. Indicative of a symbiotic life style, the Pseudovibrio strain was neither
found in water sampled adjacent to the sponge, nor in diseased sponges sampled in the same region.
The hypothesis of Webster and Hill [41] was supported by Enticknap et al. [39], showing the presence of
a Pseudovibrio sp. in larvae of the sponge Mycale laxissima. Up to now, wide diversity of Pseudovibrio sp.
have been isolated from sponges in Ireland [81], the Mediterranean Sea [82] and Brazil [83]. However,
the physiology of the genus Pseudovibrio is insufficiently studied and hardly anything is known
about its relevance in the environment and its role in the symbiosis with sponges. The present study
represents a contribution to this topic, since we demonstrated the capability of P. ascidiaceicola to
degrade lindane. This observation is in accordance with recent genome analyses of two Pseudovibrio sp.
strains revealing their high metabolic versatility and their ability to use a wide range of organic
substrates [84]. Interestingly, Pseudovibrio strains represented 54% of all the bacteria (64% of the
Proteobacteria) isolated from the sponge S. officinalis on metal-enriched microbiological media, and
were tolerant to at least one of the tested metals. These multiple heavy-metal resistant bacteria could
survive well in a heavy metal-contaminated environment and thus can be also exploited for the
remediation of metals from such an environment.

The isolate Li-12 was assigned to the species Oceanicaulis stylophorae. The genus Oceanicaulis, first
proposed by Strompl et al. [85], belongs to the family Hyphomonadaceae of the order Rhodobacterales
(Alphaproteobacteria) [86]. At present, the genus Oceanicaulis comprises only two species with
a validly published name, Oceanicaulis alexandrii, isolated from a non-toxigenic culture of the
dinoflagellate Alexandrium tamarense [85], and Oceanicaulis stylophorae, isolated from the reef-building
coral Stylophora pistillata, collected from seawater off the coast of southern Taiwan [52]. Members
of the genus Oceanicaulis are characterized as Gram-negative, rod-shaped or vibrioid, aerobic,
chemoheterotrophic and dimorphic, either non-motile with stalks (or prosthecae), or non-stalked
and motile by means of a single polar flagellum. Up to now, our findings represent the first record of
the genus Oceanicaulis from sponges.
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The isolate Li-17 was strictly related to the species Bacillus aquimaris. Bacillus aquimaris exerts
a broad metabolic versatility. A strain of this bacterial species, which was isolated from the soft coral
Sinularia sp., was indeed found to degrade granular starch of various sources with the production of
small oligosaccharides up to maltohexaose [87]. Moreover, recent studies have shown that B. aquimaris,
with its organic tolerance to solvents such as acetone, methanol and benzene and its virtue of being
a source of highly stable alkaline cellulase, can play a key role in industrial processes involving biphasic
organic-aqueous fermentation and bioremediation of hydrocarbon-saturated environments [88].

Finally, the isolate Li-18 was assigned to the species Ruegeria atlantica. Biodegradation studies [89]
evinced the capability of this species to effectively utilize spent engine (SE) oil as a carbon source. The FTIR
spectra and GC-MS analysis confirmed the breakdown of aromatic and aliphatic hydrocarbons, and
accumulation of degraded metabolites. The rapid utilization and degradation of complex hydrocarbons
emphasizes the potential application for bioremediation process in marine environments.

Although sponge-microbial associations have long been documented and probably date back to
Precambrian times about 500 million years ago [90], relatively little is known about the nature of the
interactions. The bacterial strains isolated from H. perlevis able to degrade lindane presumably establish
a symbiotic relationship with the sponge, suggesting the fascinating hypothesis that they constitute
a consortium of symbiotic bacteria which could act simultaneously and probably synergistically in
the degradation of the pesticide inside the sponge. Up to now, experiments were performed with
a consortium of 10 bacterial species able to degrade HCH isomers, comprising one species of each of
the genera Flavobacterium, Vibrio and Burkholderia and seven species of Pseudomonas. This consortium
degraded nearly 90% of y-HCH within 72 h of incubation [91]. However, the long-term impact of
introducing microorganisms into the environment represents one of the issues related to this process
that should be considered. This problem is overcome in the case of H. perlevis, since the sponge
itself represents a microcosm hosting symbiotic lindane-degrading bacteria and survives in polluted
environments. Therefore, the use of this natural microbial community associated with the sponge
to clean a polluted marine environment can be viewed as “green technology” because it does not
introduce exogenous bacteria into the waters to be restored. Obviously, the present paper represents
a preliminary step toward the practical application in the field of this “green technology,” based on the
development of a H. perlevis spongiculture in sites subjected to lindane pollution. Further studies are
needed to increase knowledge of the sponge microbial consortium dynamic, activity and efficiency
both in the laboratory in presence of other carbon sources and in lindane-polluted sites. Considering
this, it is noteworthy that a sponge culture system of H. perlevis integrated in a mussel farm was already
realized [92]. In particular, sponge fragments were obtained from adult sponge specimens coming
from a wild population and transplanted within the mussel farm, placed on vertical rearing structures
attached to a circular floating structure. Sponge cuttings and rearing techniques were made according
to Corriero et al. [93]. Thus, a field pilot experiment, in which the efficiency of bacteria associated with
H. perlevis in removing lindane will be proved, could represent the next step towards the development
of tools for the recovery of lindane pollution. This action and future investigations will be preparatory
to encourage further applicative bioremediation practices on a large scale in order to promote lindane
restoration. Last but not least, exploring this bacterial diversity as well as the metabolic capabilities
of these symbiotic bacteria represents an interesting challenge showing a great potential for diverse
applications including biotechnologies.

4. Materials and Methods

4.1. Bacterial Isolates

The analysis was carried out on seven bacterial isolates from the sponge H. perlevis subjected
to lindane exposure (concentration of 1 pug/L) during previous studies [44]. Briefly, after 7 days,
lindane-exposed specimens of H. perlevis were washed with AS (seawater filtered on 0.22 pm pore size),
gently squeezed with a glass stick and then the sponge pieces were homogenized in a sterile Waring
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blender. Afterwards, 100 pL of undiluted homogenate and serial dilutions (10’1, 102,103, 10’4)
were plated in triplicate on Bacto Marine Agar 2216 (Difco) and incubated at 22 °C for 7 days. At the
end of the incubation period all the colony types were isolated and sub-cultured on Bacto Marine Agar.
In particular, the isolates previously designated as Li-6, Li-7, Li-8, Li-12, Li-13, Li-17 and Li-18 were
utilized on account of their evidenced capability to remove lindane.

4.2. Screening of Lindane Degradation by Bacterial Isolates

In order to further characterize the lindane-degrading microorganisms arising from the sponge
homogenates, we tested their ability to grow in the presence of lindane for 12 days. Briefly, a set of
three tubes containing 5 mL of a lindane solution (0.05 mg/L) in AS were prepared for each bacterial
strain. A 0.1 mL aliquot of the bacterial suspension previously incubated in Marine Broth was added
to each tube of the set. Sphingobium japonicum MTCC 6362 was procured from Microbial Type Culture
Collection (MTCC), Institute of Microbial Technology (IMTECH), Chandigarh, India, and this was
used as a reference strain in the experiment as a positive control added (0.1 mL of bacterial suspension)
to each of the three tubes containing the lindane solution. A further set of three tubes containing
only the lindane solution in AS at the same concentration represented the negative control. The tubes
were sealed and placed in a test tube roller. After 12 days at 22 °C, bacterial growth was qualitatively
determined by recording the optical density of each test tube at 560 nm. The tubes were centrifuged
at 5000 x rpm and the resulting supernatants were diluted 1:10 with AS before being subjected to
SPME-GC-MS analysis to evaluate the residual lindane concentration.

4.3. SPME-GC-MS Analysis

The solid phase microextraction (SPME) device and 100 um thick polydimethylsiloxane (PDMS)
coated fibers were supplied by Supelco (Bellefonte, PA, USA).

The gas chromatography—mass spectrometry system (GC-MS) consisted of a Finnigan TRACE
GC ultra gas chromatograph equipped with a split/splitless injector coupled to an ion trap mass
spectrometer (MS) (Finnigan PolarisQ) (Thermo, San Jose, CA, USA). A Supelco SPB-5 fused silica
capillary column (30 m x 0.25 pm i.d., 0.25 pm film thickness) was used, with helium as a carrier
gas (flow rate 1 mL/min). Before use, each fiber was conditioned in the GC injector at 300 °C for 3 h,
as suggested by the supplier. Samples (15 mL) were placed in 15 mL amber vials and the vials sealed
with hole caps and Teflon-faced silicone septa (Supelco). Extraction was carried out at 50 °C for 30 min
by the direct immersion of the fiber in the solution under magnetic stirring. Thermal desorption (5 min
desorption time) was performed into the GC injection port at 275 °C. To eliminate carry over, the fiber
was subjected to a second thermal desorption after each chromatographic run.

The oven temperature program was: 50 (5 min)-180 °C at 12 °C/min, 180-230 °C at 5 °C/min,
230-245 °C at 2 °C/min. The GC transfer line was maintained at 250 °C. The mass spectrometer was
operated in the electron impact positive ion mode (EI+) with the ion source temperature at 250 °C.
The electron energy was 70 eV and the filament current 150 LA. Mass spectra were acquired in the m/z
range 50-300. The detection of lindane was also accomplished in selected ion monitoring (SIM) mode,
using the m/z ions 181 and 183.

4.4. 165 rRNA Gene Sequence Analysis of Lindane-Degrading Bacterial Isolates

In order to extract the total high-molecular-weight genomic DNA from lindane-degrading bacteria
isolated in pure cultures, each colony isolate was inoculated in Marine Broth at 28 °C under rotary
shacking until logarithmic phase (about 30 h). After this incubation time, each bacterial culture
was pelleted (3000 rpm, 20 min) and processed as described by Tala et al. [94]. Then, total nucleic
acids were extracted by phenol:chloroform:isoamylic alcohol (25:24:1 (v:v:v)) method according to
standard procedures [95]. Finally, 15 pug-mL~! ribonuclease A was used to remove contaminant RNA
and subsequently, high molecular-weight DNA was collected after ethanol precipitation at —20 °C
overnight and its purity was checked on 1% (m:v) agarose gel stained with ethidium bromide [95].
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4.5. 165 rRNA Gene Sequencing and Phylogenetic Analyses

To assign taxonomy to our bacterial isolates, extracted DNAs were subjected to polymerase
chain reaction (PCR) to amplify their 165 rRNA-encoding genes by using the following three primer
pairs: 165E20-42-F /16SEB683-R (corresponding to E. coli positions 20 to 683) [96], Com1-F/Com?2-R
(corresponding to E. coli positions 519 to 926) [97], and 165EB785-F/16SEB1488-R (corresponding to
E. coli positions 785 to 1488) [96]. These primer pairs amplified concatenated (and partially overlapping)
DNA regions. PCRs were performed as follows: initial denaturation at 94 °C for 3 min, followed by
35 cycles of denaturation at 94 °C for 1 min, annealing for 1 min at 55 °C and extension at 72 °C for
1-2 min, and the final elongation step at 72 °C for 5 min. They were carried out in a Perkin-Elmer
Cetus DNAThermal Cycler 2400. PCR products were isolated through 1% (wt./v) agarose gels in 1X
TAE buffer (40 mM Tris—acetate, 1 mM EDTA, pH 8.0), recovered using the Qiaex II Gel extraction
kit (Qiagen, Hilden, Germany). PCR products finally were sequenced as a service by MWG Biotech
Custom Sequencing Service (Ebersberg, Germany). All sequences were compared with those of closely
related reference strains using the EzTaxon-e server [48]. Multiple sequence alignments were performed
with CLUSTAL W [98] at the Kyoto University Bioinformatic Center (Kyoto, Japan) using the following
default settings. The CLUSTAL W output file was used to construct evolutionary trees with the SeaView
4 program [99] in accordance with the Neighbor-Joining (NJ) method [100]. Evolutionary distances
were calculated with the NJ method in accordance with the algorithm of Kimura’s two parameter
model [101]. Tree robustness was assessed by bootstrap resampling (1000 replicates each) [102].

4.6. 165 rRNA GenBank Accession Number

The 16S rDNA nucleotide sequences of the seven lindane-degrading bacterial isolates were
deposited at GenBank with the following accession numbers: Alteromonas sp. Li-6 (KY287238),
Mameliella sp. Li-7 (KY287239), Pseudovibrio sp. Li-8 (KY287240), Oceanicaulis sp. Li-12 (KY287241),
Sulfitobacter sp. Li-13 (KY287242), Bacillus sp. Li-17 (KY287243), and Ruegeria sp. Li-18 (KY287244).

5. Conclusions

In conclusion the present study on the bacteria associated with H. perlevis capable to degrade
lindane represents a prelude to the development of future strategies for the in situ bioremediation of
this pollutant.

Supplementary Materials: The supplementary materials are available online at the link: www.mdpi.com/1660-
3397/15/4/108/s1.

Acknowledgments: This study has been carried out using the facilities of the Biodiversity Organization and
Ecosystem Functioning (BIOforIU) and by the Flagship Project “RITMARE—Italian Research for the Sea” funded
by the Italian Ministry of Education, University and Research.

Author Contributions: S.L., NM.C,, L.C., A AM.,, C.G. and A.P. conceived and designed the experiments;
S.L., L.C,AAM, PG, MA,, performed the experiments; S.L., NM.C,, L.C.,, A AM.,, PG, MA, ZC.,C.G. and
A.P, analyzed the data; S.L., C.G., Z.C., A.P. contributed reagents/materials/analysis tools; S.L., PA., C.L., G.P.
wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Godfray, H.C].; Beddington, J.R.; Crute, I.R.; Haddad, L.; Lawrence, D.; Muir, J.F,; Pretty, J.; Robinson, S.;
Thomas, S.M.; Toulmin, C. Food security: The challenge of feeding 9 billion people. Science 2010, 327, 812-818.
[CrossRef] [PubMed]

2. Bellas, J.; Beiras, R.; Marifio-Balsa, ].C.; Fernandez, N. Toxicity of organic compounds to marine invertebrate

embryos and larvae: A comparison between the sea urchin embryogenesis bioassay and alternative test
species. Ecotoxicology 2005, 14, 337-353. [CrossRef] [PubMed]


www. mdpi.com/1660-3397/15/4/108/s1
www. mdpi.com/1660-3397/15/4/108/s1
http://dx.doi.org/10.1126/science.1185383
http://www.ncbi.nlm.nih.gov/pubmed/20110467
http://dx.doi.org/10.1007/s10646-004-6370-y
http://www.ncbi.nlm.nih.gov/pubmed/15943109

Mar. Drugs 2017, 15, 108 10 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

United Nations Environment Programme (UNEP). Report of the Conference of the Parties of the Stockholm
Convention on Persistent Organic Pollutants on the Work of Its Fourth Meeting; UNEP/POPS/COP.4/38; UNEP:
Geneva, Sweden, 2009; pp. 1-112.

Manzetti, S.; van der Spoel, E.R.; van der Spoel, D. Chemical properties, environmental fate, and degradation
of seven classes of pollutants. Chem. Res. Toxicol. 2014, 27, 713-737. [CrossRef] [PubMed]

Rieger, P.G.; Meier, HM.; Gerle, M.; Vogt, U.; Groth, T.; Knackmuss, H.J. Xenobiotics in the environment:
Present and future strategies to obviate the problem of biological persistence. J. Biotechnol. 2002, 94, 101-123.
[CrossRef]

Nizzetto, L.; Macleod, M.; Borga, K.; Cabrerizo, A.; Dachs, J.; Guardo, A.D.; Ghirardello, D.; Hansen, K.M.;
Jarvis, A.; Lindroth, A.; et al. Past, present, and future controls on levels of persistent organic pollutants in
the global environment. Environ. Sci. Technol. 2010, 44, 6526-6531. [CrossRef] [PubMed]

Konuspayeva, G.; Faye, B.; Pauw, E.D.; Focant, J.F. Levels and trends of PCDD/Fs and PCBs in camel milk
(Camelus bactrianus and Camelus dromedarius) from Kazakhstan. Chemosphere 2011, 85, 351-360. [CrossRef]
[PubMed]

Perugini, M.; Nufiez, E.G.H.; Baldi, L.; Esposito, M.; Serpe, EP.; Amorena, M. Predicting dioxin-like PCBs soil
contamination levels using milk of grazing animal as indicator. Chemosphere 2012, 89, 964-969. [CrossRef]
[PubMed]

Vijgen, J. The Legacy of Lindane HCH Isomer Production: A Global Overview of Residue Management, Formulation
and Disposal; Main Report; International HCH and Pesticides Association (IHPA): Holte, Denmark, 2006;
pp- 1-22.

Li, Y.F; Macdonald, R.W. Sources and pathways of selected organochlorine pesticides to the Arctic and
the effect of pathway divergence on HCH trends in biota: A review. Sci. Total Environ. 2005, 342, 87-106.
[CrossRef] [PubMed]

Vijgen, ].; Abhilash, P.C.; Li, Y.E; Lal, R,; Forter, M.; Torres, ].; Singh, N.; Yunus, M.; Tian, C.; Schéffer, A.; et al.
Hexachlorocyclohexane (HCH) as new Stockholm Convention POPs—A global perspective on the
management of lindane and its waste isomers. Environ. Sci. Pollut. Res. 2011, 18, 152-162. [CrossRef]
[PubMed]

Peither, A.; Jiittner, I; Kettrup, A.; Lay, ].P. A pond mesocosm study to determine direct and indirect effects
of lindane on a natural zooplankton community. Environ. Pollut. 1996, 93, 49-56. [CrossRef]

World Health Organization (WHO). Lindane, Environmental Health Criteria No. 124; World Health
Organization: Geneva, Switzerland, 1991.

Picard, A.; Palavan, G.; Robert, S.; Pesando, D.; Ciapa, B. Effect of organochlorine pesticides on maturation
of starfish and mouse oocytes. Toxicol. Sci. 2003, 73, 141-148. [CrossRef] [PubMed]

Gorge, G.; Nagel, R. Toxicity of lindane, atrazine, and deltamethrin to early life stages of zebrafish
(Brachydanio rerio). Ecotoxicol. Environ. Saf. 1990, 20, 246-255. [CrossRef]

Pesando, D.; Robert, S.; Huitorel, P.; Gutknecht, E.; Pereira, L.; Girard, ].P.; Ciapa, B. Effects of methoxychlor,
dieldrin and lindane on sea urchin fertilization and early development. Aquat. Toxicol. 2004, 66, 225-239.
[CrossRef] [PubMed]

Smith, A.G. Chlorinated hydrocarbon insecticides. In Handbook of Pesticide Toxicology; Academic Press Inc.:
New York, NY, USA, 1991; pp. 731-915.

Walker, K.; Vallero, D.A.; Lewis, R.G. Factors Influencing the distribution of lindane and other
hexachlorocyclohexanes in the environment. Environ. Sci. Technol. 1999, 33, 4373-4378. [CrossRef]
Humphreys, E.H.; Janssen, S.; Heil, A.; Hiatt, P.; Solomon, G.; Miller, M.D. Outcomes of the California Ban
on pharmaceutical lindane: Clinical and ecologic impacts. Environ. Health Perspect. 2007, 116, 297-302.
[CrossRef] [PubMed]

Goldsmith, D.F. Linking environmental cancer with occupational epidemiology research: The role of the
International Agency for Research on Cancer (IARC). J. Environ. Pathol. Toxicol. 2000, 19, 171-175.

Rambo, I.M. Aerobic Degradation of «-, 3-, y-Hexachlorocyclohexane by Narragansett Bay Bacterioplankton; Senior
Honors Projects, Honors Program at the University of Rhode Island; Berkeley Electronic Press: Berkeley, CA,
USA, 2013; Volume 334, pp. 1-10.

Diaz, E. Bacterial degradation of aromatic pollutants: A paradigm of metabolic versatility. Int. Microbiol.
2004, 7, 173-180. [PubMed]


http://dx.doi.org/10.1021/tx500014w
http://www.ncbi.nlm.nih.gov/pubmed/24646038
http://dx.doi.org/10.1016/S0168-1656(01)00422-9
http://dx.doi.org/10.1021/es100178f
http://www.ncbi.nlm.nih.gov/pubmed/20604560
http://dx.doi.org/10.1016/j.chemosphere.2011.06.097
http://www.ncbi.nlm.nih.gov/pubmed/21777936
http://dx.doi.org/10.1016/j.chemosphere.2012.06.052
http://www.ncbi.nlm.nih.gov/pubmed/22854019
http://dx.doi.org/10.1016/j.scitotenv.2004.12.027
http://www.ncbi.nlm.nih.gov/pubmed/15866269
http://dx.doi.org/10.1007/s11356-010-0417-9
http://www.ncbi.nlm.nih.gov/pubmed/21104204
http://dx.doi.org/10.1016/0269-7491(96)00015-2
http://dx.doi.org/10.1093/toxsci/kfg043
http://www.ncbi.nlm.nih.gov/pubmed/12700411
http://dx.doi.org/10.1016/0147-6513(90)90004-O
http://dx.doi.org/10.1016/j.aquatox.2003.09.007
http://www.ncbi.nlm.nih.gov/pubmed/15129766
http://dx.doi.org/10.1021/es990647n
http://dx.doi.org/10.1289/ehp.10668
http://www.ncbi.nlm.nih.gov/pubmed/18335094
http://www.ncbi.nlm.nih.gov/pubmed/15492931

Mar. Drugs 2017, 15, 108 11 of 15

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Dua, M,; Singh, A.; Sethunathan, N.; Johri, A.K. Biotechnology and bioremediation: Successes and limitations.
Appl. Microbiol. Biotechnol. 2002, 59, 143-152. [PubMed]

Hagger, ].A.; Jones, M.B.; Leonard, D.R.P.,; Owen, R.; Galloway, T.S. Biomarkers and integrated environmental
risk assessment: Are there more questions than answers? Integr. Environ. Assess. Manag. 2006, 2, 312-329.
[CrossRef] [PubMed]

Crawford, R.L.; Crawford, D.L. Bioremediation Principles and Applications; Cambridge University Press:
New York, NY, USA, 1996.

Alexander, M. Biodegradation and Bioremediation; Academic Press Inc.: San Diego, CA, USA, 1999.

Gifford, S.; Dunstan, R.H.; O’Connor, W.; Koller, C.E.; MacFarlane, G.R. Aquatic zooremediation: Deploying
animals to remediate contaminated aquatic environments. Trends Biotechnol. 2007, 25, 60-65. [CrossRef]
[PubMed]

Stabili, L.; Licciano, M.; Giangrande, A.; Longo, C.; Mercurio, M.; Nonnis-Marzano, C.; Corriero, G.
Filtering activity of Spongia officinalis var. adriatica (Schmidt) (Porifera, Demospongiae) on bacterioplankton:
Implications for bioremediation of polluted seawater. Water Res. 2006, 40, 3083-3090. [CrossRef] [PubMed]
Stabili, L.; Licciano, M.; Longo, C.; Corriero, G.; Mercurio, M. Evaluation of microbiological accumulation
capability of the commercial sponge Spongia officinalis var. adriatica (Schmidt) (Porifera, Demospongiae).
Water Res. 2008, 42, 2499-2506. [CrossRef] [PubMed]

Longo, C.; Corriero, G.; Licciano, M.; Stabili, L. Bacterial accumulation by the Demospongiae
Hymeniacidon perlevis: A tool for the bioremediation of polluted seawater. Mar. Pollut. Bull. 2010, 60,
1182-1187. [CrossRef] [PubMed]

Cebrian, E.; Marti, R.; Uriz, J.; Turon, X. Sublethal effects of contamination on the Mediterranean sponge
Crambe crambe: Metal accumulation and biological responses. Mar. Pollut. Bull. 2003, 46, 1273-1284.
[CrossRef]

Perez, T.; Longet, D.; Schembri, T.; Rebouillon, P.; Vacelet, J. Effects of 12 years’ operation of a sewage
treatment plant on trace metal occurrence within a Mediterranean commercial sponge (Spongia officinalis,
Demospongiae). Mar. Pollut. Bull. 2005, 50, 301-309. [CrossRef] [PubMed]

Hill, M.; Hill, A.; Lopez, N.; Harriott, O. Sponge-specific bacterial symbionts in the Caribbean sponge,
Chondrilla nucula (Demospongiae, Chondrosida). Mar. Biol. 2006, 148, 1221-1230. [CrossRef]

Hill, R.T. Microbes from marine sponges: A treasure trove of biodiversity for natural products discovery.
In Microbial Diversity and Bioprospecting; Bull, A.T., Ed.; ASM Press: Washington, DC, USA, 2004; pp. 177-190.
Hentschel, U.; Usher, K.M.; Taylor, M.W. Marine sponges as microbial fermenters: Marine sponges as
microbial fermenters. FEMS Microbiol. Ecol. 2006, 55, 167-177. [CrossRef] [PubMed]

Burja, A.M.; Hill, R.T. Microbial symbionts of the Australian Great Barrier Reef sponge, Candidaspongia flabellate.
Hydrobiologia 2001, 461, 41-47. [CrossRef]

Enticknap, J.J.; Kelly, M.; Peraud, O.; Hill, R.T. Characterization of a culturable Alphaproteobacterial
symbiont common to many marine sponges and evidence for vertical transmission via sponge larvae.
Appl. Environ. Microb. 2006, 72, 3724-3732. [CrossRef] [PubMed]

Kim, TK.; Garson, M.].; Fuerst, ].A. Marine actinomycetes related to the “Salinospora” group from the Great
Barrier Reef sponge Pseudoceratina clavata. Environ. Microbiol. 2005, 7, 509-518. [CrossRef] [PubMed]

Lee, O.O. Gillisia myxillae sp. nov., a novel member of the family Flavobacteriaceae, isolated from the marine
sponge Myaxilla incrustans. Int. ]. Syst. Evol. Microbiol. 2006, 56, 1795-1799. [CrossRef] [PubMed]

Montalvo, N.F,; Mohamed, N.M.; Enticknap, J.J.; Hill, R.T. Novel actinobacteria from marine sponges.
Antonie van Leeuwenhoek 2005, 87, 29-36. [CrossRef] [PubMed]

Webster, N.S.; Wilson, K.J.; Blackall, L.L.; Hill, R.T. Phylogenetic diversity of bacteria associated with the
marine sponge Rhopaloeides odorabile. Appl. Environ. Microbiol. 2001, 67, 434—444. [CrossRef] [PubMed]
Hentschel, U.; Hopke, J.; Horn, M.; Friedrich, A.B.; Wagner, M.; Hacker, ].; Moore, B.S. Molecular evidence
for a uniform microbial community in sponges from different oceans. Appl. Environ. Microbiol. 2002, 68,
4431-4440. [CrossRef] [PubMed]

Thomas, T.R.; Kavlekar, D.P.; LokaBharathi, P.A. Drugs from sponge-microbe association—A review.
Mar. Drugs 2010, 8, 1417-1468. [CrossRef] [PubMed]


http://www.ncbi.nlm.nih.gov/pubmed/12111139
http://dx.doi.org/10.1002/ieam.5630020403
http://www.ncbi.nlm.nih.gov/pubmed/17069174
http://dx.doi.org/10.1016/j.tibtech.2006.12.002
http://www.ncbi.nlm.nih.gov/pubmed/17173992
http://dx.doi.org/10.1016/j.watres.2006.06.012
http://www.ncbi.nlm.nih.gov/pubmed/16884759
http://dx.doi.org/10.1016/j.watres.2008.02.008
http://www.ncbi.nlm.nih.gov/pubmed/18325562
http://dx.doi.org/10.1016/j.marpolbul.2010.03.035
http://www.ncbi.nlm.nih.gov/pubmed/20434181
http://dx.doi.org/10.1016/S0025-326X(03)00190-5
http://dx.doi.org/10.1016/j.marpolbul.2004.11.001
http://www.ncbi.nlm.nih.gov/pubmed/15757693
http://dx.doi.org/10.1007/s00227-005-0164-5
http://dx.doi.org/10.1111/j.1574-6941.2005.00046.x
http://www.ncbi.nlm.nih.gov/pubmed/16420625
http://dx.doi.org/10.1023/A:1012713130404
http://dx.doi.org/10.1128/AEM.72.5.3724-3732.2006
http://www.ncbi.nlm.nih.gov/pubmed/16672523
http://dx.doi.org/10.1111/j.1462-2920.2005.00716.x
http://www.ncbi.nlm.nih.gov/pubmed/15816928
http://dx.doi.org/10.1099/ijs.0.64345-0
http://www.ncbi.nlm.nih.gov/pubmed/16902010
http://dx.doi.org/10.1007/s10482-004-6536-x
http://www.ncbi.nlm.nih.gov/pubmed/15726288
http://dx.doi.org/10.1128/AEM.67.1.434-444.2001
http://www.ncbi.nlm.nih.gov/pubmed/11133476
http://dx.doi.org/10.1128/AEM.68.9.4431-4440.2002
http://www.ncbi.nlm.nih.gov/pubmed/12200297
http://dx.doi.org/10.3390/md8041417
http://www.ncbi.nlm.nih.gov/pubmed/20479984

Mar. Drugs 2017, 15, 108 12 of 15

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Aresta, A.; Nonnis Marzano, C.; Lopane, C.; Corriero, G.; Longo, C.; Zambonin, C.; Stabili, L.
Analytical investigations on the lindane bioremediation capability of the demosponge Hymeniacidon perlevis.
Mar. Pollut. Bull. 2015, 90, 143-149. [CrossRef] [PubMed]

Quintero, J.C.; Moreira, M.T.; Feijoo, G.; Lema, ]. M. Anaerobic degradation of hexachlorocyclohexane isomers
in liquid and soil slurry systems. Chemosphere 2005, 61, 528-536. [CrossRef] [PubMed]

Quintero, J.C.; Moreira, M.T.; Feijoo, G.; Lema, ].M. Screening of white rot fungal species for their capacity
to degrade lindane and other isomers of hexachlorocyclohexane (HCH). Cienc. Investig. Agrar. 2008, 35,
159-167. [CrossRef]

Guillén-Jiménez, ED.M.; Cristiani-Urbina, E.; Cancino-Diaz, ].C.; Flores-Moreno, ].L.; Barragan-Huerta, B.E.
Lindane biodegradation by the Fusarium verticillioides AT-100 strain, isolated from Agave tequilana leaves:
Kinetic study and identification of metabolites. Int. Biodeter. Biodegrad. 2012, 74, 36-47. [CrossRef]

Kim, O.S.; Cho, Y.J.; Lee, K.; Yoon, S.H.; Kim, M.; Na, H.; Park, S.C. Introducing EzTaxon-e: A prokaryotic 165
rRNA gene sequence database with phylotypes that represent uncultured species. Int. J. Syst. Evol. Microbiol.
2012, 62, 716-721. [CrossRef] [PubMed]

Ivanova, E.P; Ng, H.J.; Webb, H.K.; Kurilenko, V.V.; Zhukova, N.V.; Mikhailov, V.V.; Ponamoreva, O.N.;
Crawford, R.J. Alteromonas australica sp. nov., isolated from the Tasman Sea. Antonie van Leeuwenhoek 2013,
103, 877-884. [CrossRef] [PubMed]

Chen, Z.; Zhang, J.; Lei, X;; Lai, Q.; Yang, L.; Zhang, H.; Li, Y., Zheng, W.; Tian, Y.; Yu, Z; et al.
Mameliella phaeodactyli sp. nov., a member of the family Rhodobacteraceae isolated from the marine algae
Phaeodactylum tricornutum. Int. J. Syst. Evol. Microbiol. 2015, 65, 1617-1621. [CrossRef] [PubMed]
Fukunaga, Y.; Kurahashi, M.; Tanaka, K.; Yanagi, K.; Yokota, A.; Harayama, S. Pseudovibrio ascidiaceicola sp.
nov., isolated from ascidians (sea squirts). Int. J. Syst. Evol. Microbiol. 2006, 56, 343-347. [CrossRef] [PubMed]
Chen, M.H.; Sheu, S.Y; Chen, C.A.; Wang, ].T.; Chen, W.M. Oceanicaulis stylophorae sp. nov., isolated from the
reef-building coral Stylophora pistillata. Int. ]. Syst. Evol. Microbiol. 2012, 62, 2241-2246. [CrossRef] [PubMed]
Ivanova, E.P; Gorshkova, N.M.; Sawabe, T.; Zhukova, N.V.,; Hayashi, K.; Kurilenko, V.V,; Alexeeva, Y.;
Buljan, V.; Nicolau, D.V,; Mikhailov, V.V,; et al. Sulfitobacter delicatus sp. nov. and Sulfitobacter dubius sp. nov.,
respectively from a starfish (Stellaster equestris) and sea grass (Zostera marina). Int. J. Syst. Evol. Microbiol.
2004, 54, 475-480. [CrossRef] [PubMed]

Yoon, ].H.; Kim, I.G.; Kang, K.H.; Oh, T.K.; Park, Y.H. Bacillus marisflavi sp. nov. and Bacillus aquimaris sp.
nov.,, isolated from sea water of a tidal flat of the Yellow Sea in Korea. Int. |. Syst. Evol. Microbiol. 2003, 53,
1297-1303. [CrossRef] [PubMed]

Uchino, Y.; Hirata, A.; Yokota, A.; Sugiyama, J. Reclassification of marine Agrobacterium species: Proposals
of Stappia stellulata gen. nov., comb. nov., Stappia aggregata sp. nov., nom. rev., Ruegeria atlantica gen. nov.,
comb. nov., Ruegeria gelatinovora comb. nov., Ruegeria algicola comb. nov., and Ahrensia kieliense gen. nov., sp.
nov., nom. rev. J. Gen. Appl. Microbiol. 1998, 44, 201-210. [PubMed]

Perez, T.; Vacelet, J.; Rebouillon, P. In situ comparative study of several Mediterranean sponges as potential
biomonitors of heavy metals. In Sponge Science in the New Millenium; Pansini, M., Pronzato, R., Bavestrello, G.,
Manconi, R., Eds.; Bollettino dei Musei degli Instituti Biologici dell’'Universita di Genova; Officine Grafiche
Canessa Rapallo: Genova, Italy, 2004; Volume 68, pp. 517-525.

Hansen, V.; Weeks, ].M.; Depledge, M.H. Accumulation of copper, zinc, cadmium and chromium by the
marine sponge Halichondria panicea Pallas and the implications for biomonitoring. Mar. Pollut. Bull. 1995, 31,
133-138. [CrossRef]

Gaino, E.; Cardone, E; Corriero, G. Reproduction of the intertidal sponge Hymeniacidon perlevis (Montagu)
along a bathymetric gradient. Open Mar. Biol. ]. 2010, 4, 47-56. [CrossRef]

Taylor, M.W.; Radax, R.; Steger, D.; Wagner, M. Sponge-associated microorganisms: Evolution, ecology, and
biotechnological potential. Microbiol. Mol. Biol. Rev. 2007, 71, 295-347. [CrossRef] [PubMed]
Camacho-Pérez, B.; Rios-Leal, E.; Rinderknecht-Seijas, N.; Poggi-Varaldo, H.M. Enzymes involved in the
biodegradation of hexachlorocyclohexane: A mini review. J. Environ. Manag. 2012, 95, 306-318. [CrossRef]
[PubMed]

Timmis, K.N.; Pieper, D.H. Bacteria designed for bioremediation. Trends Biotechnol. 1999, 17, 200-204.
[CrossRef]


http://dx.doi.org/10.1016/j.marpolbul.2014.11.003
http://www.ncbi.nlm.nih.gov/pubmed/25467876
http://dx.doi.org/10.1016/j.chemosphere.2005.02.010
http://www.ncbi.nlm.nih.gov/pubmed/16202806
http://dx.doi.org/10.4067/S0718-16202008000200005
http://dx.doi.org/10.1016/j.ibiod.2012.04.020
http://dx.doi.org/10.1099/ijs.0.038075-0
http://www.ncbi.nlm.nih.gov/pubmed/22140171
http://dx.doi.org/10.1007/s10482-012-9869-x
http://www.ncbi.nlm.nih.gov/pubmed/23291832
http://dx.doi.org/10.1099/ijs.0.000146
http://www.ncbi.nlm.nih.gov/pubmed/25716952
http://dx.doi.org/10.1099/ijs.0.63879-0
http://www.ncbi.nlm.nih.gov/pubmed/16449437
http://dx.doi.org/10.1099/ijs.0.036780-0
http://www.ncbi.nlm.nih.gov/pubmed/22081721
http://dx.doi.org/10.1099/ijs.0.02654-0
http://www.ncbi.nlm.nih.gov/pubmed/15023963
http://dx.doi.org/10.1099/ijs.0.02365-0
http://www.ncbi.nlm.nih.gov/pubmed/13130010
http://www.ncbi.nlm.nih.gov/pubmed/12501429
http://dx.doi.org/10.1016/0025-326X(94)00228-2
http://dx.doi.org/10.2174/1874450801004010047
http://dx.doi.org/10.1128/MMBR.00040-06
http://www.ncbi.nlm.nih.gov/pubmed/17554047
http://dx.doi.org/10.1016/j.jenvman.2011.06.047
http://www.ncbi.nlm.nih.gov/pubmed/21992990
http://dx.doi.org/10.1016/S0167-7799(98)01295-5

Mar. Drugs 2017, 15, 108 13 of 15

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Castle, D.M.; Montgomery, M.T.; Kirchman, D.L. Effects of naphthalene on microbial community composition
in the Delaware estuary. FEMS Microbiol. Ecol. 2006, 56, 55-63. [CrossRef] [PubMed]

Wang, Y.; Tam, N. Natural attenuation of contaminated marine sediments from an old floating dock Part II:
Changes of sediment microbial community structure and its relationship with environmental variables.
Sci. Total Environ. 2012, 423, 95-103. [CrossRef] [PubMed]

Cordova-Kreylos, A.L; Cao, Y., Green, PG,; Hwang, HM., Kuivila, KM.; LaMontagne, M.G.;
van de Werfhorst, L.C.; Holden, P.A.; Scow, K.M. Diversity, composition, and geographical distribution of
microbial communities in California salt marsh sediments. Appl. Environ. Microbiol. 2006, 72, 3357-3366.
[CrossRef] [PubMed]

Kaur, A.; Chaudhary, A.; Kaur, A.; Choudhary, R.; Kaushik, R. Phospholipid fatty acid—A bioindicator of
environment monitoring and assessment in soil ecosystem. Curr. Sci. 2005, 89, 1103-1112.

Suzuki, M.T.; Rappé, M.S.; Haimberger, Z.W.; Winfield, H.; Adair, N.; Strébel, J.; Giovannoni, S.J. Bacterial
diversity among small subunit rRNA gene clones and cellular isolates from the same seawater sample.
Appl. Environ. Microbiol. 1997, 63, 983-989. [PubMed]

Garcia, M.T.; Ventosa, A.; Mellado, E. Catabolic versatility of aromatic compound-degrading halophilic
bacteria. FEMS Microbiol. Ecol. 2005, 54, 97-109. [CrossRef] [PubMed]

Jin, HM.,; Kim, ].M.; Lee, H.J.; Madsen, E.L.; Jeon, C.O. italic>Alteromonas as a key agent of polycyclic
aromatic hydrocarbon biodegradation in crude oil-contaminated coastal sediment. Environ. Sci. Technol.
2012, 14, 7731-7740. [CrossRef] [PubMed]

Catania, V.; Santisi, S.; Signa, G.; Vizzini, S.; Mazzola, A.; Cappello, S.; Yakimov, M.M.; Quatrini, P. Intrinsic
bioremediation potential of a chronically polluted marine coastal area. Mar. Pollut. Bull. 2015, 99, 138-149.
[CrossRef] [PubMed]

Selvin, J.; Shanmugha Priya, S.; Seghal Kiran, G.; Thangavelu, T.; Sapna Bai, N. Sponge-associated marine
bacteria as indicators of heavy metal pollution. Microbiol. Res. 2009, 164, 352-363. [CrossRef] [PubMed]
Buchan, A.; Gonzalez, ].M.; Moran, M.A. Overview of the marine Roseobacter lineage. Appl. Environ. Microbiol.
2005, 71, 5665-5677. [CrossRef] [PubMed]

Wang, B.; Tan, T.; Shao, Z. Roseovarius pacificus sp. nov., isolated from deep-sea sediment. Int. J. Syst.
Evol. Microbiol. 2009, 59, 1116-1121. [CrossRef] [PubMed]

Brakstad, O.; Ledeng, A. Microbial diversity during biodegradation of crude oil in seawater from the North
Sea. Microb. Ecol. 2005, 49, 94-103. [CrossRef] [PubMed]

Harwati, T.U,; Kasai, Y.; Kodama, Y.; Susilaningsih, D.; Watanabe, K. Tropicibacter naphthalenivorans gen. nov.,
sp. nov., a polycyclic aromatic hydrocarbon-degrading bacterium isolated from Semarang Port in Indonesia.
Int. ]. Syst. Evol. Microbiol. 2009, 59, 392-396. [CrossRef] [PubMed]

Ellis, R.J.; Morgan, P.; Weightman, A ].; Fry, ].C. Cultivation-dependent and independent approaches for
determining bacterial diversity in heavy metal contaminated soil. Appl. Environ. Microbiol. 2003, 69,
3223-3230. [CrossRef] [PubMed]

Shivaji, S.; Reddy, G.S.N.; Aduri, R.P; Kutty, R.; Ravenschlag, K. Bacterial diversity of a soil sample from
Schirmacher Oasis, Antarctica. Cell. Mol. Biol. 2004, 50, 525-536. [PubMed]

Lamendella, R.; Strutt, S.; Borglin, S.; Chakraborty, R.; Tas, N.; Mason, O.U.; Hultman, J.; Prestat, E.;
Hazen, T.C.; Jansson, ].K. Assessment of the deep-water horizon oil spill impact on gulf coast microbial
communities. Front. Microbiol. 2014, 5, 130. [CrossRef] [PubMed]

Janssen, D.B. Evolving haloalkane dehalogenases. Curr. Opin. Chem. Biol. 2004, 8, 150-159. [CrossRef]
[PubMed]

Koudelakova, T.; Bidmanova, S.; Dvorak, P.; Pavelka, A.; Chaloupkova, R.; Prokop, Z.; Damborsky, J.
Haloalkane dehalogenases: Biotechnology applications. Biotechnol. J. 2013, 8, 32—45. [CrossRef] [PubMed]
Labrenz, M.; Tindall, B.J.; Lawson, P.A ; Collins, M.D.; Schumann, P.; Hirsch, P. Staleya guttiformis gen. nov.,
sp. nov. and Sulfitobacter brevis sp. nov., a-3-Proteobacteria from hypersaline, heliothermal and meromictic
antarctic Ekho Lake. Int. |. Syst. Evol. Microbiol. 2000, 50, 303-313. [CrossRef] [PubMed]

O’Halloran, J.A.; Barbosa, T.M.; Morrissey, ].P.; Kennedy, J.; Dobson, A.D.W.; O’Gara, F. Pseudovibrio axinellae
sp. nov.,, isolated from an Irish marine sponge. Int. J. Syst. Evol. Microbiol. 2013, 63, 141-145. [CrossRef]
[PubMed]


http://dx.doi.org/10.1111/j.1574-6941.2006.00062.x
http://www.ncbi.nlm.nih.gov/pubmed/16542405
http://dx.doi.org/10.1016/j.scitotenv.2012.01.066
http://www.ncbi.nlm.nih.gov/pubmed/22417882
http://dx.doi.org/10.1128/AEM.72.5.3357-3366.2006
http://www.ncbi.nlm.nih.gov/pubmed/16672478
http://www.ncbi.nlm.nih.gov/pubmed/9055415
http://dx.doi.org/10.1016/j.femsec.2005.03.009
http://www.ncbi.nlm.nih.gov/pubmed/16329976
http://dx.doi.org/10.1021/es3018545
http://www.ncbi.nlm.nih.gov/pubmed/22709320
http://dx.doi.org/10.1016/j.marpolbul.2015.07.042
http://www.ncbi.nlm.nih.gov/pubmed/26248825
http://dx.doi.org/10.1016/j.micres.2007.05.005
http://www.ncbi.nlm.nih.gov/pubmed/17604613
http://dx.doi.org/10.1128/AEM.71.10.5665-5677.2005
http://www.ncbi.nlm.nih.gov/pubmed/16204474
http://dx.doi.org/10.1099/ijs.0.002477-0
http://www.ncbi.nlm.nih.gov/pubmed/19406803
http://dx.doi.org/10.1007/s00248-003-0225-6
http://www.ncbi.nlm.nih.gov/pubmed/15883864
http://dx.doi.org/10.1099/ijs.0.65821-0
http://www.ncbi.nlm.nih.gov/pubmed/19196784
http://dx.doi.org/10.1128/AEM.69.6.3223-3230.2003
http://www.ncbi.nlm.nih.gov/pubmed/12788719
http://www.ncbi.nlm.nih.gov/pubmed/15559969
http://dx.doi.org/10.3389/fmicb.2014.00130
http://www.ncbi.nlm.nih.gov/pubmed/24772107
http://dx.doi.org/10.1016/j.cbpa.2004.02.012
http://www.ncbi.nlm.nih.gov/pubmed/15062775
http://dx.doi.org/10.1002/biot.201100486
http://www.ncbi.nlm.nih.gov/pubmed/22965918
http://dx.doi.org/10.1099/00207713-50-1-303
http://www.ncbi.nlm.nih.gov/pubmed/10826817
http://dx.doi.org/10.1099/ijs.0.040196-0
http://www.ncbi.nlm.nih.gov/pubmed/22368168

Mar. Drugs 2017, 15, 108 14 of 15

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Santos, O.C.; Pontes, P.V,; Santos, J.F.; Muricy, G.; Giambiagi-deMarval, M.; Laport, M.S. Isolation,
characterization and phylogeny of sponge-associated bacteria with antimicrobial activities from Brazil.
Res. Microbiol. 2010, 161, 604—612. [CrossRef] [PubMed]

Muscholl-Silberhorn, A.; Thiel, V.; Imhoff, ].F. Abundance and bioactivity of cultured sponge-associated
bacteria from the Mediterranean Sea. Microbiol. Ecol. 2008, 55, 94—-106. [CrossRef] [PubMed]

Bondarev, V.; Richter, M.; Romano, S.; Piel, ].; Schwedt, A.; Schulz-Vogt, H.N. The genus Pseudovibrio contains
metabolically versatile bacteria adapted for symbiosis. Environ. Microbiol. 2013, 15, 2095-2113. [CrossRef]
[PubMed]

Strompl, C.; Hold, G.L.; Liinsdorf, H.; Graham, J.; Gallacher, S.; Abraham, W.R.; Moore, E.R.; Timmis, K.N.
Oceanicaulis alexandrii gen. nov., sp. nov., a novel stalked bacterium isolated from a culture of the dinoflagellate
Alexandrium tamarense (Lebour). Balech. Int. J. Syst. Evol. Microbiol. 2003, 53, 1901-1906. [CrossRef] [PubMed]
Lee, K.B,; Liu, C.T.; Anzai, Y; Kim, H; Aono, T.; Oyaizu, H. The hierarchical system of the
‘Alphaproteobacteria’: Description of Hyphomonadaceae fam. nov., Xanthobacteraceae fam. nov. and
Erythrobacteraceae fam. nov. Int. J. Syst. Evol. Microbiol. 2005, 55, 1907-1919. [CrossRef] [PubMed]
Puspasari, F.; Nurachman, Z.; Noer, A.S.; Radjasa, O.K.; van der Maarel, M.].E.C.; Dessy, N. Characteristics
of raw starch degrading a-amylase from Bacillus aquimaris MKSC 6.2 associated with soft coral Sinularia sp.
Starch/Stiirke 2011, 63, 461-467. [CrossRef]

Trivedi, P.; Duan, Y.; Wang, N. Huanglongbing, a systemic disease, restructures the bacterial community
associated with citrus roots. Appl. Environ. Microbiol. 2010, 76, 3427-3436. [CrossRef] [PubMed]

Kumar, A.G.; Vijayakumar, L.; Joshi, G.; Magesh, P.D.; Dharani, G.; Kirubagaran, R. Biodegradation of
complex hydrocarbons in spent engine oil by novel bacterial consortium isolated from deep-sea sediment.
Bioresour. Technol. 2014, 170, 556-564. [CrossRef] [PubMed]

Wilkinson, C.R. Immunological evidence for the Precambrian origin of bacterial symbioses in marine sponges.
Proc. R. Soc. Lond. 1984, 220, 509-517. [CrossRef]

Afsar, M.; Radha, S.; Girish, K.; Manonmani, HK.; Kunhi, A.A.M. Optimization of carbon sources for the
preparation of inoculum of hexachlorocyclohexane-degrading microbial consortium. J. Food Sci. Technol.
2005, 42, 209-213.

Longo, C.; Cardone, F,; Corriero, G.; Licciano, M.; Pierri, C.; Stabili, L. The co-occurrence of the demosponge
Hymeniacidon perlevis and the edible mussel Mytilus galloprovincialis as a new tool for bacterial load mitigation
in aquaculture. Environ. Sci. Pollut. Res. 2016, 23, 3736-3746. [CrossRef] [PubMed]

Corriero, G.; Longo, C.; Mercurio, M.; Nonnis-Marzano, C.; Lembo, G.; Spedicato, M.T. Rearing performance
of Spongia officinalis on suspended ropes off the Southern Italian coast (Central Mediterranean Sea).
Aquaculture 2004, 238, 195-205. [CrossRef]

Tala, A.; Lenucci, M.S.; Gaballo, A.; Durante, M.; Tredici, S.M.; Debowles, D.A.; Pizzolante, G.; Marcuccio, C.;
Carata, E.; Piro, G.; et al. Sphingomonas cynarae sp. nov., a Proteobacterium that produces an unusual type of
sphingan. Int. |. Syst. Evol. Microbiol. 2013, 63, 72-79. [CrossRef] [PubMed]

Sambrook, J.; Russel, D.W. Molecular Cloning: A Laboratory Manual, 3rd ed.; Cold Spring Harbor Laboratory
Press: Cold Spring Harbor, NY, USA, 2001.

Vigliotta, G.; Nutricati, E.; Carata, E.; Tredici, SM.; De Stefano, M.; Pontieri, P; Massardo, D.R,;
Prati, M.V.; De Bellis, L.; Alifano, P. Clonothrix fusca Roze 1896 a filamentous, sheathed, methanotrophic
Gamma-Proteobacterium. Appl. Environ. Microbiol. 2007, 73, 3556-3565. [CrossRef] [PubMed]

Lane, D.J.; Pace, B.; Olsen, G.J.; Stahl, D.A.; Sogin, M.L.; Pace, N.R. Rapid determination of 165 ribosomal
RNA sequences for phylogenetic analyses. Proc. Natl. Acad. Sci. USA 1985, 82, 6955-6959. [CrossRef]
[PubMed]

Thompson, J.D.; Higgins, D.G.; Gibson, T.J. Clustal W: Improving the sensitivity of progressive multiple
sequence alignment through sequence weighting, position-specific gap penalties and weight matrix choice.
Nucleic Acids Res. 1994, 22, 4673-4680. [CrossRef] [PubMed]

Gouy, M.; Guindon, S.; Gascuel, O. SeaView Version 4: A multiplatform graphical user interface for sequence
alignment and phylogenetic tree building. Mol. Biol. Evol. 2010, 27, 221-224. [CrossRef] [PubMed]

Saitou, N.; Nei, M. The neighbour-joining method: A new method for reconstructing phylogenetic trees.
Mol. Biol. Evol. 1987, 4, 406-425. [PubMed]


http://dx.doi.org/10.1016/j.resmic.2010.05.013
http://www.ncbi.nlm.nih.gov/pubmed/20600863
http://dx.doi.org/10.1007/s00248-007-9255-9
http://www.ncbi.nlm.nih.gov/pubmed/17497228
http://dx.doi.org/10.1111/1462-2920.12123
http://www.ncbi.nlm.nih.gov/pubmed/23601235
http://dx.doi.org/10.1099/ijs.0.02635-0
http://www.ncbi.nlm.nih.gov/pubmed/14657121
http://dx.doi.org/10.1099/ijs.0.63663-0
http://www.ncbi.nlm.nih.gov/pubmed/16166687
http://dx.doi.org/10.1002/star.201000127
http://dx.doi.org/10.1128/AEM.02901-09
http://www.ncbi.nlm.nih.gov/pubmed/20382817
http://dx.doi.org/10.1016/j.biortech.2014.08.008
http://www.ncbi.nlm.nih.gov/pubmed/25171211
http://dx.doi.org/10.1098/rspb.1984.0017
http://dx.doi.org/10.1007/s11356-015-5587-z
http://www.ncbi.nlm.nih.gov/pubmed/26498810
http://dx.doi.org/10.1016/j.aquaculture.2004.04.030
http://dx.doi.org/10.1099/ijs.0.032060-0
http://www.ncbi.nlm.nih.gov/pubmed/22328613
http://dx.doi.org/10.1128/AEM.02678-06
http://www.ncbi.nlm.nih.gov/pubmed/17416684
http://dx.doi.org/10.1073/pnas.82.20.6955
http://www.ncbi.nlm.nih.gov/pubmed/2413450
http://dx.doi.org/10.1093/nar/22.22.4673
http://www.ncbi.nlm.nih.gov/pubmed/7984417
http://dx.doi.org/10.1093/molbev/msp259
http://www.ncbi.nlm.nih.gov/pubmed/19854763
http://www.ncbi.nlm.nih.gov/pubmed/3447015

Mar. Drugs 2017, 15, 108 15 of 15

101. Kimura, M. A simple method for estimating evolutionary rates of base substitutions through comparative
studies of nucleotide sequences. J. Mol. Evol. 1980, 16, 111-120. [CrossRef] [PubMed]

102. Brown, J.K. Bootstrap hypothesis tests for evolutionary trees and other dendrograms. Proc. Natl. Acad.
Sci. USA 1994, 91, 12293-122937. [CrossRef] [PubMed]

@ © 2017 by the authors. Licensee MDP], Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1007/BF01731581
http://www.ncbi.nlm.nih.gov/pubmed/7463489
http://dx.doi.org/10.1073/pnas.91.25.12293
http://www.ncbi.nlm.nih.gov/pubmed/7991621
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Screening of Lindane Degradation by Bacterial Isolates 
	Molecular Analysis of Lindane-Degrading Bacteria Isolated from Hymeniacidon perlevis 

	Discussion 
	Materials and Methods 
	Bacterial Isolates 
	Screening of Lindane Degradation by Bacterial Isolates 
	SPME-GC-MS Analysis 
	16S rRNA Gene Sequence Analysis of Lindane-Degrading Bacterial Isolates 
	16S rRNA Gene Sequencing and Phylogenetic Analyses 
	16S rRNA GenBank Accession Number 

	Conclusions 

