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Abstract

This research presents the results obtained using a bioremediation approach aiming to
enhance natural remediation of the Bagnoli-Coroglio area, a post industrial site in the
Gulf of Naples, Italy, characterized by the presence of several pollutants released in
almost a century by the ILVA steel plant. In particular, the thesis evaluates the benthic
microbial taxonomic composition of this area after ten decades of pollution. Results
indicate the prevalence of the Phyla Proteobacteria, (36.7%), Planctomycetes (20.5%)
and Bacteroidetes (9.6%) and the presence of a core microbiome suggesting that
pollutants and other abiotic factors may have contributed to shape benthic prokaryotic
communities. The thesis also evaluates the biotechnological potential of single isolates
bacteria (Halomonas sp., Alcanivorax sp., Epibacterium sp., Pseudoalteromonas sp., and
Virgibacillus sp.) and mixtures of these species isolated from polluted sediments
collected from Bagnoli-Coroglio area and the Sarno river mouth, another polluted site
in the Gulf of Naples. Laboratory tests highlighted the ability of mixed cultures and single
taxa to degrade PAHs (Polyclic Aromatic Hydrocarbons) and precipitate heavy metals
from culture media. Results of Sequential Selective Extraction (SSE) analysis emphasized
the ability of mixed cultures to reduce the mobility of As, Cd and Zn by changing their
partitioning in the geochemical fractions. Full genome sequencing of isolated strains has
allowed for the genetic and molecular characterization of mechanisms underlying
processes of degradation and detoxification of xenobiotics. In particular, many genes
involved in hydrocarbon degradation pathways and in heavy metal detoxification

systems have been identified. My results suggest a potential biotechnological



application of these strains in waste-water treatment as well as decontamination of

polluted sediments.
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Figure 3.7. The red bars indicate the Genomic Islands found in Pseudoalteromonas sp.
SZN3. No genes involved in metal tollerance and hydrocarbon degradation were
detected in the identified genome

Figure 3.8. Circular representation of Epibacterium sp. SZN4 genome. The different rings
represent (from outer to inner) predicted protein-coding sequences (CDS) on the
forward (outer wheel) and the reverse (inner wheel) strands (circle 2 and 3) colored
according to the assigned COG classes (circle 1, 4), G+C content (circle 5), GC skew (circle
6), genomic position (circle 7). The COG colors represent functional groups (A, RNA
processing and modification; B, chromatin structure and dynamics; J, Translation,
ribosomal structure and biogenesis; K, Transcription; L, Replication, recombination and
repair; D, Cell cycle control, cell division, chromosome partitioning; O, Posttranslational
modification, protein turnover, chaperones; M, Cell wall/membrane/envelope
biogenesis; N, Cell motility; P, Inorganic ion transport and metabolism; T, Signal
transduction mechanisms; U, Intracellular trafficking, secretion, and vesicular transport;
V, Defense mechanisms; W, Extracellular structures; Y, Nuclear structure; Z,
Cytoskeleton; C, Energy production and conversion; G, Carbohydrate transport and
metabolism; E, Amino acid transport and metabolism; F, Nucleotide transport and
metabolism; H, Coenzyme transport and metabolism; |, Lipid transport and metabolism;
Q, Secondary metabolites biosynthesis, transport and catabolism; R, General function
prediction only; S, Function
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Figure 3.9. The red bars indicate the Genomic Islands found in Epibacterium sp. SZN4.
The following genes CzcA, czrB NccC, CopA, cueR, merR, merT, merA involved in
mechanisms of resistance to Zinc, Cadmium Nickel, Copper and Mercury were identified
in the region between 4.25M and 4.65M........cvoveveeeeveceieieiereseesreereeerseveeseessseesvesse s 154

Figure 3.10. Circular representation of Oceanicaulis sp. SZN5 genome. The different
rings represent (from outer to inner) predicted protein-coding sequences (CDS) on the
forward (outer wheel) and the reverse (inner wheel) strands (circle 2 and 3) colored
according to the assigned COG classes (circle 1, 4), G+C content (circle 5), GC skew (circle
6), genomic position (circle 7). The COG colors represent functional groups (A, RNA
processing and modification; B, chromatin structure and dynamics; J, Translation,
ribosomal structure and biogenesis; K, Transcription; L, Replication, recombination and
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repair; D, Cell cycle control, cell division, chromosome partitioning; O, Posttranslational
modification, protein turnover, chaperones; M, Cell wall/membrane/envelope
biogenesis; N, Cell motility; P, Inorganic ion transport and metabolism; T, Signal
transduction mechanisms; U, Intracellular trafficking, secretion, and vesicular transport;
V, Defense mechanisms; W, Extracellular structures; Y, Nuclear structure; Z,
Cytoskeleton; C, Energy production and conversion; G, Carbohydrate transport and
metabolism; E, Amino acid transport and metabolism; F, Nucleotide transport and
metabolism; H, Coenzyme transport and metabolism; |, Lipid transport and metabolism;
Q, Secondary metabolites biosynthesis, transport and catabolism; R, General function
prediction only; S, Function
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Figure 3.11. The red bars indicate the Genomic Islands found in Oceanicaulis sp. SZN5.
MATE multi-drug resistance genes linked to metals resistance were identified in the
region 1.142 M and 1.154 M ..ottt et ste e e s st e s e s stesaestasananens 159

Figure 3.12. Circular representation of Alkaliphilus sp. SZN6 genome. The different rings
represent (from outer to inner) predicted protein-coding sequences (CDS) on the
forward (outer wheel) and the reverse (inner wheel) strands (circle 2 and 3) colored
according to the assigned COG classes (circle 1, 4), G+C content (circle 5), GC skew (circle
6), genomic position (circle 7). The COG colors represent functional groups (A, RNA
processing and modification; B, chromatin structure and dynamics; J, Translation,
ribosomal structure and biogenesis; K, Transcription; L, Replication, recombination and
repair; D, Cell cycle control, cell division, chromosome partitioning; O, Posttranslational
modification, protein turnover, chaperones; M, Cell wall/membrane/envelope
biogenesis; N, Cell motility; P, Inorganic ion transport and metabolism; T, Signal
transduction mechanisms; U, Intracellular trafficking, secretion, and vesicular transport;
V, Defense mechanisms; W, Extracellular structures; Y, Nuclear structure; Z,
Cytoskeleton; C, Energy production and conversion; G, Carbohydrate transport and
metabolism; E, Amino acid transport and metabolism; F, Nucleotide transport and
metabolism; H, Coenzyme transport and metabolism; I, Lipid transport and metabolism;
Q, Secondary metabolites biosynthesis, transport and catabolism; R, General function
prediction only; S, Function
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Figure 3.13. The red bars indicate the Genomic Islands found in Alkaliphilus sp. SZN6.
MATE multi-drug resistance gene, involved in mechanisms of resistance to metals, was
identified in the region comprised 429Kand 448K..........ccuecvereereereververeeseenreceereeeseessennens 160

Figure 3.14. Heat map of genes and relative copy numbers identified by RAST in the
five draft genomes analyzed. On the left column are indicated genes involved in the
metabolism of aromatic compounds. The different colour intensity is related to
number of gene copies. (white: “no genes”; dark green “max. number of genes)......163

Figure 3.15. Aromatic hydrocarbon degradation pathway. A)  catechol and
protocatechuate produced as central intermediates of aerobic pathways. B) Degration
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pathway of Benzoate. Benzoate can be degraded through a dioxygenase or a
monooxygenase. Both the enzymes capable of such reactions (Ring Hydroxilating
Dioxygenase and Cytochrome P 450 monooxygenase) have been identified in the draft
genomes of Halomonas sp. SZN1, Alcanivorax sp. SZN2, Pseudolateromonas sp. SZN3,
Epibacterium sp. SZN4. The cis hydroxylation via dioxygenase favours the formation of
Salycilate and the subsequent Catechol formation through salicilate hydroxylase found
in Alcanivorax sp. SZN2, Halomonas sp. SZN1, and Epibacterium sp. SZN4. The catechol
became substrate of catechol 1,2 dyoxygenase (only in Halomonas sp. SZN1) that led to
formation of cis cis muconic acid and B ketoadipic acid. This compound enters the B-
ketoadipite pathway that, through the B- ketoadipate succinyl CO-A transferase and 3
ketoadipyl thiolase (Halomonas sp. SZN1, Epibacterium sp. SZN4, Pseudoalteromonas
sp. SZN3, and Oceanicaulis sp. SZN5,), led to the formation of Acetyl CoA and succinyl
CoA. The trans hydroxylation via monooxygenase led to the formation of
protocatechuate intermediate. This pathway begins with a hydroxylation in position 3
of 4-Hydoxybenzoate by hydroxybenzoate hydroxylase, found only in the genomes of
Halomonas sp. SZN1, and Epibacterium sp. SZN4, which leads to the formation of the
compound 3,4 hydroxybenzoate. The next step is catalyzed by the protocatechuate
enzyme 3, 4 dioxygenase able to convert 3, 4 hydroxybenzoate in B carboxy muconate
which through the activity of 3 carboxy ci-cis muconolactone cycloisomerasi is
tranformed in y Carboxy muconolactone. The protocatechuate 3, 4 dioxygenase
sequence found in Halomonas sp. SZN1, and Epibacterium sp. SZN4. The subsequent
decarbosillation reaction catalyzed by the enzyme 4 carboxy muconolactone
decarboxylase is described only in Halomonas sp. SZN1, Epibacterium sp. SZN4, and
Oceanicaulis sp. SZN5. This leads to the formation of 3 oxoadipate enol lactonase which
is transformed in 3 oxoadipate by the activity of B ketoadipate enol lactonase, an
enzyme identified in the genomes of Halomonas sp. SZN1, Alcanivorax sp. SZN2, and
Epibacterium sp. SZN4. The last two steps of the pathway are catalyzed by enzymes
whose sequences have been reported only in Alcanivorax sp. SZN2, and Halomonas sp.
SZN1; more specifically, the activity of 3 oxo adipate Co-A transferase promotes the
formation of 3 oxoadipyl CoA which becomes a substrate of B ketoadypil CoA thiolase
capabysing the production of succynil CoA, a compound involved in the citric acid

Figure 3.16. Comparison of strain sequences from my Halomonas sp. SZN1 draft
genome and the three closest sequences identified in the National Centre for
Biotechnology Information (NCBI) data bank. Ring hydroxylating dioxygenase (RHD) is
indicated as ORF 2. Contig 29 is the genomic region where the gene encoding for RHD
was identified in my draft genome. The right panel lists genes that are encoded by
Halomonas sp. SZN1 (ORFs 1-10) and those that are encoded by reference genomes
(ORFES 1L1-30) e e eeeee oo eeeeee e eeeeee e eeeess s seeses s seeses s e eesees oo eeeeseeees e seeeeeeesesees s cesseesessn e 169

Figure 3.17. Comparison of strain sequences from my Alcanivorax sp. SZN2 draft
genome and the three closest sequences identified in the National Centre for
Biotechnology Information (NCBI) data bank. Ring hydroxylating dioxygenase is
indicated as ORF 4. Contig 9 is the genomic region where the gene encoding for RHD
was identified in my draft genome. The right panel lists genes that are encoded by the
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draft genome of Alcanivorax sp. SZN2 (ORFs 1-10) and those that are encoded by
reference geNomMes (ORFS 11-30)....ccciciviieireiieeesireetirese st ereseese e s s sesae st sresassesassens 170
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Chapter 1

1) General Introduction

1.1) Bioremediation: state of art

Compounds like polycyclic aromatic hydrocarbons (PAHs), polychlorinated byphenyls
(PCBs) and different forms of heavy metals and metalloids are released into the
environment through incomplete combustion of organic matter (Wuana and Okieimen
2011), the runoff from soil (Aly Salem et al. 2013) and improper industrial discharges or
waste disposal practices. Such toxic compounds represent a severe threat to human and
ecosystem safety and health (Ben Chekroun et al. 2014, particularly in coastal and
transitional ecosystems characterized by high contamination levels due to high
anthropic pressure and reduced hydrodynamism (Zheng et al. 2011). The accumulation
of high concentrations of pollutants in the sediments can determine significant impacts
on biodiversity and the functioning of ecosystems and may affect the production of

products and services and the use of resources.

Contaminated sediments represent a serious problem of great interest at a global scale,
due to the identification of large areas with high levels of pollutants. Today a list of 39
Priority Sites to be reclaimed, included in the Italian National Reclamation Program, has
been identified across the national territory, most of which are located in coastal and
transition marine areas. High levels of contamination are also associated with sediments
in harbor areas that due to handling to maintain the depth of navigation, cause

management problems for their relocation. Historically most dredged harbor sediments



are discharged into neighboring coastal areas and / or used as landfill. Several studies
have shown a clear biological impact due to dredging activities and sea-discharge
activities of such matrices, which lead to a physical impact (i.e. induced by the
immersion itself of dredging, burial, suffocation of benthic marine organisms) and
toxicological effects determined by the associated contaminants (Regoli et al. 2002;
Trannum et al. 2004; Tornero and Hanke 2016). Ecological changes resulting from the
release of dredged material have also important effects on the provisioning of
ecosystem’ s goods and services for human well-being in the short and long term

(Mandal, Chatterjee, and Gosh 2011).

The need to find management alternatives to sea discharge has led, in recent years to
the production of different patents, for the reclamation of these matrices through ex-
situ treatments. However, national (see DL 152/2006) and international (WFD 2000/60
EU; European Marine Strategy Framework Directive) policies are increasingly seeking
management alternatives capable of limiting sediment handling interventions, and
promoting the decontamination of these matrices by using eco-compatible in situ
technologies. Among these, bioremediation technologies appear to be promising for
their eco-compatibility, their efficiency in reducing contamination levels and their
versatility for use in different types of contaminants and in different environmental

contexts (Megharaj and Naidu 2017).

In order to detoxify polluted sediments, many physicochemical techniques have been
developed such as reverse osmosis, electrodialysis, ultrafiltration, ion-exchange and

chemical precipitation (Crini and Lichtfouse 2018).



Unfortunately, these methods present several disadvantages such as high costs, the
generation of toxic sludges (Ahalya et al. 2003) and the inability to apply many of these
techniques in situ. A valid solution to the problem may be represented by
bioremediation which is an eco-friendly strategy based on the capability of prokaryotes,
fungi and photosynthetic organisms (e.g.plants and microalgae) to enhance natural
processes involved in the removal of contaminants thereby reducing their eco-
toxicological threat (Brar et al. 2017). Although bioremediation may in many instances
be quite slow and may not completely remove toxic materials, it nonetheless represents
the most promising method because based on cheap-technology with low

environmental impact.

Among the principal prokaryotes used in these processes the most abundant genera are
Alcaligens, Bacillus, Enterobacter, Flavobacterium, Pseudomonas (Ojuederie and
Babalola 2017) and Achromobacter, Acinetobacter, Alteromonas, Arthrobacter,
Burkholderia (Xu et al. 2018) as well as Obligate Hydrocarbonoclastic Bacteria (OHCB)
such as Alcanivorax, Thallassolituus, Cycloclasticus, Oleispira (Yakimov, Timmis, and
Golyshin 2007) that are widely known to successfully to be involved in hydrocarbons
breakdown. Moreover, organisms such as Microalgae and Fungi have demonstrated
bioremediation capabilities. Genera belonging to Microalgae such as Spirulina, Chlorella,
Spirogyra, Scenedesmus, Oscillatoria quadripunctulata, Chlorococcum, Stigonema,
Gloeocapsa and Tetraselmis (Ayse, et al. 2005; Arunakumara, et al. 2008; Yao et al.
2012; Ajayan, et al. 2011) have been shown to be able to remove heavy metals such as
As, Cd, Co, Cr,Ni, Pb, Hg and Zn. According to Lei et al.(2007); Takacova et al. (2014);

Garcia de Llasera et al. (2016) and Ghosal et al. (2016) microalgae belonging to the



genera Selenastrum, Scendemus, Chlorella are effective microorganisms in PAHs
degradation since they displayed a degradation activity towards naphthalene,
phenantrene and pyrene. Another possibile strategy for the reclamation of polluted
sites is mycoremediation since Fungi have been described as capable to survive in
extreme conditions, as well as to produce a multitude of enzymes such as catalase,
peroxidase, laccase and Cytochrome P450, suitable for detoxification and
biodegradation (Morel et al. 2013; Durairaj et al. 2015). Fungi isolated from PAHs
contaminated soils such as Aspergillus, Curvularia, Drechslera, Fusarium, Lasiodiplodia,
Mucor, Penicillium, Rhizopus and Trichoderma have been described as capable to
degrade aromatic compounds (Lladé et al. 2013; Balaji, Arulazhagan, and Ebenezer
2014; Chang et al. 2016) while species such as Aspergillus niger, flavus and foetidus as
well as genera like Cryptococcus, Penicillium and Curvularia have been described to be
tolerant, and effective in the removal of heavy metals such as Pb, Hg, and U through
biosorption (Chakraborty et al. 2013; Mumtaz et al. 2013; Kurniati et al. 2014; Deshmukh
et al. 2016). The mechanisms allowing removal of metals and hydrocarbons, forBacteria,
Algi and Fungi, rely on a first passage mediated by exopolysaccharides which allows the
uptake of contaminants on the cell surface or eventually their complexation into less
bioavailable forms (Deshmukh et al.2016; Liu et al. 2016; Casillo et al. 2018). The metals
once adhered to the mebrane or cell wall (depending on the microorganism) can remain
adherent or internalized (microalgae and fungi) and chelated by molecules belonging to
the phytokelatin classes (Perales-Vela et al.2006; Sharma et al. 2015; Khullar and

Sudhakara Reddy 2019)



Generally, bioremediation processes can be enhanced by bio-stimulation of
autochthonous assemblages (e.g. by adding different chemical compounds and or
electron donors/acceptors) or by bio-augmentation, which consists in adding selected
microorganisms that are able to degrade/mobilize contaminants (Catania et al. 2015).
Bioremediation mechanisms, that can occur both under aerobic and anaerobic
conditions, can differ due to the type of contaminant and the kind of matrix. For this
reason, the degradation of organic pollutants involves aerobic/anaerobic respiration
and fermentation metabolism while transformation/sequestration of heavy metals
(which do not undergo degradation) are based on bio-accumulation, biotransformation,
and bioleaching activities (Kumar et al.2019). The mechanisms of absorption of heavy
metals and organic pollutants by microorganisms, although still largely unknown, seems
to occur through physicochemical interactions with an uptake rate that is inversely
proportional to the compound’s hydrophobicity (Zgurskaya et al.2016). Chemical and
physical factors can enhance or inhibit this process. Indeed, small variations in pH can
lead to formation of cationic and anionic species in both metals and organic
contaminants that can be complexed with molecules having opposite charges expressed
on the membrane or released in solution by microorganisms (Ayangbenro and Babalola
2017). Temperature also influences the stability of the ions in solution and thus the
bioavailability of the contaminants. For example, an increase in temperature from 25 to
40 °C changes the absorption rate of the heavy metal Pb from 0.596 to 0.728 mg/g
(Arjoon et al. 2013). All these variables need to be carefully considered during the

decontamination of marine sediments.



Numerous studies have shown that biodegradation processes of organic contaminants
in sediments can be accelerated by adding appropriate compounds and/or electron
acceptors/donors that can stimulate native microbial communities (Zhuang et al. 2019).
For example, it is known that hydrocarbon biodegradation processes are mainly limited
by the availability of N and P and dissolved molecular oxygen (Head et al2006). However,
many authors have shown that biodegradation of hydrocarbons by microorganisms can
also take place under reduced conditions by using alternative electron acceptors
(sulphates, nitrates, Fe, Mn,) (Meckenstock et al.2004). In particular, microcosm
experiments on harbor sediments contaminated by PAHs showed a significant reduction
of different PAHs concentrations through the application of reducing sulphate bacteria
(Nasser et al. 2017). This suggests that biostimulation strategies should be selected on
the basis of the metabolic needs of the microbial community. In this regard, several
studies have shown that the addition of inorganic nutrients to oil-contaminated
sediments can stimulate the biodegradation efficiency of certain classes of compounds,
while others, such as heavy metals,are somewhat refractory to biodegradation

(Swannell et al.1996).

Subsequent studies have confirmed that environmental manipulation due to the
addition of stimulant compounds modifies natural microbial communities with
cascading effects on their biodegradation capacity (Head et al. 2006). Therefore, in order
to formulate more suitable and efficient bioremediation in situ strategies, it is necessary
to understand and define existing relationships between biodegradation rates,
contaminants involved (in the case of complex mixtures of compounds) and dynamics

of the microbial community in structural and functional terms (lbarrolaza et al. 2009).



Understanding these relationships requires a highly interdisciplinary approach and
adequate analytical tools to enable the development of appropriate models of

contaminant degradation in relation to biostimulation interventions.

The development of appropriate in situ bioremediation strategies for sediment
reclamation must take into account the performance of organic contaminants
biodegradation processes and also the potential effects that biotreatment may have on
the fate of heavy metals (Dell’Anno et al. 2003; Lloyd 2003). This should be carefully
considered when sediments show significant contamination not only from organic but
also from inorganic compounds. Different studies have shown that microorganisms play
a key role in the mobilization/immobilization of heavy metals in sediments (Gadd 2010;
Valls and De Lorenzo 2002). These effects can be attributed to the direct action of
microorganisms on the different geochemical components to which the metals are
associated and to the variations of redox potential generated by their metabolism (Malik
2004; Tabak et al. 2005). In particular, there is evidence that in anaerobic conditions the
dissimilation of Fe and Mn oxides and hydroxides in sediments by Fe and Mn reducing
microorganisms affects carbon cycling as well as speciation of redox sensitive metals in
the environment (Novotnik et al. 2019). In contrast, sulphides produced by anaerobic
sulphate-reducing bacteria metabolism represent one of the major buffer systems for
stabilizing metal cations by the formation of metallic-sulfur complexes (Ayangbenro and
Babalola 2017). Moreover, degradation processes of organic matter by heterotrophic
microorganisms can increase the mobility of the metals associated (Neagoe et al. 2012).

Considering not only the effects of microbial biotransformation on organic but also on



inorganic contaminants is a prerequisite for the development of biotechnological

strategies that are actually eco-compatible.

An effective bioremediation strategy should consider the bioremediation of metals and
organic contaminants as a co-occurring process. For example, microbial processes
aimed at hydrocarbon degradation may change heavy metal mobility, influencing their
bioavailability and toxicity for the biota (White, Sayer, and Gadd 1997; Lloyd 2003).
Therefore, in bioremediation treatments of marine sediments contaminated with
hydrocarbons and heavy metals attention should be paid both to the extent of
hydrocarbon degradation and to the potential risks associated to changes of metal

speciation ( Dell’Anno et al. 2003).

Biotreatments can cause changes in the composition of the prokaryotic community
living in the sediment. Bacterial communities in marine sediments are mainly composed
by Alpha-, Gamma- and Deltaproteobacteria, = Holophaga/Acidobacteria,
Planctomycetales, Bacteroidetes, Verrucomicrobia, Actinobacteria, and Firmicutes (Gray
and Herwig 1996; Polymenakou et al. 2005; Musat et al. 2006; Zhang et al.2008), while
archaeal communities are mostly formed by Euryarchaeota (Roling et al. 2004). The
main genera of prokaryotes involved in hydrocarbon degradation are Alcanivorax,
Cycloclasticus, Oleiphilus, Oliespira, Pelagibacter, Pseudomonas, Roseobacter,
Thalassolituus, Vibrio and species belonging to the phylum Flexibacter-Cytophaga-
Bacteroides (Hedlund and Staley 2006; Rappé et al. 2002; Yakimov et al. 2005; Head et
al.2006; McKewet al. 2007). It has been observed that the application of strategies for
sediment remediation can determine shifts in the composition of the prokaryotic

community, with the selection of certain strains rather than others (Head et al. 2006;



McKew et al. 2007). Bioremediation performance may be affected by the particular
composition of the microbial community. Roling et al. (2002), found that in microcosm
experiments using different levels of inorganic nutrients lead to the selection of very
different bacterial communities, but the extent of hydrocarbon degradation was similar
in all the experimental microcosms. The establishment of synergistic relationships, co-
metabolic processes, and other interactions within a heterogeneous microbial
community is an important aspect for the effectiveness of bioremediation strategies (Yu

et al. 2005; McKew et al. 2007).

Therefore, given the complexity of identifying efficient, ecologically, economically viable
and technically applicable biotechnologies for in situ recovery of contaminated
sediments, it is necessary to develop new research in this field through integrated

approaches and interdisciplinary competencies.



1.2) PAH bacterial remediation

The contamination of marine sediments by petroleum hydrocarbons is widespread in
coastal regions of the world and represents a major concern for the potential
detrimental consequences on ecosystems health and provision of goods and services
(Lozada et al. 2014). Indeed, PAHs, which are the most common petroleum
contaminants in the environment are considered to be potentially mutagenic and
carcinogenic (Mao et al. 2012). Abdel-Shafy and Mansour 2016, (2016) reported that
hydrocarbons such as Benzo [a] pyrene are genotoxic and implicated in human breast
cancer. However, the focus has been placed on the biodegradation of low molecular
wheight PAHs whilst little research has been carried out on the biodegradation of high
molecular wheight PAHs that have been found to be of more relevance from a health
perspective. Therefore, in recent years, effort has been devoted to explore remediation
options based on treatments of sediments that are able to reduce contaminant
concentrations to threshold levels below which no detrimental effects on living biota
are expected to occur. Among these, environmental-friendly bioremediation
technologies are arousing interest in the scientific community, for their potential in the

safe remediation of oil-polluted areas, such as marine sediments ( Xu et al. 2005).

Field and laboratory experiments demonstrated that biodegradation processes of oil-
contaminated sediments may be accelerated by enhancing biomass and / or activity of
hydrocarbon-degrading microorganisms through biostimulation as well as
bioaugmentation strategies (Azubuike, Chikere, and Okpokwasili 2016). In order to

design an optimal bioremediation strategy, it is important to understand the factors that

10



enhance microbial metabolism and hydrocarbon degradation, a knowledge which could

help restore the environment to a pre-pollution state as early as possible.

One of the main factors affecting oil bioremediation is the physical nature of the crude
oil: for instance, a single large oil slick has a smaller surface area for oil-eating microbes
to access compared to numerous small-sized oil slicks and also, heavy and viscous
hydrocarbon compounds may prove to be recalcitrant as lighter hydrocarbons are easier
for microbes to digest due to the higher rate of diffusion through the oil-water interface
(Zaki, Authman, and Abbas 2015). It is even important to investigate the chemical nature
of the spilled petroleum because some unbranched alkanes can be degraded in a few
weeks but branched alkanes and multiple-ringed aromatic hydrocarbons can be more
resistant to microbial degradation. Asphalthenes are considered to be the most
recalcitrant, and thus, could accumulate in the environment (Pourfakhraei et al. 2018).
The rate of degradation depends on the availability of nutrients. The two most limiting
elements are nitrogen and phosphorus that are incorporated into cellular biomass and
stimulate hydrocarbon metabolism (McKew, Coulon, Osborn, et al. 2007; Calvo et al.
2009), but even the lack of sulphur and potassium can affect bioremediation rates
(Evans et al. 2004). Other factors that have to be considered during bioremediation are
water temperature, oxygen concentration, sediment particle size and mineralogical
composition. Indeed, the temperature of the surrounding water in which the oil occurs
determines the rate of hydrocarbon degradation. It has been observed that crude oil
degradation is faster in warm water because heat promotes the breakdown of the
spilled petroleum that becomes more attainable to oil-degrading microbes following

Arrhenius kinetics rules. In cold environments, sub-zero temperatures cause the shut
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down of transport channels of cells and may even freeze the entire cytoplasm, thus,
rendering most known oleophilic microbes metabolically inactive. However,
manyoleophilic microbes are cold-tolerant, as most of the ocean is deep and cold (2-4
C°) but have to deal with the problem of the freeze-thaw seasonal cycle between winter

and summer, which limits the bioavailability of the spilled petroleum ( Yang et al. 2009).

Oxygen concentration is a crucial factor in bioremediation processes, since most of
oleophilic microbes are aerobes (such as Pseudomonas and Proteus) and only a few are
anaerobes (such as Geobacter). Therefore, environments with low and or depleted
oxygen concentrations such as oxygen minimum zones, surface sediments of highly
eutrophic ecosystems and sub-surface sediments, have lower rates of hydrocarbon

biodegradation compared to fully oxygenated systems (Mille et al, 1988) .

Size matrix also influences bioremediation effectiveness since it determines the rate of
sediment permeability, which indirectly affects the rate of petroleum biodegradation.
Fine sediment particles such as silt / clay have small interstitial spaces which make the
soil impermeable, thus, retaining the spilled petroleum at the surface and reducing the
bioavailability of microbial nutrients and oxygen (Ahmad et al. 2019). Moderately
drained soils are the optimum requirements for the rapid bioremediation of oil-polluted
soils. pH is an additional factor influencing bioremediation as it can slow down and/or
inhibit microbial activity. Generally higher bioremediation performance occurs at pH
values around 6-8 (Ayangbenro et al. 2018). Even the presence of antagonistic oleophilic
bacteria can reduce bioremediation rates since some species can release metabolites
that inhibit the growth and development of other oleophilic bacteria. Understanding the

interdependence of microbial populations is a requirement for the successful
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application of bioremediation strategies (Abatenh et al. 2017). Therefore, it should be
considered a complex array of factors in order to define efficient bio treatments whether

they are conducted in an oxic or an anoxic environment.

It has been observed that bacteria favor aerobic conditions for degradation of PAHs via
oxygenase-mediated metabolism (Ghosal et al. 2016b). Usually, the first step in the
aerobic bacterial degradation of PAHSs is the hydroxylation of an aromatic ring via a
dioxygenase which is a multi-component enzyme generally consisting of reductase,
ferredoxin, and terminal oxygenase subunits. This enzyme leads to the formation of cis-
dihydrodiol, which is re-aromatized to a diol intermediately by the action of a
dehydrogenase enzyme. These diol intermediates may then be cleaved by intra diol or
extra diol ring-cleaving dioxygenases through either an ortho-cleavage or meta-cleavage
pathway, leading to intermediates such as catechols or protocetechuate that are
ultimately converted through p-ketoadipate pathway to citric acid cycle (CAC)
intermediates (Shahsavari et al. 2019). Other pathways involved in bacteria degradation
are gentisate, homogentisate, and homoprotocatechuate metabolic routes whose
genes have been described in metagenomes and trascriptomes of Pseudomonas
aeruginosa PAQ1, Klesbiella Pneumoniae AWD5 and within a bacteria consortium
consisting of Pseudomonas, Aquabacterium, Chryseobacterium, Sphingobium,
Novosphingobium, Dokdonella, Parvibaculum, and Achromobacter (Yan and Wu 2017;
Rajkumari, Paikhomba Singha, and Pandey 2018; Garrido-Sanz et al. 2019). Bacteria can
also degrade PAHs via the cytochrome P450-mediated pathway, with the production of
trans-dihydrodiols (Ostrem Loss and Yu 2018) or under anaerobic conditions, e.g. under

nitrate-reducing conditions (Carmona et al. 2009).
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There is increasing evidence indicating that biodegradation of hydrocarbons takes place
also in anoxic conditions (Rabus et al. 2016). This opens new perspectives for the in situ
treatment of contaminated sediments where reducing conditions below the sediment
surface limit the usefulness of O3 as an electron acceptor (Hastings et al. 2016), which
could be supplied to stimulate the degradation of petroleum hydrocarbons. Under
reducing conditions, other options have to be evaluated for enhancing the in situ
biodegradation of organic contaminants.

In anoxic marine sediments, reductions of sulfate, Mn(IV) and Fe(lll) are the primary
terminal electron-accepting processes (Vandieken, Finke, and Thamdrup 2014). Thus,
the microbial metabolism of hydrocarbons under anaerobic conditions may be effective
for remediation of sediments only if the hydrocarbon oxidizers are sulfate, Fe(lll), or
Mn(IV) reducers. In this regard, previous studies demonstrated that, among the
different anaerobic processes, hydrocarbon degradation coupled with sulfate reduction
prevails in marine anoxic sediments (Coates et al. 1997) since sulfate is abundant in
coastal sediments while Fe(lll) is less available in massively contaminated sediments
(Stauffert, Cravo-Laureau, and Duran 2014). Thus, the degradation of hydrocarbons in
anoxic marine matrix under sulfate-reducing conditions has been thought to be the most
suitable treatment (Dell’Anno et al. 2009). Despite different bacterial strains have been
identified to degrade a wide variety of petroleum-based contaminants in anaerobic
conditions, information on how to enhance microbial growth and biodegradation
performance in anoxic marine sediments is still limited.

Other possible promising tools for the enhancement of bioremediation processes in

highly polluted environments are the use of microorganisms able to produce surfactant
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compounds (Radmann et al. 2015) that can be defined as amphiphilic molecules
presenting hydrophobic and hydrophilic features (Lee et al. 2008). These molecules can
promote bioremediation processes by increasing the contact angle between sediments
and pollutants, which induces the separation of hydrophobic contaminants from the
sediment and, at the same time, makes them more soluble by partitioning them into
internal hydrophobic cores of surfactant micelles (Cameotra and Makkar 2010). Thus,
biosurfactants can enhance the removal of contaminants from the sediment matrix
through chemical interactions and by increasing solubility and mobility of organic
pollutants (i.e. bioavailability). Nikolopoulou et al. (2013) have shown data confirming
the effectiveness of rhamnolipids in the remediation of crude oil contaminated matrixes.
After adding rhamnolipids to a solution of crude oil and sand (5 g: 1000 g) a degradation
rate of 30% for fluorene, almost 20% for phenanthrene and 10% for dibenzothiothene
was observed after 15 days. Another biosurfuctant able to enhance the biodegradation
of crude oil is a glycolipid produced by Candida bombicola that allows 80%
biodegradation of saturates and 72% of aromatics (Kang et al. 2010). A series of dynamic
column elution tests conducted by Bordas, Lafrance, and Villemur, (2005) suggest that
rhamnolipids at a high concentration (5.0 g/L) could remove ~70% of the pyrene in soil.
Pyrene removal from the contaminated soil can be enhanced through the addition of a
biosurfactant extracted from P. aeruginosa SP4. The addition of 250 mg/L biosurfactant,
determined a pyrene removal rate of 84.6% compared to 59.8% for the control sample
without any surfactants (Jorfi et al. 2013). A study conducted by Cheng, Zhao, and Wong
(2004) showed a reduction in the absorption of PAHs in the soil or an increase in its

desorption rate, through the combined use of non-ionic surfactants (Tween 80) and
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biosurfactants in soil-aqueous systems under thermophilic conditions. The data showed
that the concentration of the surfactant, which must be above the respective CMC
(critical micelle concentration), increased the solubilization/desorption of PAHs from
the soil to the aqueous phase in a dose-dependent manner. Therefore, the use of a
mixture of surfactants should be further investigated since it could be a promising
synergistic tool for the bioremediation of PAH contaminated soils.

Coastal marine sediments subjected to strong anthropogenic inputs are sometimes
characterized not only by high concentrations of petroleum hydrocarbons, but also by
high heavy metal contents, whose fate in the environment is influenced by microbial-
mediated processes (Ezekwe and Utong 2017). Microbial processes may, indeed, either
increase or decrease heavy metal mobility, thus influencing their bioavailability and
toxicity (Caporale and Violante 2016). Therefore, the bioremediation of marine
sediments contaminated by organic and inorganic pollutants should not only identify
the best conditions for increasing the biodegradation yields of organic xenobiotics, but
also assess the potential risks associated to changes in heavy metal speciation

(Dell’Anno et al. 2003).

The need for reliable techniques capable to degrade petroleum derivatives have led to
the release in 1981 of the first patent (US Patent 4259444) of a living organism involving
engineered Pseudomonas strains. To date, another living organism (Geobacillus sp.) has
been patented (US 20130295650A1) capable to degrade organic recalcitrant compounds
such as PAHs, PCB, polychlorinated dibenzo-p-dioxins and polychlorinated dibenzo-
furans (PCDD/Fs). Although the application of this patent provides the ability to remedy

both ex situ and in situ sediment samples, numerous factors, such as the yield of
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bioremediation over time, the samples pretreatment with chemical solvents and the
need for 60 degrees to reach the optimum temperatures for Geobacillus sp. activity,

highlight the need to patent biological systems of simpler applicability.
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1.3) Heavy metal bacterial remediation

In all aquatic systems, the sediment is the compartment where metals and other
pollutants accumulate and may enter food webs, with detrimental effects for the
environment and human health (Lim et al. 2008). Although the contamination of
sediments is often due to both the presence of organic and inorganic pollutants, metals
are of growing concern in the field of water quality management. Understanding the
dynamics of metal behavior in water environments has been a major focus to
environmental scientists for years and the interest in this area continues to grow, as
regulatory agencies are faced with the regulation, mitigation and remediation of water
bodies and contaminated sediments (Carvalho 2017). Indeed, the remediation of
contaminated sediments remains a key challenge, especially in connection with the
interest in biotechnological approaches, which would offer environmentally friendly and

cost-feasible strategies.

Whereas organic pollutants have been the objective of a very large number of studies
that have produced a large number of patents, effective techniques for metal
decontaminants are reduced to post mining remediation. This is very likely due to a
partial understanding of the complex behavior of metals in environmental matrices
including sediments that are, in turn, affected by complex geochemical and biological
processes. Thus, understanding key variables controlling metal “behavior” under
different conditions is a pre-requisite for planning successful biotreatments for the
bioremediation of sediments contaminated with metals (Fonti, Dell’Anno, and Beolchini

2015).
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Industrial and commercial activities and low hydrodynamics are the main factors for the
accumulation of high concentrations of metals and metalloids (e.g. As) in the sediments

of marine coastal areas (Zouch et al. 2018).

The sediment is an essential, integral and dynamic part of marine systems. It consists of
a complex and heterogeneous matrix of many different components and phases,
including crystalline minerals, hydrous metal oxides, salts, calcareous biogenic particles
and organic substances (Brils 2008). The composition of shallow marine sediments
changes from site to site, because it is closely related to the geology and hydrography
of the adjacent land areas, to the local climate and the socio-economic significance of
the water systems they come from (Preda and Cox 2005). Trace metals, such as Cd, Hg,
Zn, Ni, Cr, Pb, Cu, and semi-metals, like As, enter water systems due to multiple
processes: atmospheric deposition, erosion of bed-rock minerals, in-stream of industrial
effluents and other anthropogenic sources (Colacicco et al. 2010). Once metals reach
the water column, sediments act as a sink, since they adsorb and accumulate metals by
several mechanisms: particle surface absorption, ion exchange, co-precipitation and
complexation with organic substances. The distribution of metal contaminants in the
various phases of the sediment affects their behavior in the water system, including,

their mobility, bio-availability and toxicity (Devi and Bhattacharyya 2018).

Metals and metalloidsthat accumulate into the sediment can reach concentrations that
are much higher than in the water column and become a very important secondary
source of contamination, with detrimental effects on the ecosystem and on human
health. Resuspension phenomena lead to the release of soluble metals entrapped into

the sediment or to changes in the oxidation/reduction state which cause the release of
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insoluble metals by the different components of the sediment (Toes et al. 2008).
Resuspension phenomena induced by dredging activity can lead to the remobilization
of historically accumulated metals in deeper sediment layers, which contributes to
elevated metal concentration in the overlying waters. As a consequence, metals and
semi-metals become bio-available to benthic organisms and the whole ecosystem
(Chon, Ohandja, and Voulvoulis 2012). Furthermore, trace metals entering natural
waters become part of the water-sediment system and their distribution, potential
release into the water-phase and bio-availability is highly affected by the physiochemical
characteristics of the sediment and the bioavailability of pollutants (Olaniran, Balgobind,
and Pillay 2013), in a dynamic set of physical-chemical interactions and equilibria. The
releasing intensity of metal contaminants from the sediment into the water is controlled
by properties of the sediment, like oxidation-reduction state, concentration and type of
complexing agents, particle size distribution, concentration of acid volatile sulfides but
also by other factors, like pH of the water, levels of bioturbation and by rainfall and

runoff events (Zhang et al. 2014; Burton et al. 2008).

Coastal aquatic ecosystems characterized by high commercial and industrial exploitation
are usually characterized by high concentrations of metals and semi-metals. Among
these, harbor systems need to be periodically dredged in order to maintain the
navigation depth and facilitate sailing. Nevertheless, dredging activities may also
suspend a significant amount of metals and induce oxidation-reduction changes that
may increase the bio-availability of metals and favor their entry into the food web
(Eggleton and Thomas 2004). However, when dredging operations are unavoidable,

these produce very large volumes of contaminated sediments and will lead to the
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problem of the management of such materials. On the basis of an estimate by Junakova
and Junak (2017) around 100 and 200 million cubic meters of contaminated sediment

might be produced yearly in Europe.

Conventional remediation strategies can include in-situ sediment remediation strategies
and relocation actions. In the first group, natural recovery consists in allowing natural
attenuation processes without human intervention, and in situ-capping with either inert
or reactive barriers, without dredging activities. In other cases, such as for confined
disposal facilities and contained aquatic disposal, dredging is followed by disposal in
submerged or partially saturated facilities. Relocation actions include mainly landfill
disposal and dumping at sea (Adriaens, Li, and Michalak 2006). Natural recovery has
become unsustainable, for political and social reasons, as well as problems associated
with difficulties to quantify contaminant transport pathways. Application of in-situ
capping and in-situ confined aquatic disposal are limited due to uncertainties about
long-term stability under various environmental conditions. Landfill disposal, confined
disposal facilities or dumping at sea are still the most applied management strategies,
despite they also offer several disadvantages, including limited space capacity, costs and

low sustainability, and environmental compatibility (Agius and Porebski 2008).

Alternative approaches have received increased attention. Environmentally friendly
techniques from treatment strategies for soils and other environmental matrices have
been investigated for applications with sediments. Nevertheless, sediments are more
difficult to treat than other waste materials, so the only technique widely used for
sediment treatment is the separation of less polluted sand fractions, in order to

minimize the contaminated volumes that require dumping. On the contrary, treatment
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and reuse of dredged sediments is politically encouraged and considered as part of
sediment management, but its application is still very limited and often characterized

by very high costs and low feasibility (Akcil et al. 2014).

In this context, bioremediation strategies have been recently considered as a promising

answer to the problem of sediments contaminated also by metals (lgiri et al. 2018).

As explained above, metal contaminants are not absolutely fixed in the sediment and
can be mobilized in response to redox changes, such as those due to dredging activities
and/or disposal actions, and may enter food webs with detrimental effects for the entire
ecosystem and human health ( Peng et al. 2009). Unlike organic pollutants, metals
cannot be degraded. They are infinitely persistent and not subjected to biological and
chemical degradation processes occurring in the sediment, since metals can only be
transformed into more soluble/insoluble compounds and/or in less toxic species.
Indeed, changing their speciation has consequences on their solubility and transport
properties, which together determine their bio-availability and affect their toxicity (de
Paiva Magalhaes et al. 2015). As a consequence, any bioremediation strategy should be
aimed at increasing their solubility (bio-mobilization) or increasing their stability and

reducing their bioavailability (bio-immobilization) and toxicity.

Biological processes leading to bio-immobilization and bio-mobilization of metals are
components of natural biogeochemical cycles and may be exploited for the treatment
of contaminated sediments (Jing and Kjellerup 2017). Metal mobilization can be
mediated by a range of microorganisms and processes, including autotrophic and
heterotrophic leaching, chelation by microbial metabolites and methylation. Similarly,

many organisms can contribute to immobilization bio-sorption, intracellular
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sequestration and bio-mineralization by precipitation as insoluble compounds (Tabak et
al. 2005). Microorganisms, mainly prokaryotes, seem to find successful applications in
bioremediation strategies. Microorganisms involved in bio-transformation strategies of
metal contaminated sediments may be indigenous in the contaminated area or they
may be isolated from different systems and brought to the contaminated site. In the
first case, microorganisms are already adapted to local environmental conditions and
bioremediation strategies consist basically in stimulating and exploiting the microbial
function leading to bioremediation objectives (Biostimulation). In the second case,
microorganisms are chosen on the basis of their metabolic properties, including their
tolerance to high concentrations of metals and other contaminants, and added to
contaminated sediments to enhance bio-transformation (Bioaugmentation) (Adams et
al. 2015). This could require changes in natural environmental conditions (e.g.

concentration of oxygen, pH, etc..) to favor microbial activity (Garbisu et al. 2017).

Bioremediation strategies can be applied directly in the contaminated site, without
moving the sediment (“in-situ”), in the contaminated area but with small scale mixing of
the sediment (“on site” or “in-place”), or in areas or reactors designed for sediment

treatment, that require removal and transportation (“ex-situ)”.

Bioleaching is considered a promising ex situ strategy for metal bio-mobilization from
contaminated sediments (Sabra et al. 2013). Bioleaching finds applications mainly in
mining industries, and is considered a potential technique also for soil and sediment
treatment. It is based on the exploitation of chemolithotrophic Fe/S oxidizing bacteria

(e.g. Acidithiobacillus ferrooxidans), isolated from acid coal mine drainage, that are able
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to oxidize elemental sulfur, and reduced sulfur compounds and/or ferrous ions, leading

to metal solubilization through their metabolic products (Rawlings and Johnson 2007).

Bio-immobilization strategies involving indigenous prokaryotes of the sediment consist
mainly in bio-mineralization of metals into the sediment to reduce metal mobility, and
consequently their toxicity. For example, indigenous sulfate-reducing bacteria in the
sediment can be stimulated to immobilize a wide range of metals in highly insoluble
sulfides. This approach is considered an efficient way for removing toxic metals from

surface and underground waters (Tabak et al. 2005).

Both bioleaching and bioimmobilization can represent alternative biotechnological
environmental friendly techniques for treating contaminated sediments. Their
application is still to be considered as potential, and many aspects of their use need to

be further investigated.

A new approach based on biosurfactant-producing microorganisms can be applied for
the remediation of sediments contaminated with metals (Zouboulis et al. 2003; Asgi,

Nurbas, and Acikel 2007).

The desorption mechanism of heavy metals by biosurfactants occurs through
complexion with free metals, according to the principles of Chatellier (according to
which a system at equilibrium subjected to a change readjusts itself to counteract the
effect of the applied change to establish a new equilibrium), and also with the linkage
of metals bound to the solid matrix, and the bio-surfactant which consequently

accumulates at the solid solution interface (Singh and Cameotra 2004).
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Mulligan, Yong, and Gibbs, (2001) suggested that the metals present in the solid matrix
can be seized by surfactants because these are initially absorbed in the matrix surface

layer after which they are complexed with metals, promoting their detachment.

The decontamination of the solid matrix is complicated because of the strong bonds
between metals and soil which depends on sediment composition, particle size, soil pH,
cation exchange capacity (CEC), type and time of contamination. At the same time a
prolonged contact between metals and soil determines a strengthening of the links

between components (Singh and Cameotra 2004).

The biosurfactants most commonly used in heavy metal bioremediation include
molecules with an electric charge, i.e. cationic and anionic biosurfactants, that bind
metals having opposite charge and removing them through desorption (tawniczak,
Marecik, and Chrzanowski 2013). Such molecules bind the metals through the polar
heads, which, as described by Satpute et al. (2010), point to outside of the micelles;

whereas the hydrophobic residues are oriented toward the micelle core.

The most well characterized anionic biosurfactants are the rhamnolipids which are able
to form micellar- and lamella-like structures or lipid aggregates, exhibiting negative
charges at low pH, even if their highest surface activity is at near neutral pH (ca. 7.0-7.5;

(Mulligan and Wang 2006)).

Due to these characteristics, few studies have demonstrated the ability of rhamnolipids
to desorb heavy metals such as cadmium, copper, lanthanum, lead, zinc and nickel from
contaminated sediments (Mulligan 2005). As demonstrated by Herman, Artiola, and

Miller (1995) and by Frazer (2000), rhamnolipids preferentially complex with metals
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that, due to a higher affinity, are toxic such as cadmium and lead, rather than sediment
or soil metal cations such as calcium and magnesium. For example, Dahrazma and
Mulligan (2007) have reported that the sediment removal rate of Cu, Zn, Ni, was
respectively 37%, 13%, and 27%. Another study by Juwarkar et al. (2008) shows the
efficacy of using di-rhamnolipids in remediation of soil contaminated by metals. These
authors observed a significant soil bioremediation equal to 92%, 88%, 92%, 78%, 88%

for Cr, Pb, Cd, Ni and Cu, respectively.

Studies conducted on Pseudomonas aeruginosa, a bio-surfactant producer bacterial
strain, have shown that it is able to selectively bind the cationic metals Pb, Zn and Cd. In
particular, the P. aeruginosa ATCC9027 strain is able to produce and release
rhamnolipids with a removal capacity of Cd equal to 92% (Tan et al. 1994). A comparative
study conducted by Mulligan, Yong, and Gibbs (2001) has analyzed the removal rates of
Cu and Zn from sediment by three different bio-surfactants. In particular, the authors
found that a single washing step with sophorolipids was able to remove 25% of copper
and 60% of zinc, while single washing with rhamnolipids removed 65% of copper and
18% of zinc. Surfactin, a lipopeptide, was the least effective because the removal of Cu
and Zn from the sediment was 15% and 6%, respectively. These data confirm previous
studies by Mulligan, Yong, and Gibbs (1999) showing that surfactin obtained from
Bacillus subtilis, achieved removal rates of Cu and Zn of around 25% and 6%. Massara,
Mulligan, and Hadjinicolaou (2007) have shown the possibility to employ biosurfactants
in [Cr(ll)], [Cr(VI)] soil remediation. These authors investigated the effects of
rhamnolipids in kaolinite contaminated with chromium. Data showed the ability of

biosurfactants to remove 25% of the stable form of Cr(lll), to enhance the removal of Cr

26



(VI) by two-fold, and to reduce up to 100% of extracted Cr(VI) to Cr(lll) over a period of
24 days. Another study conducted by Ara and Mulligan (2008), has evaluated the
effectiveness of the use of rhamnolipids for the removal and reduction of Cr(VI) from
contaminated soil and water. Rhamnolipids were able to reduce the initial Cr(VI) in
water by 100% when present at low concentration (10 ppm) and under optimum
conditions (pH 6, 2% rhamnolipid and 25°C). At higher initial Cr(VI) concentrations (400
ppm), 24 hours were required to reduce Cr by 24.4%. In soil, rhamnolipids were only
capable of removing the soluble fraction of Cr. Data further supported that the
extraction of metals was enhanced by increasing the initial concentration in the soil, but
diminished slightly with temperatures above 30°C. Other indications on chromium
removal have been provided by Gnanamani et al. (2010) who studied the
bioremediation of Cr(VI) using a lipopeptide biosurfactant produced by Bacillus sp.
MTCC 5514. Remediation involved two processes: the reduction of Cr(VI) to Cr(lll)
through extracellular chromoreductase and the entrapment of Cr(lll) by the
biosurfactant. The first process transformed the toxic state of chromium into a less toxic
state and the second avoided the exposure of the bacterial cells to Cr(lIl). Both reactions
maintained the bacterial cells active throughout the entire experiment and promoted
tolerance and resistance to high concentrations of both forms of chromium. Further
information on the efficacy of rhamnolipids has been provided by Slizovskiy, Kelsey, and
Hatzinger (2011) comparing the ionic rhamnolipid biosurfactant (JBR-425) with cationic
surfactant (DPC) and a non-ionic surfactant (mmonyxKP). Results indicated the best
removal rate for the ionic rhamnolipid biosurfactant (JBR-425), with a removal of about

(Zn) 39%, (Cu) 56%, Pb 68% and (Cd) 43%. A study conducted by Okoro (2007)
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highlighted that also saponin, a particular biosurfactant, can be efficient for heavy metal
removal from soil and sediments. In their experiments, the soil was contaminated with
890 mg/Kg of zinc, 260 mg/Kg of copper, 170 mg/Kg of nickel and 230 mg/Kg of total
petroleum hydrocarbons. The highest removal rates (88% for zinc at pH 3 and 76% for
nickel at pH 5) were obtained after five washings with a saponin concentration of 30 g/L.
The sediment, containing 4440 mg/Kg of zinc, 94 mg/Kg of copper and 474 mg/Kg of
lead, after treatment with saponin (30 g/L) led to zinc and lead removal rates of 33%
and 24%, respectively. Chen, Hsiao, and Chen (2008) found that 2000 mg/L of saponin
was able to remove 83% and 85% of copper and nickel, respectively, from soil. Song,
Zhu, and Zhou (2008) observed the suitability of saponin in removal treatment of soils
contaminated with both organic and inorganic contaminants such as phenanthrene and
cadmium. The removal rates for phenanthrene and cadmium were 87.7% and 76.2%,
respectively, demonstrating the possibility of organic and inorganics pollutants removal
by the biological tensioactive saponin, which may be an additional tool for

bioremediation processes.
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1.4) Towards an Omics bioremediation approach

The development of Next Generation Sequencing (NGS) techniques and in silico
analyses have allowed improvements in the field of taxonomy leading to the
identification of many novel microbes capable of degrading or reducing the damaging
effects of several environmental hazardous compounds (Czaplicki and Gunsch 2016a).
This high throughput technology has been very useful to better understand the
composition of microbial communities that were not accessible using traditional culture
dependent approaches. However, the identification of new microorganims is not
sufficient to have a complete knowledge of the dynamics of indigenous microbial

consortia (Yang et al. 2016).

To this extent, economically feasible studies relying on metagenomics,
metatranscriptomics, metaproteomics, metabolomics, and fluxomics along with
bioinformatics analysis are providing massive information to really understand the
molecular mechanisms underlying the bioremediation processes of contaminants and
how bacteria influence each other's metabolic processes (Malla et al. 2018). Among the
Omics tools, metagenomics has revolutionized the field of microbiology as it has
allowed, avoiding the need to culture these organisms, concurrent analysis of thousands
of microorganisms directly from polluted environments enabling the investigation of
uncultured organisms in order to understand microbial community composition,
functions and interactions, and finally their evolution under different stress conditions

(Tripathi et al. 2018).
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Metagenomic analysis can be divided between function-based or sequence-based

approaches.

More specifically, sequence-based metagenomics involves sequencing and analysis of
DNA from environmental samples providing microbial information for gene
identification, genome assemblages, and the identification of complete metabolic
pathways and comparison of organisms from different communities (Loman et al. 2013).
In contrast, function-based metagenomics is widely used to search for a particular
function or activity. It is a powerful tool to identify antibiotic compounds as well as
proteins involved in metabolic pollutant degradation pathways. In order to study protein
function, function-based metagenomics involves DNA isolation from the environment
and, after preliminary analysis necessary to identify enzymes of interest, DNA fragments
may be cloned and expressed in the most suitable host to test the effective enzymatic
activities. Metagenomics is a very promising tool applied to bioremediation since many
metagenomic databases are now available, thus providing a rich stock of genes for the
construction of novel microbial strains for targeted use in bioremediation efforts (Ngara

and Zhang 2018).

Although metagenomics is a powerful tool to describe microorganism community
structure inhabiting polluted sites, it exhibits several limitations concerning gene
expression and protein activity. To this extent, trascriptomics as well as
metatranscriptomics, a RNA-based approach, represents a valid tool to assess the
expression of potential bioremediative genes and thus enzymes, under stressful
conditions. Indeed, RNA-level expression analyses provide an indirect measure of

microbial activity, representing a better target than DNA to assess the degradation
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ability of potential pollutants of a given microbial assemblage. Indeed,
metatranscriptomic approaches provide information about which genes are up-
regulated under different environmental stressors and might even help in identifying
novel degrading genes (Bashiardes, Zilberman-Schapira, and Elinav 2016). Thus, such an
approach is very useful since it allows for the identification of key enzymes regulating
microbial interactions in the environment. The principal limitation of
metatranscriptomic analyses is the inability to quantify the abundance of genes since
the genes of interest transcript number are small compared to housekeeping genes.
However, the missing information can be supplied by carrying out a RT-qPCR analysis

(Czaplicki and Gunsch 2016a).

Other very promising tools often associated with transcriptomincs are environmental
proteomics and metabolomics. Proteomics as well as metaproteomics, is based on
protein extraction (from culture media or environmental samples), followed by a
separation phase on liquid chromatography and identification of the product by Mass
Spectrometry (LC-MS)(Arseéne-Ploetze et al2015; Bargiela et al, 2015). These approaches
have been widely used to investigate the proteins expressed by microorganims under
extreme conditions, such as hyperthermophilic conditions, since it allows for the
investigation of the molecular basis of protein enabling enzyme stability at high
temperatures (Malla et al. 2018). Moreover, despite metatranscriptomics represents a
useful tool to monitor the physiological changes occurring in microorganisms in
response to xenobiotics, the metaproteomic approach has some advantages since
proteins are more stable than RNAs (especially those originating from prokaryotes).

Thus, the metaproteome is likely to provide a better snapshot of biological mechanisms
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expressed in situ, since this technique is supposedly less affected by extraction
procedures compared to transcriptomics. Additionally, the proteomics approach can be
very useful in bioremediation procedures, even without metagenomic sequences since
as reported by Wilmes and Bond (2004) and Lacerda, Choe, and Reardon (2007), it has
allowed, coupled with MALDI-TOF analysis, for the characterization of proteins involved

in phosphorus removal and cadmium uptake, respectively.

Another Omics tool capable of better elucidating the complex mechanisms occurring in
microorganims under stress condition is metabolomics, a technique based on Gas
Chromatography and Mass Spectroscopy to, respectively, separate and identify
molecules. This approach, differently from proteomics which provides information
about the total protein pattern expressed, aims to characterize the end product of
enzyme activity e.g. the metabolites produced under a given condition ( Singh 2006). To
this extent, Keum et al. (2008) and Wharfe et al. (2010) have been able to monitor
biochemical and phenotypic changes in Sinorhizobium sp. and in bacterial consortia
under the effect of aromatic compounds. In general, application of metabolome-based
approaches, including metabolism-based wide fluxes (fluxomes), to polluted
environmental samples provide further knowledge on how to optimize bioremediation
strategies, since it is possible to deeply analyze the effect and the response of
microorganisms to toxic substances as well as molecules guiding the complex

interactions in consortia degrading pollutants.

Even though results from the different Omics tools are providing unprecedented
knowledge about survival mechanism and metabolism of microorganisms, a culture

dependent approach, using a pure colony is still required since the physiological,
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biochemical and phylogenetic characterization of the single colony allows us to more
accurately predict the activity of microbes under different bioremediation strategies

(Gutleben et al. 2018).

1.5) Aims of the thesis

My PhD project involves the study of a dismissed industrial site, the Bagnoli-Coroglio
Bay situated North of the Gulf of Naples, where a large steel plant operated from 1906-
1992. My PhD project was conducted within the framework of the ABBACO project, a
nationally-funded project that aims at the restoration of this highly polluted site. The
results of my thesis are a separate workpackage of the ABBACO project and will provide
information on one of the most polluted areas of Bagnoli-Coroglio, the site where most
of the loading and unloading operations of the steel plant were conducted. My thesis
also involves the study of samples collected in another polluted site, the mouth of the
Sarno River in the south-west part of the Gulf of Naples, which is the most polluted river
in Italy due to the agricultural waste and waste water from the tanning factories located

along the river.

The thesis is structured as follows:

Chapter 1 with an introduction on bioremediation strategies in general.

Chapter 2 describes the Bagnoli-Caroglio sampling site and investigates the biodiversity
of the microbial assemblages inhabiting this polluted marine ecosystem, using a culture
independent approach. The aim was to determine whether there were specific microbial

taxa that were characterized by their high capacity for the degradation of organic
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pollutants and / or resistance to PAHs and metal contamination, and understand the
influence that environmental factors exerted on the degrading capacities of

microorganisms.

Chapter 3 describes the most interesting species isolated from the Bagnoli-Caroglio and
Sarno sediments. Preliminary tests were conducted to evaluate their ability to tolerate
high concentrations of heavy metals and PAHs. The most promising species were further
tested in microcosm experiments using contaminated sediments to evaluate their
potential to degrade PAHs (through HPLC) and reduce the harmful effects of heavy
metals such as As, Cd, Cu, Pb, Zn (through Selective Sequential Extraction and Atomic

Absorption).

Chapter 4 involves the sequencing of the most interesting species identified in Chapter
3 in order to obtain whole genomes and characterize potential candidate enzymes
involved in hydrocarbon degradation pathways and leading to reduced toxicity of heavy

metals.

Chapter 5 including general conclusions and further perspectives.

The three main research topics may be summarized as follows:

1- Microbial characterization of the study area and evaluation of drivers involved in

shaping microbial assemblages

2- Evaluation of bioremediation potential of the most promising isolated strains

3- Genome mining analysis to understand pathways activated by bacteria to survive in

polluted sediments
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Chapter 2

Effects of multiple pollution stressors on microbial diversity:
The case study of the Bagnoli-Coroglio area (Gulf of Naples,

South Tyrrenhian Sea)

In this chapter prokaryotic diversity and assemblage composition were investigated for
the first time after almost a century of pollution due to the activity of the llva steel plant
in the Bagnoli-Coroglio area. Analysing the response of prokaryotic diversity of this
coastal ecosystem following massive heavy metals and hydrocarbons contamination is
of fundamental importance since benthic prokaryotes are known to be involved in key
ecological and biogechemical processes and knowledge concerning the long-term
impact of chronic multiple pollution on prokaryotic component is still far from being fully
elucidated.

Sediments from four areas were collected in order to characterize prokaryotic
abundance and metabarcoding of community structure using Illlumina sequencing of
amplicons generated from the 16s rRNA gene. Bacterial abundances were fairly
constant around 107 cells mL™. Similarly, Amplicon Sequence Variant (ASV) richness did
not vary significantly among sediments affected by different levels of pollution.
Taxonomic composition showed the prevalence of the phyla Proteobacteria, (36.7%),
Planctomycetes (20.5%) and Bacteroidetes (9.6%) and highlighted the presence of a core
microbiome suggesting that pollutants and other abiotic factors can contribute to shape

benthic prokaryotic community.
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1) Introduction

An example of contamination driven by multiple factors is the area of Bagnoli-Coroglio
(Gulf of Naples, Thyrrenian Sea, IT) that is a highly polluted post-industrial site due to
the activity of the former ILVA steel plant, which operated from 1905 to 1992 (Sharp and
Nardi 1987; De Vivo and Lima 2008). Chemical characterization of this area reported by
Romano et al. (2004) revealed concentrations above the legal limits for heavy metals
such as Cu, Fe, Hg, Mn, Ni, Pb, Zn, as well as polychlorobiphenyls (PCBs), polycyclic
aromatic hydrocarbons (PAHs), and dichlorodiphenyl-trichloroethane (DDT). Very high
levels of most heavy metals (Fe, Pb, Zn, Hg Ag, As, Co, Cr, Cd) and Total Organic
Concentration (TOC) were found at the "Colmata a Mare", an area between the two
piers where all of the loading/unloading operations took place, and on the beach of
Nisida (Arienzo et al. 2015). Analysis of the macrobenthic community (Fasciglione et al.
2016), on the other hand, surprisingly highlighted the presence of seagrasses,
multicellular green algae and 280 species of benthic invertebrates, although there was
a marked decline in species diversity from north to south, probably due to a decrease in
hydrodynamic rates and the concomitant presence of higher levels of pollutants in the
southern area.

In 2000, the area was declared a site of national interest (SIN) and thus subject to
ministerial policies aimed at the reclamation of polluted areas. In order to plan the most
accurate remediation and restoration strategy of this site, in May 2017 the Italian
government funded the ABBACO project, the aim of which was to re-sample and further
characterise, both chemically and biologically, the Bagnoli-Coroglio area. As part of this

project, this thesis examined the bacterial assemblages colonizing the upper ten
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centimeters of sediments sampled in front of four sewage discharges which as described
by Bertocci et al. (2019) represent a major source of organic matter. This thesis provides
new insights on the microbial community composition of sediments contaminated by
both sewage and heavy metals. Moreover, it provides new information for a possible
bioremediation-based approach to restore the site using bacteria isolated from the
polluted sediments. Such a strategy may represent an interesting alternative to
conventional chemical and physical remediation techniques due to lower costs and

reduced environmental impact (Dell’Anno et al. 2012).

To date, most studies have focused on the bacterial communities of the uppermost
centimeters, usually dominated by Proteobacteria (Catania et al. 2018), and only few
studies have investigated the role played by multiple stressors, such as heavy metals
and PAHs, on shaping sediment microbial communities (Quero et al. 2015). For this
reason, determining the composition of dominant and rare taxa within prokaryotic
assemblages through a high throughput sequencing (HTS) approach, can lead to a better
understanding of the dynamics involved in determining the composition of
autochthonous microbial populations and eventually to exploit their metabolic potential

in bioremediation strategies.

This Chapter characterised the prokaryotic community of the upper 10 cm of sediments
sampled at four stations polluted by sewage, hydrocarbons and heavy metals, within

the Bagnoli-Coroglio area.
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2) Material and Methods

2.1) Study area

Figure 1.1 shows the area previously sampled (2004-2005) by Romano et al. (2009) and
the 4 sampling sites examined in the current study. Values for arsenic, cadmium,
chromium, iron, mercury, magnesium, nickel, lead, zinc, and total PAH levels are
reported in Romano et al. (2009). In order to assess the impact of multiple stressors, the
sampling in this thesis was carried out in front of four different sewer drains. Samples
were collected in April 2017 using a manual Core soil sampler operated by SZN scuba
divers. For every sampling station pH, Eh, and T were monitored using a portable
pH/EC/TDS meter HI9813-5, Hanna Instruments (Tab. 2.1). The sampling operations led
to the collection of three cores for each of the four selected sites shown in Figure 1. Each
core, collected by a scuba diver using sterile Plexiglas® tubes, was divided into three
layers named A (0-3 cm), B (3-6 cm) and C (6-9 cm), which were processed separately
for lllumina sequencing, to determine prokaryotic abundance and biomass, and for the
analysis of Particulate organic matter (POM) according to the method described by
Pusceddu, Bianchelli, and Danovaro (2015). POM analysis mesaured the concentration
of total phytopigments, proteins, carbohydrates, lipids, and biopolymeric organic C.

Each layer was stored in a 150 mL sterile box, and kept refrigerated at 4 C° until analysis.
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Figure 1.1. Map of the four sampling sites analysed in the current study: 1) Impianto

Sollevamento Dazio, 2) Scarico Conca di Agnano; 3) Canale Bianchettaro; 4) Galleria scarico

Impianto Coroglio
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Table 2.1.

Coordinates, pH, Eh and T° of the four sampled stations

Id. Name WGS84 GSM pH Eh | T(C°) | Depth
Long. Lat. (m)

1 Impianto 14°9'31.20"E | 40°48'59.30"N 7,41 | 178 | 173 |1
sollevamento
Dazio

2 Scarico Conca di | 14°9'43.10"E | 40°48'54.10"N 6,79 | 264 | 195 |1
Agnano

3 Canale 14° 9'59.60"E | 40°48'33.10"N 8,02 | 197 | 20 1,5
Bianchettaro

4 Galleria Scarico 40°47'48.20"N 8,03 | 167 | 17,3 | 2,8
Impianto Coroglio | 14°10'36.61"E

2.2) Prokaryotic abundance and biomass

Prokaryotic cells were extracted from the sediments, stained with SYBR Green |, and

counted with an epifluorescence microscope to determine cell abundance according to

the methods described in (Danovaro et al. 2009). In order to determine prokaryotic

biomass, cell biovolumes were converted into carbon content assuming an average

carbon content of 310 fg C um3 (Danovaro et al. 2010; Danovaro et al. 2015).
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2.3) lllumina sequencing and bioinformatic procedures for sediment

microbiome analyses

Microbial genomic DNA was extracted from sediments by using the DNeasy PowerSoil
Kit (MO BIO) in Universita Politecnica delle Marche facilities. Sequence library
preparation of the gDNA was performed using the Nextera DNA Flex kit (Ilumina,
Hayward, USA) with 1 ng DNA according to the manufacturer's instructions. Sequencing
was performed on an Illlumina MiSeq platform by LGC Genomics GmbH using paired end
read (Berlin, Germany).

Raw sequencing paired-end reads were first joined using the bbmerge tool from the
BBMap suite (Bushnell, Rood, and Singer 2017) in a two-step process: reads that did not
merge in a first step were quality-trimmed to remove low-quality bases (Q<10) prior to
re-joining to increase the number of merged sequences. Subsequently, joined
sequences were analysed using the QIIME2 pipeline (https://qgiime2.org) following a
previously published pipeline (Bolyen et al. 2019). Amplicon sequence variants (ASVs)
were identified using the DADA2 strategy (Callahan, McMurdie, and Holmes 2017). The
SILVA database v132 (Quast et al. 2013) was used as a reference database for taxonomic
affiliation of sequences; briefly, reference 16S sequences contained in the database
were trimmed within QIIME2 to the region amplified by sequencing primers and
representative ASVs were analyzed using the classify-consensus-vsearch approach
(consensus over 51% of at most 5 best hits) for taxonomic affiliation (Rognes et al. 2016).
The ASV abundance table was randomly subsampled to 50000 sequences per sample
and used, together with the rooted phylogenetic tree, to carry out statistical analyses to

compare samples according to the method described by Corinaldesi et al. (2019).
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2.4) Statistical analyses

In order to evaluate whether differences in prokaryotic abundance, biomass, ASV
richness and effective number of species (ENS, Cao and Hawkins 2019) observed were
statistically significant, a 2-sample T testing using Welch’s test (Welch 1947) was carried
out. For B-diversity, Bray-Curtis dissimilarities (Bray and Curtis 1957) were calculated
between different samples based on their ASV distribution. Dissimilarities were
investigated using the Unweighted Pair Group Method with Arithmetic mean (UPGMA)
dendrograms using the R package vegan (www.cran.r-project. org/ web/ packages/

vegan/ index .html).
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3) Results and discussion

3.1) Chemical characterization
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Figure 1.2. Heat-maps showing the concentrations reported of Biopolymeric organic C (a),
Carbohydrates (b), lipids (c), phytopigments (d) and protein (e) along the littoral area of Bagnoli-

Coroglio

The region investigated is highly affected by pollution from both heavy metals and PAHs
( Romano et al. 2004; 2009). Specifically, sediments from Canale Bianchettaro exhibited
the highest concentrations of arsenic (13 + 10 mg kg!), cadmium (0.71 + 1.16), copper

(40 + 35), lead (261 * 281), zinc (539 + 538), and PAHs (172 + 506). Lower concentrations
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of both PAHs and heavy metals were present in Conca di Agnano, Dazio, and Scarico
Coroglio ( Romano et al. 2009).

Although arsenic is the most widely distributed contaminant in the entire area, it has
been suggested that it is released from nearby geothermal springs (Aiuppa et al. 2006).
The pollutants present in the highest concentration were Zn, PAHs and Pb, reaching the
values of 1110 ppm, 800 ppm and 540 ppm, respectively. The concentrations of Cu, As,
and Cd ranged from 1 to 70 ppm and were also above the permitted limits (US EPA
2017), although they were lower than those for Zn, Pb, and PAH. The high
concentrations of these heavy metals as well as PAHs might have contributed to shape
the microbial assemblages (Ahmed et al. 2018).

In this thesis the concentrations of the different organic matter fractions in the Bagnoli-
Coroglio area were investigated (Fig 1.2 and Tab 2.2). The lipid and Biopolymer C
fractions were far more abundant in the Canale Bianchettaro compared to the other

stations.

Tab 2.2: Distribution of the different fractions of organic matter in Bagnoli-Coroglio sediments

Total Proteins | Carbohydrate | Lipids | Biopolymeri
phytopigment s c organic C
s
Mg g-1 mg g-1 mg g-1 mg g-
1 mg g-1
Impianto sollev. 2,1+0,06 0,3+ 0,6 £ 0,09 0,4t |0,7+0,17
Dazio 0,04 0,18
Scarico Conca 1,1+0,15 0,5+ 0,6 +0,07 0,2+ | 0,6+0,04
Agnano 0,03 0,03
Canale Bianchettaro 45+1,7 0,6+0,1 1,1+0,1 7,5+ |6,3+3,2
4,2
Gall. scarico imp. 4,4+0,6 1,0+0,2 0,6 +0,0 0,6t |1,1+0,2
Coroglio 0,2
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3.2) Prokaryotic Abundance

No significant differences were observed in the prokaryotic abundances in the surface
layers (0-3 cm) (Figure 1.3a) among the four analysed stations. The same trends were
observed for prokaryotic biomass (Figure 1.3b). Such prokaryotic standing stocks
differed from those previously reported in other benthic coastal ecosystems (Zhang et
al. 2017; Sun et al. 2013). For example, the prokaryotic abundance in coastal
contaminated sediments of Manfredonia Gulf (Southern Adriatic Sea) (Molari et al.
2012) and Mediterranean Sea (Luna et al. 2013) were over one order of magnitude
higher than the values found here (108 vs 107). Prokaryotic abundances found here were,
at least, one order of magnitude lower than those observed in sediments from the
Medway Estuary (UK) even though these sites were contaminated by zinc, nickel, lead,
and copper (Quillet et al. 2012).

Conversely the values found here are comparable to abundances typically found in
deep-sea sediments (Danovaro et al. 2009).

From the data presented, it is not possible to assess a direct correlation between the
different pollution patterns recorded throughout the entire area and the number of
prokaryotic cells among the different sites analysed since abundances were fairly
constant, around 2 x 107 even in the most polluted station (Canale Bianchettaro).
Although Molari et al. (2012), have reported the importance of local trophic conditions
in shaping prokaryotic abundaces, the present study did not find any correlation
between the organic matter content and prokaryotic abundances, despite Canale
Bianchettaro exhibited the highest concentrations of Biopolymer C and lipids, while

Conca di Agnano contained lower amounts of organic matter.
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Additionally, bacterial abundances were not affected by other environmental variables
(Tab 2.1) such as pH and Eh that differed by 1.5 and 90 mV, respectively, between
Bianchettaro and Conca di Agnano.

Temperature is generally considered as an important factor influencing bacterial
abundances and biomasses (e.g. Castro et al. 2010). However, temperature did not seem
to play a role in determining bacterial abundances between the four stations. Indeed,
bacterial abundances were constant in the area even if Bianchettaro and Conca di
Agnano exhibited higher temperatures (> 2 °C) compared to the other stations.

Also no significant correlation was found between sediment grain size (analysed by
Bertocci et al. (2019), in the same stations) and prokaryotic abundances. Moreover, the
significant higher prokaryotic abundance (p-value 0,004) found in the deepest sediment
layer of Dazio (6-9 cm) contrasts with previous findings, which showed a decrease in

prokaryotic abundances with depth in the sediment (Rissanen et al. 2019).
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Figure 1.3. Prokaryotic Abundance (a) and Biomass (b) counting in epifluorescence bacterial cells
labelled with SYBR Green according to Danovaro et al. 2009. Bacterial cells have been collected
at three different depths (0-3 cm, 3-6 cm, 6-9 cm) at four different sites as indicated in the map.

Biomass has been calculated basing on the different prokaryotic size.
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3.3) Alpha diversity

The analyses of a-diversity carried out across all samples highlight that the deepest
sediment layer of Coroglio and the subsurface layer of Dazio exhibited the greatest ASV
richness (Fig. 1.4 a). A similar pattern of higher ASV richness in subsurface sediment
layers was already described in previous works (Luna et al. 2013), and can be due to a
variety of factors such as a reduced energy-stress conditions, and/or predatory pressure
and competition as well as to the effect of the pollutants (Molari et al. 2012). Shannon
index, converted in Effective Species Number (ESN) (Fig 1.4 b) (Leinster and Cobbold
2012) was correlated to ASV richness. The highest values were found in the deepest
sediment layers (31250 predicted speciess) and sub superface layer (20517 predicted
species) of Scarico Coroglio and Dazio with an average value of 13248 predicted taxa per
site.

Although (Quero et al. 2015) observed that the long term contamination of heavy metals
and hydrocarbons in Taranto Gulf led to a selection of bacterial communities more
tolerant to pollutants and Korlevi¢ et al. (2015) highlighted a negative correlation
between OTU richness and the presence of pollutants, the metal concentrations found
in the upper layer of sediments in the present study were not found to be related to ASV
richness and ESN. Indeed, both indices did not present significant variations among the
four stations characterized by different levels of contamination. Such observations are
likely to depend not only on the role played by contaminants over almost a century but
also on environmental and biological factors.

Conversely, although the Evenness index (Fig 1.4 c) showed an overall uniformity of

species distribution in the different layers of the analyzed sites with an average value of
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0.88, species evenness in the 0-3 cm and 3-6 cm layers from Canale Bianchettaro (0.85
+ 0.02) were significantly lower than those calculated for Scarico Coroglio (0.89 + 0.01,
p-value of 0.026) and Dazio (0.88 + 0,01, p-value 0.0135). Thus, these data suggest the
influence of toxic compounds on microbial assemblages since the Bianchettaro station
contains greater concentrations of both heavy metals and hydrocarbons compared to
the other stations (as reported by Romano et al. 2004). Environmental drivers such as

pH, Eh, T° granulometry and organic matter did not explain the evenness distribution

found here.
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