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1 Introduction 

Synthetic organic compounds are ubiquitous in our modern environment. They are 

found in our homes, workplaces, public spaces and in agriculture. A number of toxic 

synthetic organic compounds have contaminated environmental soil through either local (e.g., 

industrial) or diffuse (e.g., agricultural) contamination. These organic compounds can enter 

soil, air and water and can often be found far from their source of origin. Effects of 

contamination of environmental soil with toxic synthetic organic compounds include the 

poisoning of animals and plants, altering of ecosystems, and human health risks such as 

cancer. 

Many toxic synthetic organic compounds are persistent and are stored in fat tissue, 

due to their hydrophobic properties, resulting in bioaccumulation. Therefore, organisms at 

higher levels in food chains (e.g., humans) tend to have higher concentrations of these bio-

accumulated toxins stored in their fat tissue than those at lower levels resulting in bio-

magnification of the physiological effects of the toxins in higher organisms. At the highest 

level in the food chain, i.e., humans, these toxic organic compounds can be passed from 

mother to child either in utero via the placenta or post-natally via breast milk. 

Synthetic organic compounds of concern as environmental contaminants include 

polychlorinated biphenyls (PCBs), pesticides, industrial solvents, petroleum products, 

dioxins, furans, explosives, and brominated flame retardants. 

Twelve organic compounds were listed as persistent organic pollutants (POPs) by the 

Stockholm Convention on Persistent Organic Pollutants, under the auspices of the United 

Nations Environment Programme (UNEP), an international agreement enforced in 2004. 

Although the use of these POPs worldwide has been generally phased out because of their 

toxicity and persistence, they can still be found as contaminants in the natural environment 

due to their past use and continue to pose a threat to human health [1]. 

1.1 Persistent organic pollutants 

Persistent organic pollutants (POPs) are organic compounds that are resistant to 

environmental degradation through chemical, biological, and photolytic processes. Because 

of this, they are ubiquitous compounds of great concern due to their toxicity in the 

environment [2], persistence, long-range transport ability [3], bioaccumulation in human and 

animal tissue[4], biomagnifications in food chains, and they have potential significant 

impacts on human health and the environment. POPs bind strongly to soil organic matter and 

have been shown to become progressively sequestered with time [5]. Due to contaminant’s 
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hydrophobicity, POPs readily bioaccumulate in the lipids of exposed organisms [6]. 

Subsequent biomagnification within food chains and significant negative impact on top 

trophic level organisms may then occur [7]. Many POPs are currently or were in the past used 

as pesticides. Others are used in industrial processes and in the production of a range of 

goods such as solvents, plastics and pharmaceuticals. 

1.2 Chemical properties 

Some of the chemical characteristics of POPs include low water solubility, high 

lipophilicity, semi-volatility and high molecular masses [8]. POPs with molecular weights 

lower than 236 g/mol are less toxic, less persistent in the environment and have more 

reversible effects than those with higher molecular masses. POPs are frequently halogenated, 

usually with chlorine. The more chlorine groups a POP has, the more resistant it is to being 

broken down over time. One important factor of their chemical properties such as lipid 

solubility results in the ability to pass through biological phospholipid membranes and 

bioaccumulate in the fatty tissues of living organisms [9]. 

1.3 Long-range transport 

The ability of POPs to travel great distances is part of the explanation why countries 

that banned the use of specific POPs are no longer experiencing a decline in their 

concentrations; the wind may carry chemicals into the country from places that still use them.  

POPs entering the marine environment are readily absorbed by organic matter and taken up 

by plankton at the base of marine food webs. Bioaccumulation of POPs through the food 

chain is cause for concern, particularly for long-lived, top-level predators, such as marine 

mammals and humans. Known consequences of POP contamination in mammals include 

impaired immunity, increased susceptibility to disease, neurotoxicity, and reproductive 

impairment [10]. 

Hydrophobic organic chemicals (HOCs), like dieldrin, polycyclic aromatic 

hydrocarbons and pesticides, tightly adsorb on soil [11-12], which leads to low bioavailability 

of HOCs in soil [13-14]. However, despite this low bioavailability, the HOCs in soil are taken 

up by some plants; cucurbits in particular contain a large amount of HOCs in their shoots [15-

16]. POPs reach remote oceans by long range atmospheric transport and subsequent 

deposition. Once in the water column, hydrophobic organic pollutants accumulate in 

planktonic organisms. It has been shown that planktonic food webs influence the oceanic 

cycle of POPs at regional and global scales [17-19]. 
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1.4 Health concerns 

Exposure to POPs can cause death and illnesses including disruption of the endocrine, 

reproductive and the immune systems, neuro-behavioral disorders and cancers including 

breast cancer. Exposure to POPs can take place through diet, environmental exposure, or 

accidents. A study published in 2006 indicated a link between blood serum levels of POPs 

and diabetes. Halogenated organic pollutants are ubiquitous in the environment. Concerns 

about their potential for harmful effects on human health such as various disruptions to the 

endocrine system have led to bans on the use of many of them [20]. 

1.5 Compounds 

The groups of compounds that make up POPs are also classed as PBTs (Persistent, 

Bioaccumulative and Toxic) or TOMPs (Toxic Organic Micro Pollutants). These groups 

include carcinogenic compounds such as brominated flame-retardants and some 

organochlorinepesticides (OCPs) such as hexachlorocyclohexanes (HCHs) [9]. 

1.6 Organochlorine pesticides 

A large variety of synthetic organic chemicals such as organochlorine pesticides 

(OCPs), have been released into the environment over the last few decades [21]. As 

widespread environmental pollutants, OCPs are highly lipophilic and chemically stable 

compounds that persist in the environment accumulating in the food chain and in human 

tissues [22]. 

Pesticides have been extensively used to protect and improve the quality and the 

quantity of food commodities, building materials and many environmentally important 

xenobiotics and other chemicals introduced for industrial and agricultural use are 

halogenated. Halogenation is often implicated as the reason for persistence and toxicity of 

such compounds. These compounds enter soil, water and food by several routes e.g. land fill, 

dumping of industrial wastes, by run-off from treated plant surfaces, spillage during 

application, use of contaminated manure, drift from aerial and ground application, erosion of 

contaminated soil by wind and water into the aquatic system, accidents in transport of 

insecticides, etc. One of halogenated insecticide is hexachlorocyclohexane (HCH), a 

homocyclic (alicyclic) chlorinated hydrocarbon popularly called benzenehexachloride (BHC) 

[23]. The widespread contamination of the environment, globally, has been caused by 

extensive and indiscriminate use of hexachlorocyclohexane as an insecticide since the 1940s, 

threatening the biota including humans [24]. HCH has been banned in technologically 
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advanced countries. However, it is still in use in tropical countries for mosquito control and 

thus new areas continue to be contaminated [23]. 

1.7 Hexachlorocyclohexanes (HCHs) 

The technical formulation of HCH (t-HCH), was also used as a popular insecticide 

before the 1990s, mainly contains a mixture of HCH isomers (Figure 1) which include γ- 

(10–12%), α- (60–70%), β- (5–12%), and δ- (6–10%) isomers [25]. Because only γ-HCH has 

insecticidal activity among these four HCH isomers, it is generally purified from the rest of 

the isomers in t-HCH and used as “lindane” (>99% purity); the remaining three isomers are 

discarded as “HCH muck” [26]. The physical properties and persistence of each isomer differ 

because of the different chlorine atom orientations on each molecule (axial or equatorial). 

However, all four isomers are considered as toxic and recalcitrant worldwide pollutants [27]. 

The chemical structure and polarity of pesticides affect their solubility, volatility and 

sorption characteristics, factors that contribute to their transport, persistence and 

biodegradability, and might be used to explain the relative recalcitrance of the four isomers 

(α, β, γ, and δ) found in technical HCH. These characteristics are also influenced by the 

orientation of the chlorine atoms on each HCH isomer (Figure 1) [27]. 

 

Figure 1:  Structures of HCH isomers, including the two enantiomers of α-HCH [27]. 
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γ-Hexachlorocyclohexane (γ-HCH, also called γ-BHC ) is a completely man-made 

halogenated organic insecticide. HCH is commercially manufactured by the photochemical 

chlorination
 
of benzene in the presence of UV light. It has been used worldwide as a general, 

broad spectrum insecticide for a variety of purposes including fumigation of household and 

commercial storage areas, pest control on domestic animals, mosquito control and to kill soil-

dwelling and plant-eating insects such as aphids, grasshoppers, flies, boil weevils, mange 

mites, termites, ants, leafminers, thrips, armyworms and wireworms, on fruits, vegetables and 

christmas and ornamental trees. It is widely used for stem borer control in rice paddies and is 

applied in Canada as a seed treatment for crops, such as canola, to protect from flea beetle 

infestations [26].  

Sites heavily contaminated with HCH have been reported
 
from The Netherlands, 

Brazil, Germany,
 
Spain, China, Greece, Canada, the

 
United States, and India. The 1998

 
Food 

and Agriculture Organization (FAO) inventory of obsolete,
 

unwanted, and/or banned 

pesticides also found unused stockpiles
 
of both technical HCH and lindane (2,785 tons of 

technical HCH,
 
304 tons of lindane, and 45 tons of unspecified HCH material)

 
scattered in 

dump sites in Africa and the Near East [28].
 
Weber et al. estimated that four to six million 

tons of
 
various HCH materials have been dumped worldwide, which is similar

 
in scale to the 

combined totals of dumped materials for all
 
other persistent organic pollutants (POPs) 

defined by the Stockholm
 
Convention [29]. 

Although only lindane is insecticidal, HCHs as a group are toxic and considered 

potential carcinogens [27]. Due to their persistence and recalcitrance, however, HCHs 

continue to pose a serious toxicological problem at industrial sites where past production of 

lindane along with unsound disposal practices has led to serious contamination. In addition, 

many countries still allow HCH production and use despite localized limitations. HCH 

contamination continues to be a global issue, as these compounds have moderate volatility 

and can be transported by air to remote locations [27]. 

1.7.1 Toxicological effects of hexachlorocyclohexane 

The organochlorine pesticides are widely recognized as neurotoxic substances 

affecting the peripheral and central nervous systems, and causing a hyperexcitability of 

nerves and muscles [30]. Other harmful effects of HCH deposition in human fat are 

disturbances of lipid metabolism [31-32], alterations in some membrane-bound proteins and 

membrane permeability [33-34]. Harmful effects of organochlorines on nonmammalian 

animals have also been reported. These chemicals enter into aquatic systems by drifting, 
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runoff, or water application. They accumulate through the food chain. For example, HCH has 

been reported from the eggs of birds that prey on fishes [35]. 

1.7.2 Degradation of lindane 

Chemical, physical, or biological agents may degrade pesticides reaching the soil 

sediments or water ecosystem. Biological and chemical decomposition of xenobiotic 

compounds in such environments is always influenced by changes in many physicochemical 

parameters, such as temperature, pH, ion concentration, and redox potential. However, the 

microorganisms present in soil and water are a major factor in the degradation of these 

pesticides [30]. 

1.7.2.1 Bacterial degradation of lindane 

γ-HCH is degraded under both aerobic and anaerobic conditions, but it is generally 

mineralized only under aerobic conditions [27]. Many γ-HCH-degrading aerobic bacteria 

have been isolated and characterized [27, 36-38]. Only 60 years have passed since the first 

release of γ-HCH into the environment [25]. Thus, it is possible that γ-HCH-degrading 

bacteria have acquired the ability within this short period [27]. Bacteria able to degrade γ-

HCH are a good model for helping us understanding how bacteria adapt to their environment. 

Isolation of lindane-degrading microorganisms by enrichment culture has confirmed 

the ability of specific species of bacteria to degrade HCHs either aerobically or anaerobically. 

Some of these strains are able to grow on HCH as a sole carbon source. Several bacteria 

capable of degrading lindane have been described. These include Clostridium sphenoides 

UQM780 [39], Clostridium rectum S-17 [40],  several other Clostridium sp. [41], a strain of 

E. coli isolated from rat feces [42], two species of Bacillus [27], several Pseudomonas [43], 

Sphingomonas [44] species, a Pandoraea sp.[45], Citrobacter freundii [41], and 

Rhodanobacter lindaniclasticus[46]. 

HCH-degrading (Pseudomonas) Brevundimonas vesicularis P59 was isolated in the 

Netherlands [47] by enrichment culture from contaminated soil slurries. A Pseudomonas sp. 

capable of aerobic growth on minimal salts media containing α- and γ-HCH as sole carbon 

sources was isolated from sugarcane rhizosphere soil [48-49]. The organism was able to 

degrade δ- and β-isomers in minimal salts media, but did not proliferate, nor did degrade 

these isomers in inoculated soil [48]. Sphingomonas paucimobilis UT26 is a nalidixic acid-

resistant mutant of Pseudomonas (reclassified Sphingomonas) paucimobilis SS86, which was 

initially isolated from an upland soil in Japan [27]. UT26 is capable of aerobically degrading 

α-, γ- and δ-HCH isomers and using γ-HCH as a sole carbon source [27]. 
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1.7.2.2 Fungal degradation of lindane 

Until recently, research into pesticide degradation by microorganisms has focused 

primarily on bacteria, and fewer studies have been performed with fungi. The main reasons 

are: bacteria are easy to culture and grow more quickly than fungi, are more amenable to 

genetic manipulation techniques, are less likely to form mutant revertants, and bacteria use 

pesticides in laboratory conditions as their sole source of carbon. 

Fungi as future bioremedial agents have several advantages over bacteria such as: 

ability to tolerate low pH values, fewer complex nutritional requirements, capability to 

degrade and utilize a wide range of complex substrates such as cellulose, hemicellulose, 

lignin and pectin, white-rot fungi with a wide range of extracellular enzymes degrade 

organopollutants nonspecifically in soil or water environments and make the resultant 

metabolites more vulnerable for further microbial attack. White-rot fungi degrade various 

pesticides including lindane by co-metabolism, and tolerate higher concentrations of toxic 

pollutants than bacteria [30]. 

Various white-rot basidiomycetes have been investigated for their lindane-degrading 

capabilities such as Phanerochaete chrysosporium [30], Pleurotus sajor-caju [50], Trametes ( 

Coriolus) hirsutus, Phanerochaete sordida, and Cyathus bulleri [30]. Pure cultures of the 

lignin-degrading fungi Phanerochaete chrysosporium and Trametes hirsutus have been 

shown to degrade lindane [51-52]. The conditions required for degradation of highly 

substituted aromatic or aliphatic compounds were similar to those that promoted lignin 

degradation by these fungi: nitrogen-deficiency and the presence of a co-substrate such as 

glucose. Therefore, the proposed mechanism of degradation of organochlorine pesticides by 

the fungus was similar to that of lignin degradation by lignin peroxidases, i.e., multiple non-

specific oxidative reactions resulting from generation of carbon-centered free radicals [51]. 

The ability of several white-rot fungi to degrade lindane was tested by Arisoy 1998[53] who 

reported that Phanerochaete chrysosporium, Pleurotus sajorcaju, Pleurotus florida and 

Pleurotus eryngii were all able to degrade significant (>10%) amounts of lindane during 20 

days incubation in culture media under oxic conditions. A summary of the HCH-degrading 

microorganisms is provided in Table 1. 
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Table 1: Aerobic hexachlorocyclohexane-degrading microorganisms: 

 

Microorganism (s) References 

Bacteria  

Aerobacter aerogenes................................................................................. [30] 

Alcaligenes faecalis.................................................................................... [54] 

Anabaena sp................................................................................................ [55] 

Arthrobacter citreus.................................................................................... [56] 

Bacillus circulans and Bacillus brevis........................................................ [28] 

Bacillus megaterium................................................................................... [30] 

Bacillus sp. ................................................................................................. [27] 

Escherichia coli.......................................................................................... [42] 

Microbacterium sp. .................................................................................... [57] 

Nostoc ellipsosporum.................................................................................. [55] 

Pseudomonas aeruginosa........................................................................... [28] 

Pseudomonas fluorescens........................................................................... [30] 

Pseudomonas putida................................................................................... [27] 

Pseudomonas sp. ........................................................................................ [43] 

(Pseudomonas) Brevundimonas vesicularis............................ [47] 

Rhodanobacter lindaniclasticus................................................................. [46, 58] 

Sphingobium chinhatense IP26.................................................................. [59] 

Sphingobium indicum B90A........................................................................ [49] 

Sphingobium japonicum UT26................................................................... [28] 

Sphingobium francense............................................................................... [60] 

Sphingobium quisquiliarum P25................................................................ [61] 

Sphingobium ummariense RL-3.................................................................. [28] 

Sphingobium sp. SS04-5............................................................................. [62] 

Sphingomonas paucimobilis....................................................................... [44] 

Sphingomonas sp. γ 16-9............................................................................ [38] 

Streptomyces sp. M7................................................................................... [63] 

Xanthomonas sp. ICH12............................................................................. [57] 

Microalgae  

Chlorella vulgaris....................................................................................... [30] 

Chlamydomonas reinhardtii....................................................................... [30] 

Fungi  

Cyathus bulleri............................................................................................ [64] 

Phanerochaete chrysosporium................................................................... [51] 

Phanerochaete sordida............................................................................... [30] 

Pleurotus eryngii......................................................................................... [53] 

Pleurotus florida......................................................................................... [53] 

Pleurotus sajor-caju................................................................................... [53] 

Trametes hirsutus........................................................................................ [30] 
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1.7.2.3 Aerobic degradation of γ-HCH 

The aerobic degradation pathway of γ-HCH has been studied in some detail for strain 

UT26 [26] (Figure 2). It has been suggested that two initial dehydrochlorination reactions 

produce the putative product 1,3,4,6-tetrachloro-1,4-cyclohexadiene (1,3,4,6-TCDN) via the 

observed intermediate γpentachlorocyclohexene (γ-PCCH) [65]. Subsequently 2,5-dichloro-

2,5-cyclohexadiene-1,4-diol (2,5-DDOL) is generated by two rounds of hydrolytic 

dechlorinations via a second putative metabolite, 2,4,5-trichloro-2,5-cyclohexadiene-1-ol 

(2,4,5-DNOL) [66]. 2,5-DDOL is then converted by a dehydrogenation reaction to 2,5-

dichlorohydroquinone (2,5-DCHQ) [67]. The formation of 2,5-DCHQ completes what is 

known as the upstream degradation pathway. 

It has been proposed that the major upstream pathway reactions described above are 

enzymatically catalyzed, but two other, minor products, 1,2,4-trichlorobenzene (1,2,4-TCB) 

and 2,5-dichlorophenol (2,5-DCP), are produced, presumptively by spontaneous 

dehydrochlorinations of the two putative metabolites, 1,3,4,6-TCDN and 2,4,5-DNOL . Both 

1,2,4-TCB and 2,5-DCP appear to be dead-end products in this strain. 

The first step in the subsequent, downstream degradation pathway is a reductive 

dechlorination of 2,5-DCHQ to chlorohydroquinone (CHQ) [68]. The pathway then 

bifurcates, with the minor route being a further reductive dechlorination to produce 

hydroquinone (HQ), which is then ring cleaved to γhydroxymuconic semialdehyde 

(γHMSA). The major route involves the direct ring cleavage of CHQ to an acylchloride, 

which is further transformed to maleylacetate (MA) [69]. MA is converted to β-ketoadipate 

[70] and then to succinyl coenzyme A (CoA) and acetyl-CoA, which are both metabolized in 

the citric acid cycle [26]. 

1.7.2.4 Enzymes involved in the degradation of γ-HCH 

1.7.2.4.1 Dehalogenases 

Dehalogenases (Figure 2) are key enzymes for the degradation of various halogenated 

compounds. Because γ-HCH has six chlorine atoms per molecule, dechlorination is a very 

significant step in its degradation. Among these dehalogenases, are LinA, LinB, and LinC 

[26] (Figure 1). 

1.7.2.4.1.1 γ-HCH dehydrochlorinase (LinA) 

LinA catalyzes two steps of dehydrochlorination from γ-HCH to 1,3,4,6-TCDN via 

(γ-PCCH). Dehydrochlorination by LinA may occur stereoselectively at a trans and diaxial 

pair of hydrogen and chlorine [26]. 
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1.7.2.4.1.2 Haloalkane dehalogenase (LinB) 

LinB is a haloalkane dehalogenase (EC 3.8.1.5), which belongs to the α/β-hydrolase 

family, with relatively broad substrate specificity [66, 71-72], and has been the subject of 

crystallographic [73-76], kinetic [77], mutagenesis [78-79], and computational studies [71, 

80]. Haloalkane dehalogenases are key enzymes in the degradation of synthetic haloalkanes 

that occur as soil pollutants [81]. 

1.7.2.4.1.3 Dehydrogenase (LinC) 

Less is currently known about the third upstream pathway enzyme, LinC, or any of 

the downstream pathway proteins. LinC is a 2,5-dichloro-2,5-cyclohexadiene-1,4-diol (2,5-

DDOL) dehydrogenase in the short-chain alcohol dehydrogenase family [67, 82]. linC genes 

have been recovered from several HCH-degrading sphingomonads [36, 60, 67, 83-84], 

Pseudomonas aeruginosa ITRC-5 (161) and Microbacterium sp. ITRC1 [57]. These genes 

are highly convergent (98% amino acid identities). 

 



  Introduction  

11 

 

 
Figure 2: Proposed degradation pathways of γ-HCH in Sphingomonas japonicum UT26. 

Compounds: 1 γ-Hexachlorocyclohexane (γ-HCH), 2 pentachlorocyclohexene (γ-PCCH), 3 

1,3,4,6-tetrachloro-1,4-cyclohexadiene (1,4-TCDN), 4 1,2,4-trichlorobenzene (1,2,4-TCB), 5 

2,4,5-trichloro- 2,5-cyclohexadiene-1-ol (2,4,5-DNOL), 6 2,5-dichlorophenol (2,5- DCP), 7 2,5-

dichloro-2,5-cyclohexadiene-1,4 diol (2,5-DDOL), 8 2,5-dichlorohydroquinone (2,5-DCHQ), 9 

chlorohydroquinone (CHQ), 10 hydroquinone (HQ), 11 MA acylchloride, 12 γ-hydroxymuconic 

semialdehyde, 13 maleylacetate (MA; 2-maleylacetate, 4-oxohex-2- enedioate), 14 β-ketoadipate 

(3 oxoadipate), 15 3-oxoadipyl-CoA, 16 succinyl-CoA, 17 acetyl-CoA, 18 2,6-

dichlorohydroquinone (2,6- DCHQ), and 19 2-chloromaleylacetate (2-CMA). TCA, 

citrate/tricarboxylic acid cycle; GSH, glutathione (reduced form); GS-SG, glutathione (oxidized 

form). Square brackets show unstable compounds that have yet to be detected. Both LinE and 

LinEb have the degradation activities of CHQ and 2,6-DCHQ, but LinE and LinEb are mainly 

involved in the degradation of CHQ and 2,6-CHQ, respectively, in UT26 [70]. The light and 

dark shaded areas indicate upstream and downstream pathways, respectively. 
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1.8 Flame retardants (FR) 

Flame retardants are used to protect the public from accidental fires, by reducing the 

flammability of combustible materials such as plastics rubbers, textiles and synthetic 

polymers. The most important group of flame retardants is the brominated flame retardants 

(BFRs), which contain a diversity of chemicals [85]. Common applications of FR chemicals 

include the plastic housings of electronic appliances and in printed circuit boards as well as in 

upholstery and construction materials [86]. 

1.8.1 Brominated flame retardants (BFRs) 

Extensive use of brominated flame retardants (BFRs) as additives to plastics, 

electronics and textiles has led to rising levels in the environment, with a doubling time in 

wildlife and humans of 5–10 years. The BFRs consist of hydrophobic polybrominated 

molecules with carbon backbones (Figure 3), e.g. diphenyl ethers (PBDEs), biphenyls (PBBs) 

and cyclic hydrocarbons (e.g. hexabromocyclododecane, HBCDD). Many BFRs 

bioaccumulate and may cause adverse health effects in humans and wildlife, similar to those 

caused by POPs e.g. PCBs and dibenzo-p-dioxins. Microbial degradation and photooxidation 

are suspected to affect the environmental exposure and toxicity of PBDEs, yet there are 

limited data regarding the extent of degradative processes in the environment [87]. 

 
Figure 3: Structural formulas of common chemicals applied as flame retardants. PBDE, 

polybrominated diphenyl ethers; PBB, polybrominated biphenyls; TBBPA, 

tetrabromobisphenol A; HBCDD, hexabromocyclododecane; BTBPE, 1,2-bis(2,4,6-

tribromophenoxy) ethane [87]. 



  Introduction  

13 

 

Brominated flame retardants are POPs and are the most widely used flame retardants 

because of their efficiency and low production costs [88]. BFRs are produced via direct 

bromination of organic molecules or via addition of bromine to alkenes [89].  The major 

brominated flame retardants used worldwide are tetrabromobisphenol A (TBBPA), 

hexabromocyclododecane (HBCD), and polybromodiphenyl ethers  (PBDEs), [88]. These 

compounds can enter the environment locally via waste waters of industrial facilities, through 

volatilization, leaching and combustion. Flame retardants have been found in air, water, soils 

and sediments far from where they are produced or used [88, 90-91], again providing 

evidence of the wide dispersal of toxic synthetic organic compounds in the environment. 

These compounds have been attracting social concern regarding environmental pollution and 

human exposure for the last two decades [92]. 

1.8.2 Types of compounds 

Today, there are more than 175 chemicals classified as flame retardants. The four 

major groups are inorganic, halogenated organic, organophosphorus and nitrogen-based 

flame retardants which account for 50%, 25%, 20% and >5% of the annual production, 

respectively [89]. BFRs are divided into three subgroups depending on the mode of 

incorporation of these compounds into the polymers: brominated monomers, reactive and 

additive. A brominated monomer such as brominated styrene or brominated butadiene is used 

in the production of brominated polymers, which are then blended with nonhalogenated 

polymers or introduced into the feed mixture prior to polymerization, resulting in a polymer 

containing both brominated and nonbrominated monomers. Reactive flame retardants, such 

as tetrabromobisphenol A (TBBPA), are chemically bonded into the plastics. Additive flame 

retardants, which include PBDEs and hexabromocylododecane (HBCDD) are simply blended 

with the polymers, and are more likely to leach out of the products [89]. 

1.8.3 Sources of emission of BFRs into the environment 

The most obvious sources of emission of BFRs into the environment are effluents 

from factories producing BFRs, flame-retarded polymers, and plastic products, such as 

electrical appliances. Other possible sources of emissions into the environment are municipal, 

hospital, or hazardous waste incinerators, facilities recycling plastics and metals from 

electronic devices, final disposal sites, and accidental fires. In addition, electronic equipment, 

such as television sets and computers containing BFRs, may also be sources of emissions of 

BFRs and PBDDs/DFs into the environment, especially into indoor air [85]. Many BFRs 
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have vapor pressures (VP) too low to be found in the gas phase at ambient temperatures [93] 

so BFRs transport tin the atmosphere may be governed by movement of particles [94-95]. 

1.8.4 Polybrominated diphenyl ethers (PBDEs) 

PBDEs are widely used as flame retardants in polymers for textiles, electronics, and 

home furnishings. As a result, PBDEs have been widely detected in biotic and abiotic 

matrices including sediments, air, water, fish, marine mammals, human plasma, and human 

milk [96-100]. The levels of PBDEs in the environment have increased rapidly in recent 

years [92], presumably due to the increasing commercial use of PBDEs [101]. PBDEs have 

migrated in large quantities from industrial products to the environment and to human body 

and, furthermore, their concentrations have increased exponentially, as indicated by a meta-

analysis of the published PBDE concentration data [102]. 

The physical, chemical and biological properties of brominated diphenyl ether (BDE) 

congeners strongly depend on the bromine substitution pattern, similar to those of other 

polyhalogenated aromatic compounds such as polychlorinated biphenyls (PCBs), 

polychlorodibenzo-p-dioxins (PCDDs), polychlorodibenzofurans (PCDFs), and 

polybrominated dibenzo-p-dioxins/di-benzofurans (PBDD/DFs) [103]. However, the toxicity 

of PBDEs and its origin is still not well understood. Some BDE congeners were shown to 

have weak or moderate dioxin-like activities or binding affinities to human estrogen receptors 

[104-105]. In addition, hydroxyl metabolites of PBDEs were found to have strong binding 

affinity with the thyroxine transporting protein, transthyretin [106]. PBDD/DFs exhibit the 

similar toxicity as their chlorinated analogues, PCDD/DFs, and are produced during 

incineration of materials containing brominated flame retardants [104, 107]. 

1.8.5 Classes of PBDEs 

The family of PBDEs consists of 209 possible substances, which are called congeners 

(PBDE = C12H10−xBrxO (x = 1, 2.....10 = m + n)) (Figure 4). Congeners include 

dibromodiphenyl ethers, tribromodiphenyl ethers, tetrabromodiphenyl ethers, 

pentabromodiphenyl ethers, hexabromodiphenyl ethers, heptabromodiphenyl ethers, 

octabromodiphenyl ethers, nonabromodiphenyl ether, and decabromodiphenyl ether. In the 

United States, PBDEs are marketed with trade names: DE-60F, DE-61, DE-62, and DE-71 

applied to pentaBDE mixtures; DE-79 applied to octaBDE mixtures; DE 83R and Saytex 

102E applied to decaBDE mixtures. The available commercial PBDE products are not single 

compounds or even single congeners but rather a mixture of congeners. 
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Figure 4: Chemical structure of PBDEs [99] 

 

1.8.6 Lower brominated PBDEs 

These species average 1-5 bromine atoms per molecule and are regarded as more 

dangerous because they more bioaccumulate efficiently. Lower-brominated PBDEs have 

been known to affect hormone levels in the thyroid gland. Studies have linked them to 

reproductive and neurological risks at certain concentration levels. 

1.8.7 Higher brominated PBDEs 

These species average more than 5 bromine atoms per molecule. The commercial 

mixture, named pentabromodiphenyl ether, contains the pentabromo derivative 

predominantly (50-62%), however the mixture also contains tetrabromides (24-38%) and 

hexabromides (4-8%), as well as traces of the tribromides (0-1%). In similar manner, 

commercial octabromodiphenyl ether is a mixture of homologs: hexa-, hepta-, octa-, nona-, 

and decabromides. 

1.8.8 Health and environmental concerns 

PBDEs have very low solubility in water (ng/L to µg/L) and are lipophilic thus they 

readily accumulate in fatty tissues of humans and animals. Although PBDEs have low acute 

toxicity, they are proven endocrine disruptors that destroy thyroid hormone balance and cause 

developmental problems [108]. Among the PBDE congeners, penta-BDEs are reportedly 

being the most toxic, causing developmental toxicity at concentrations starting at 0.8 mg/kg 

body weight [109] while octa-BDEs are teratogens [96] and deca-BDE is classified as a 

possible human carcinogen [108]. Because of their ubiquitous use, lipophilicity and inert 

characteristics, PBDEs have been detected in environmental air, soil, and water samples, as 

well as in fish and animal tissues. Recently, PBDEs have been detected in human blood 

serum and breast milk at concentrations that are doubling every five years [92]. 

Data on the toxicology of the PBDE flame retardants is limited. The main findings 

published so far are changes in liver weight accompanied by histological alterations in 

animals given relatively large doses [110].  
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1.8.9 4, 4′-dibromodiphenyl ether (BDE15) 

4,4′-Dibromodiphenyl ether (4,4′-DBDE) (Figure 5) is the lowest halogenated 

commercial congener belonging to this class of compounds of environmental concern [111]. 

 

   Figure 5: Structure of BDE15 [112]. 

1.8.9.1 Degradation of BDE15 

PBDEs have been shown to be anaerobically and aerobically transformed by 

microorganisms. Recent work on anaerobic biodegradation has shown that PBDEs are 

debrominated to less brominated congeners by a variety of anaerobic dehalogenating bacteria 

[108, 113-114]. However, currently very little is known about aerobic biotransformation of 

PBDEs. In the early 1990s, Schmidt and colleagues isolated two Sphingomonas sp. strains 

capable of breaking down mono- and di- BDE congeners. Sphingomonas sp. SS3 (Figure 6) 

was capable of transforming and growing on 4-bromodiphenyl ether while strain SS33 

transformed 4,4′-dibromodiphenyl ether but was not able to use it as a growth substrate [111, 

115]. Several transformation products were identified, including 4-bromophenol, 4-

bromocatechol, and bromide. More recently, additional Sphingomonas species have been 

shown to aerobically break down a number of mono-, di-, and tri-BDEs. Sphingomonas sp. 

PH-07, which grows on diphenyl ether, was shown to transform but not to grow on 4-bromo-, 

2,4-dibromo-, 4,4′-dibromo, and 2,4,4′-tribromodiphenyl ethers [116]. 

Up to now, most research has dealt with degradation of diphenyl ethers by bacteria 

[111, 115, 117]. Only a few reports exist on the transformation of these compounds by fungi 

[118]. The white-rot fungi Trametes versicolor (Figure 7) was shown to convert 4-

bromodiphenyl ether to its hydroxylated analog [114]. There are also naturally occuring 

halogenated diphenyl ether derivatives, which are synthesized mainly by fungi and marine 

organisms [119-120]. 
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Figure 6: Proposed pathway for the degradation and/or transformation of dihalogenated 

diphenyl ethers by Sphingomonas sp. strain SS33. Abbreviations: x, F, Cl, or Br; n, 0, 1, or 2 

[111]. 

 

 

Figure 7: Proposed pathway for the degradation of diphenyl ethers by Trametes versicolor [118]. 



  Introduction  

18 

 

1.9 Biofilm as microbial life style 

A biofilm is an aggregate of microorganisms in which cells are stuck to each other 

and/or to a surface. These adherent cells are embedded within a self-produced matrix of 

extracellular polymeric substance (EPS). Biofilm EPS, which is also referred to as "slime," is 

a polymeric jumble of extracellular DNA, proteins, and polysaccharides. Biofilms may form 

on living or non-living surfaces, and represent a prevalent mode of microbial life in natural, 

industrial and hospital settings [121]. The microbial cells growing in a biofilm are 

physiologically distinct from planktonic cells of the same organism, which, by contrast, are 

single-cells that may float or swim in a liquid medium. 

Microbes form a biofilm in response to many factors, which may include cellular 

recognition of specific or non-specific attachment sites on a surface, nutritional cues, or in 

some cases, by exposure of planktonic cells to sub-inhibitory concentrations of antibiotics 

[122-123]. When a cell switches to the biofilm mode of growth, it undergoes a phenotypic 

shift in behavior in which large suites of genes are differentially regulated [124]. 

1.9.1 Biofilm Properties 

Biofilms are usually found on solid substrates submerged in or exposed to some 

aqueous solution, although they can form as floating mats on liquid surfaces and also on the 

surface of leaves, particularly in high humidity climates. Given sufficient resources for 

growth, a biofilm will quickly grow to be macroscopic. Biofilms can contain many different 

types of microorganism, e.g. bacteria, archaea, protozoa, fungi and algae; each group 

performing specialized metabolic functions. However, some organisms will form 

monospecies films under certain conditions. 

Researchers from the Helmholtz Center for Infection Research have investigated the 

strategies used by biofilms. They discovered that biofilm bacteria apply chemical weapons in 

order to defend themselves against disinfectants and antibiotics, phagocytes and our immune 

system. Dr. Kjelleberg began a detailed investigation in order to find why phagocytes cannot 

annihilate the biofilm bacteria. He analyzed marine bacteria, which defend themselves 

against amoebae, the behavior of which copies the behavior of phagocytes. The amoebae 

behave in the sea just like the immune cells in the human body: they search for and feed on 

the bacteria. When bacteria are alone and separated in the water, they become an easy catch 

for the attackers. However, when they attach to a surface and join other bacteria, the amoebae 

cannot assault them [125]. The researcher stated that biofilms may be seen as a source of new 
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bioactive agents. When bacteria are organized in biofilms, they produce effective substances 

which individual bacteria are unable to produce alone. 

1.9.2 Biofilm formation 

Formation of a biofilm begins with the attachment of free-floating microorganisms to 

a surface. These first colonists adhere to the surface initially through weak, reversible van der 

Waals forces. If the colonists are not immediately separated from the surface, they can anchor 

themselves more permanently using cell adhesion structures such as pili. 

The first colonists facilitate the arrival of other cells by providing more diverse 

adhesion sites and beginning to build the matrix that holds the biofilm together. Some species 

are not able to attach to a surface on their own but are often able to anchor themselves to the 

matrix or directly to earlier colonists. It is during this colonization that the cells are able to 

communicate via quorum sensing using products as AHL (N-Acyl homoserine lactones). 

Once colonization has begun, the biofilm grows through a combination of cell division and 

recruitment. The final stage of biofilm formation is known as mature biofilm, and is the stage 

in which the biofilm is established and may only change in shape and size. The development 

of a biofilm may allow for the aggregated cell colonies to be increasingly antibiotic resistant. 

1.9.3 Biofilm development 

The bacterial biofilm development is widely accepted to take place through a number 

of steps discovered by microscopic analysis of the biofilm communities over time. As 

demonstrated in Figure 8, these steps include initial attachment. The cells undergo a 

reversible attachment via the flagellated pole and an irreversible attachment, in which the 

cells make a more stable interaction with the surface via its long axis [126-127]. The 

adhesion organelles such as: flagella, type IV pili and CupA fimbriae have been shown to be 

essential for initial attachment of the bacteria to the surfaces and are required for the biofilm 

maturation [128-130]. Subsequently, the attached bacteria aggregate, grow and proliferate to 

form microcolonies. Within the microcolonies the bacteria lose the flagella and start to 

produce alginate and the extracellular matrix, which consists of several biopolymers 

including proteins, polysaccharides, and nucleic acids. This matrix plays a crucial role in the 

structural development of the biofilms [131]. The microcolonies continue to grow and form 

the mature biofilm, in which mushroom-like colonies separated by water-filled channels are 

developed, followed by detachment during which bacteria actively leave the biofilm. 



  Introduction  

20 

 

 

Figure 8: Stages of the biofilm development. Swimming bacteria attach to an abiotic surface, the 

attached bacteria aggregate and form microcolonies. Subsequently, they lose the flagella and 

start to produce the extracellular matrix. In mature biofilms mushroom like structures are 

separated by water-filled channels. Finally, the biofilm is dispersed by death of subpopulations 

of cells and detachment of planktonic bacterial cells from the biofilm [127]. 

 

Factors affecting adhesion are the nature and type of surface/environment, the 

surface shape/homogeneity, the charge/lack of surface charges, hydrophobicity and 

hydrodynamics/flow characteristics. Factors affecting biofilm growth are rate-limiting 

nutrient penetration (culture and environment-dependant), nature of anaerobic and aerobic 

areas within the biofilm and heterogeneous versus homogeneous populations. 

1.9.4 Biofilm dispersal 

Dispersal of cells from the biofilm colony is an essential stage of the biofilm lifecycle. 

Dispersal enables biofilms to spread and colonize new surfaces. Enzymes that degrade the 

biofilm extracellular matrix, such as dispersin B and deoxyribonuclease, may play a role in 

biofilm dispersal [132-133]. Biofilm matrix degrading enzymes may be useful as anti-biofilm 

agents [134-135]. Recent evidence has shown that a fatty acid messenger, cis-2-decenoic 

acid, is capable of inducing dispersion and inhibiting growth of biofilm colonies. Secreted by 

Pseudomonas aeruginosa, this compound induces dispersion in several species of bacteria 

and the yeast Candida albicans [136]. 

1.9.5 Extracellular matrix 

The biofilm is held together and protected by a matrix of excreted polymeric 

compounds called EPS. EPS is an abbreviation for either extracellular polymeric substance or 

exopolysaccharide. This matrix protects the cells within it and facilitates communication 

among them through biochemical signals. Some biofilms have been found to contain water 

channels that help distribute nutrients and signalling molecules. This matrix is strong enough 

that under certain conditions, biofilms can become fossilized. Bacteria living in a biofilm 

usually have significantly different properties from free-floating bacteria of the same species, 
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as the dense and protected environment of the film allows them to cooperate and interact in 

various ways. One benefit of this environment is increased resistance to detergents and 

antibiotics, as the dense extracellular matrix and the outer layer of cells protect the interior of 

the community. In some cases antibiotic resistance can be 1000 fold increased [137]. 

The concept that biofilms are more resistant to antimicrobials is not completely 

accurate. For instance the biofilm form of Pseudomonas aeruginosa has no greater resistance 

to antimicrobials, when compared to stationary phase planktonic cells. Although, when the 

biofilm is compared to logarithmic phase planktonic cells, the biofilm does have greater 

resistance to antimicrobials. This resistance to antibiotics in both stationary phase cells and 

biofilms may be due to the presence of persister cells [138]. 

1.9.6 Biodegradation by biofilm communities 

Biodegradation is a process whereby microbial communities contribute extensively to 

the attenuation, mineralization and transport of organic (carbon-based compounds) 

contaminants in the environment. The development of biofilms by microbial communities is 

often a key factor contributing to the overall efficiency of these processes. Bacterial biofilms 

are also able to accumulate inorganic chemicals (compounds of metals such as mercury, 

copper and aluminium), through various mechanisms. This offers a potential method of 

removing toxic metals from waste sites [139]. The potential of bioremediation (remediation 

using biological processes) as an alternative to physical and chemical remediation strategies 

has resulted in a significant amount of research effort on degradative biofilms. Much 

emphasis has been placed on the degradation of xenobiotic compounds (organic compounds 

that are foreign to the organisms) such as chlorophenols and chlorobenzoates. The knowledge 

gained through these studies has also contributed to an improved understanding of processes 

involved in the degradation of naturally occurring molecules as well as nutrient cycling 

(carbon cycle, nutrient cycle, etc.) in general. Biofilms have industrially been used, e. g. for 

bioremediation of hazardous materials and waste sites, biofilteration of industrial waste water 

or biofilteration of industrial waste water. 

Hydrophobic compounds like crude oil, tar, or soot are also an extreme environment 

because they are usually difficult to degrade because of their reduced bioavailability due to 

their low solubility in water. Nevertheless, a number of microbial communities have been 

characterized many of them specialized in the degradation of some of the chemical 

compounds of these mixtures. Crude oil has been released to the surface in large amounts 

both by natural processes and by accidents, e. g in oil spills. To get access to the substrate 
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many bacteria form biofilms at the water-oil interface where they probably could produce 

biosurfactants to solubilize the oil to bring it into their cells [140]. It was even reported that 

microorganisms could be active in the degradation of asphalt [141-142]. 

There is ample evidence that microbial interactions are important for the functioning 

of microbial communities, especially when challenged with complicated substrates. Two key 

properties of degradative biofilms are: (1) the spatial organization of cells and (2) the 

establishment of a stable microenvironment through the production of EPS. These 

characteristics promote the assemblage of a larger and more diverse genetic pool in a 

confined microniche, thereby expanding the range of substrates that can be degraded. 

1.10  Methods to study microbial diversity 

1.10.1  Important methods for microbial community analysis 

Microbial diversity was assessed traditionally by plate counts with distinct selective 

media and direct viable counts. This method is usually inexpensive and often fast. However 

there are some limitations, such as, selection of growth media and conditions, and the 

impossibility to culture a large number of bacterial and fungal with the present techniques. 

Additionally, plate growth favors bacterial strains which grow faster. All these limitations 

may influence the correct analysis of the diversity [143]. Another method known as Biolog 

generate a profile from the ability of the microbial community to use specific substrates as 

sole carbon source. The generated profile is compared to a data bank giving important 

information of the functional activity of the community and has been used, for example, to 

assess metabolic biodiversity in contaminated sites [144]. A further method, which is not 

dependent of cultivable organisms, is based on the groupings of fatty acids. Major taxonomic 

groups may be differentiate in a community by use of fatty acid methyl ester (FAME), which 

can be extracted directly from soil samples, afterward methlylated and then analysed by gas 

chromatography, and has successfully been used to analyse the microbial diversity soil 

bacterial population [145]. 

The three methods presented above are biochemical based methods, now the most 

common methods based on molecular techniques, beside the later described SSCP, will be 

presented. An additional method similar to SSCP and very popular for microbial diversity 

studies is the Denaturating Gradient Gel Electrophoresis (DGGE) and Temperature Gradient 

Gel Electrophoresis (TGGE), such as for SSCP these techniques were originally developed to 

detect point mutations in DNA sequences. These methods are based on the use of amplicons 

from general primers, where the 5`-end of the forward primer contains a 35-40 base pair GC 
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clamp to ensure the double strand necessary in this method. By increasing concentration of 

denaturants the separation of the double strands will occur based on their melting behavior. In 

1993 Muyzer et al. expanded the use of DGGE to analyse microbial communities [146] and 

since then many studies have been published [147-148]. 

Restriction fragment length polymorphism (RFLP), also known as amplified 

ribosomal DNA restriction analysis (ARDRA) is also based on the DNA polymorphism. In 

this method the PCR amplified rDNA is digested by a 4-base cutting restriction enzyme, 

generating different fragments length which is detected using agarose or non-denaturating 

polyacrylamide gel electrophoresis [149]. Terminal restriction fragment length polymorphism 

(T-RFLP) follows the same principle of RFLP, excepted that one primer is fluorescent 

labelled permitting the detection of only one labelled terminal restriction, therefore simplify 

the banding pattern [149]. Ribosomal intergenic spacer analysis (RISA) and automated 

ribosomal intergenic spacer (ARISA) use similar principle as RFLP and T-RFLP provides 

ribosomal-based fingerprinting of microbial communities. In RISA and ARISA a region 

between the 16S and 23S ribosomal unit is amplified by PCR and separated on a denaturating 

gel polyacrylamide, and they are especially interesting for differentiation of bacterial strains 

and closely related species [150]. 

1.10.2  Fatty acids as biomarkers 

A fatty acid is a carboxylic acid with a long usually unbranched aliphatic tail (chain), 

which is either saturated or unsaturated. Most naturally occurring fatty acids have a chain of 

an even number of carbon atoms, from 4 to 28. Unsaturated fatty acids have one or more 

double bonds. The two carbon chains that are bound next to either side of the double bond 

can occur in a cis or trans configuration. A cis configuration means that adjacent hydrogen 

atoms are on the same side of the double bond. A trans configuration, by contrast, means that 

the next two hydrogen atoms are bound to opposite sides of the double bond. Saturated fatty 

acids are long-chain carboxylic acids that usually have between 12 and 24 carbon atoms and 

have no double bonds. Several different systems of nomenclature are used for fatty acids. n−x 

(n minus x; also ω−x or omega-x) nomenclature both provide names for individual 

compounds and classifies them by their likely biosynthetic properties in animals. A double 

bond is located on the x
th

 carbon–carbon bond, counting from the terminal methyl carbon 

(designated as n or ω) toward the carbonyl carbon. For example, α-linolenic acid is classified 

as a n−3 or omega-3 fatty acid, and so it is likely to share a biosynthetic pathway with other 

compounds of this type. The ω−x, omega-x, or "omega" notation is common in popular 
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nutritional literature. The most studied  fatty acid biosynthetic pathways are n−3 and n−6, 

which are hypothesized to decrease or increase, respectively, inflammation [151]. 

Biomarkers in microbiology are specific molecules which are used to characterize 

particular organisms. Those can be any kind of molecule indicating the existence of living 

microbes. Bacterial fatty acids are shown in many studies to deliver a useful tool in the 

phylogenetic and taxonomic analysis of microbial communities [152-154] and represent one 

of the major modules of cellular components. 

In bacterial cells, fatty acids can be found primarily in the cell membranes as 

phospholipids. Membrane fatty acids can be divided into two major groups according to their 

biosynthetic relationships. The straight-chain fatty acid family counts for the first group, 

which includes palmitic, stearic, hexadecenoic, octadecenoic, 10-methylhexadecenoic, and 2- 

or 3- hydroxy fatty acids. These fatty acids occur most commonly in bacteria. They are 

synthesised from acetyl coenzyme A (acetyl-CoA) as the primer and malonyl-CoA as the 

chain extender, followed, in some cases, by a modification of the fatty acid products. The 

second family is the branched-chain fatty acid family, which includes iso-, anteiso-, and ω-

alicyclic fatty acids with or without a substitution (unsaturation and hydroxylation). The 

occurrence of these fatty acids in bacteria is not nearly as common as that of the straight-

chain fatty acid family, but is still very significant [155]. 

Analysis of cellular fatty acid composition is now used routinely to characterize, 

differentiate, and identify genera, species, and strains of bacteria [156-158]. Taxa are 

distinguishable by the fatty acids produced and their relative concentrations. Fungi produce 

fewer different fatty acids than bacteria do [159], and in the past, fatty acids have been 

considered to have little taxonomic value for this group of organisms. However, recent work 

has shown that cellular fatty acid profiles can be used to differentiate and identify genera, 

species, and strains of yeasts and yeast-like organisms [160-161]. 

Characteristic fatty acids for bacteria are those with a chain length of C12-C19. 

Unsaturated fatty acids of this chain length are in general allocated to Gram negative bacteria. 

Branched fatty acids with a chain length of C14-C16 for example indicate the presence of 

Gram positive bacteria, while saturated fatty acids with the chain length of C16-C19 can be 

allocated to sulphate-reducing and other anaerobic bacteria [162]. 

The most common and abundant fatty acids extracted from dikaryotic fungi were 

16:0, 18:0, 18:1(cis 9), and 18:2(cis 9, 12), which often made up greater than 95% of the total 

fatty acid content [159]. 
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In the Eubacteria and Eucaryotes cellular fatty acids have a number of functions. They 

are esterified with glycerol which carries a phosphate ester or sugar moieties at its terminal 

end. To the phosphate group a number of different head groups are attached which form the 

body of the phospholipids. These phospholipids are organized in a bilayer in the cell 

membrane protecting the cell against the environment. Some polar lipids carry sugar moieties 

instead of the phosphate head group, the glycolipids, which are usually found at the outside 

of the cell mediating cell contact or cell-cell communication. The functional distinction 

between phospho- and glycolipids is blurred in Caulobacteriales where glycolipids seem to be 

able to replace many of the phospholipids in the cell wall. Furthermore, fatty acids bound to 

glycerol alone as triglycerols are storage compounds. Fatty acids can also be found in 

bacteria as bound lipids, e.g. in lipoproteins and in the lipopolysaccharides. All fatty acids in 

the cells in whatever form they occur are called cellular fatty acids. Their composition is 

often characteristic for a number of taxa and used for their identification [162-163]. 

The formation and metabolism of fatty acids is a critical function of the cell, however, 

little is known about the kinetics of their formation. It has been reported that phospholipids 

show high turnover rates and that they are rapidly degraded by phospholipases after the death 

of the cell [164-165] qualifying them for valuable markers for living biomass in 

environmental samples [166]. 

1.10.3  Single-Strand Conformation Polymorphism (SSCP) 

Single-Strand Conformation Polymorphism was originally described to detect 

mutations and aberrations, and even mobility shift of a single base can be observed in human 

genomic DNA [167]. The technique is based on differences caused by their folded secondary 

structure, therefore the migration pattern of PCR amplicons as single-strand fragments in 

acrylamide gel electrophoresis are different. The single-strand fragment is generated by the 

digestion of the phosphorylated strands (from phosphorylated primer) by an exonuclease 

enzyme. 

Schwieger and Tebbe [168] developed a new approach for the SSCP technique to 

analyse microbial diversity in soil samples. Afterwards several works have been applied 

SSCP as a technique to detect microbial diversity in different kind of samples, such as in raw-

milk cheeses [169], bee guts [170], soil fungal communities in natural forest [171], in BTEX 

(Benzene, Toluene, Ethyle Benzene, Xylene) contaminated soils [172], maize rhizospheres 

[173], anaerobic digestors [174] and biofilms [142]. 
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1.10.4  Microscopy methods to analyze biofilm structures 

1.10.4.1  Alternative microscopic methods to analyse biofilms 

Modern microscopic techniques other than CLSM have been used to analyse biofilms, 

such as transmission electron microscopy (TEM), which is an imaging technique whereby a 

beam of electrons is focused onto a specimen, was used in combination with high-pressure 

freeze-substitution to analyse natural structures of Pseudomonas aeruginosa PAO1 biofilms 

and their integration with the surrounding EPS, which is composed of polymeric and 

particulate substances [175]. Atomic force microscopy (AFM), which operates by measuring 

attractive or repulsive forces between a tip and the sample, was used to investigate the 

adhesion of E. coli in modified surfaces [176]. Biofilms formation on intraocular lenses were 

monitored by scanning electron microscopy (SEM) [177]; in this technique a beam of 

electrons in a vacuum is collimated by electromagnetic condensor lenses, focused by an 

objective lens, and scanned across the surface of the sample. 

1.10.4.2  Confocal Laser Scaninig Microscopy (CLSM) 

The main instrument to study biofilm structures is the CLSM. CLSM is an optical 

microscopy technique that is based on conventional wide-field fluorescence microscopy and 

offers the observation of thin optical sections in thick, intact fluorescent specimens. 

Basically, CLSM is a conventional microscope equipped with a laser light source, a laser 

scanning head, an automatic focusing stage and connected to a PC. A point light source is 

imaged on the object plane and the emitted fluorescence light is detected by a 

photomultiplier. On a computer screen the point is displayed as pixel and by scanning the 

object point by point, line by line optical sections are recorded. CLSM allows the 

construction of 3D images, due to its ability to perform optical sectioning; thicker samples 

can be imaged and reconstructed. 
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1.11 Aim of the work 

The River Nile and the Mediterranean Sea in Egypt are polluted areas because they 

receive the major part of the Egyptian Nile Delta Governorates mixed wastewater where are 

chemical factories. On the fringe of the Egyptian Nile Delta lay five Delta lakes. The Delta 

lakes are connected to the River Nile distributaries by either canals or drainage ditches and 

several lakes exchange water with the Mediterranean Sea as well. 

The most dangerous pollutants described in the collected samples from Nile Delta 

lakes, Mediterranean and Red Sea were polycyclic aromatic hydrocarbons (PAHs), pesticides 

(e.g hexachlorocyclohexane isomers (HCHs), cyclodienes and 

dichlorodiphenyltrichloroethane (DDT)), polychlorinated biphenyls (PCBs) and heavy 

metals. The average concentration of pesticides recorded in some marketable fish in Egypt 

was 20-211 ng/g of wet weight. The concentrations of PCBs in composite sediment samples 

from three Nile Delta lakes in Egypt ranged from 18 to 71 ng/g. The concentrations of PCBs 

in mussel samples collected from Mediterranean Sea ranged from 8 to 437 ng/g of wet 

weight. The concentration of pesticides in mussel samples collected from Mediterranean Sea 

ranged from 62 to 2232 ng/g of wet weight [178-181]. 

Soil and sediments of canals, drainage ditches and several lakes accumulate both 

natural and industrial wastes and can provide a diversity of microorganisms able to grow on 

these pollutants. The soil/sediment samples of drainages of different factories (food 

production, detergents, edible oils & soap production, plastics, paper mills, electronic articles, 

tannery), sewage from cities, Egyptian Mediterranean Sea coast and drainage of some 

agricultural lands were collected from five Egyptian Nile Delta Governorates (Alexandria, 

Gharbia, Kafr El-Sheikh, Monufia and Qalyubia). 

The objective of this study was to determine the diversity of bacteria and fungi able to 

metabolize and grow on γ-HCH as an example of organochlorine pesticides and on BDE as 

an example of polybrominated biphenyls using classical microbiological and analytical 

methods and characterization of the most tolerant one by FAME profile. In addition to 

isolation and identification of the most active bacteria and fungi for γ-HCH and BDE, the 

present work also aimed to study by SSCP gel profiling the microbial biofilm communities 

which colonized γ-HCH and BDE droplets using polluted soil and sediment samples as 

inoccula and investigate whether these microbial communities differ from those isolated by 

classical microbiological methods. This was further supported by characterizing the 

structures of these microbial communities by CLSM. 
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2 Materials 

2.1 Instruments 

96-well plate shaker & incubator Titramax 1000, Incubator 1000, Heidolph 

Autoclave  Bioclav 32-2-3, KSG Sterilisator GmbH, 

Olching, Germany 

Balances 1501; Extend, Sartorius 

Centrifuges  5415 R, Eppendorf, Hamburg, Germany; 

RC 5C, Sorvall, ThermoScientific, 

Thermofisher; Multifuge1 S-R, Heraeus, 

ThermoScientific 

Clean bench  HSP 15, Heraeus, ThermoScientific 

Cooling thermostat Ecoline  RE 104, Lauda 

Confocal laser scanning microscopy TCS SP5, Leica, Heidelberg, Germany 

Evaporator TR-L 288, Liebisch 

Gas chromatography (GC) 7683 Series Injector, Agilent; 

6890N Network GC System, Agilent 

Technologies 

Horizontal electrophoresis system 2010-001 Macrophor Electrophoresis 

Unit, LKB Bromma, Bromma, Sweden 

Magnetic stirrer  M20/1, Framo-Gerätetechnick 

Multi-well plate reader  µQuant, Synergy™ 4, Bio-TEK 

pH-Meter  WTW pH 325, Biochem Laborbedarf, 

Weilburg, Germany 

Photometer BioPhotometer, Eppendorf, Hamburg, 

Germany 

Pipettes Research 0.5-10 µl/10-100µl/20-200 

µl/100-1000 µl, Eppendorf 

Scanner HP Scanjet G4050 

Shaker Duomx 1030, Heidolph 

Shaker incubator Certomat® BS-1, Sartorius Stedim 

Biotech 

Spectrophotometer NanoDrop 2000c, PeqLab Biotechnologie 

GmbH, Erlangen, Germany 

Speed-vac Concentrator 5301, Eppendorf, Hamburg, 

Germany 
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Thermocycler Mastercycler, Eppendorf, Hamburg, 

Germany 

Thermomixer Compact, Eppendorf, Hamburg, Germany 

Tissue & cell homogenizer FastPrep® -24, MPBiomedicals, 

Eschwege, Germany 

Vertical electrophoresis system Perfect Blue Dual Gel System Twin L, 

PeqLab, Erlangen, Germany 

Vortexmixer IKA® MS 3 basic; Scientifica 

Water purification  water purification system Milli-Q 

Academic A10, Millipore 

 

2.2 Chemicals & reagents 

The test compounds γ-hexachlorocyclohexane (γ-HCH) and 4, 4`-bromodiphenylether (BDE) 

were purchased from Sigma-Aldrich (Steinheim, Germany). The chemicals used in the current study 

were supplied by Sigma-Aldrich, Merck (Darmstadt, Germany), Fluka (Buchs, Switzerland) and Roth 

(Karlsruhe, Germany). 

Lambda exonuclease and Lambda exonuclease buffer were purchased from New England 

Biolabs (Schwalbach, Germany); the primers were from Invitrogen (Karlsruhe, Germany) and the 

reagents for PCR (Taq polymerase, buffer, dNTP’s & MgCl2) were supplied by Qiagen (Hilden, 

Germany). The cell proliferation reagent (WST-1) was purchased from Roche Diagnostics GmbH, 

Roche Applied Science (Mannheim, Germany). 
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2.3 DNA markers 

 Company  

1Kb DNA Ladder GeneRuler™, Fermentas 

DNA Molecular Weight III 

(0.12-21.2 Kbp) 

Roche Applied Science, Mannheim, Germany 

 

 

2.4 Staining solutions 

 Company  

DAPI dihydrochloride Nucleic Acid Stain Molecular Probes, Invitrogen, Karlsruhe, 

Germany 

FilmTracer™ SYPRO
®
 Ruby Biofilm Matrix 

Stain  

Molecular Probes, Invitrogen, Karlsruhe, 

Germany 

Nile Red Stain Sigma, St. Louis, MO 

 

 

2.5 Kits 

 Company  

DyeEx
™

 2.0 96 Plate (1) Spin Kit  Qiagen, Hilden, Germany 

Fast-DNA
® 

Spin for Soil Kit Q-Biogen, MP Biomedicals, Heidelberg, 

Germany 

Live/Dead
® 

BacLight
™

 bacterial viability kit Molecular Probes, Invitrogen, Karlsruhe, 

Germany 

MiniElute
™

 Spin Columns Kit  Qiagen, Hilden, Germany 

NucleoSEQ Columns Kit Macherey Nagel, Düren, Germany 

PCR Clean-up Gel extraction kit Nucleospin 

Extract II  

Macherey Nagel, Düren, Germany 

Qiagen II Agarose Gel Extraction Kit Qiagen, Hilden, Germany 
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2.6 Media, buffers & solutions 

2.6.1 Minimal growth medium (M9) 

Mineral-buffer solution 100 ml 

Magnesium solution 0.67 ml 

Iron-EDTA solution 4 ml 

Iron-EDTA solution 1.33 ml 

distilled water 1000 ml 

 (Sterile filtered, pH 7.0±0.2) 

 

Mineral-buffer solution 

Na2HPO4 .2 H2O 87.78 ml 

KH2PO4 30 g 

(NH4)2SO4 12.37 g 

distilled water 1000 ml 

(Autoclaved) 

Magnesium solution 

Mg2SO4 .7 H2O 246.48 g 

distilled water 1000 ml 

(Autoclaved) 

Iron-EDTA solution 

Fe2SO4 .7 H2O 3.20 g 

EDTA 12.37 g 

distilled water 1000 ml 

(Autoclaved) 

Trace elements solution 

MgO 10.75 g 

Fe2SO4 .7 H2O 4.5 g 

CaCO3 2.0 g 

ZnSO4 .7 H2O 1.44 g 

MnSO4 .2 H2O 0.87 g 

CoSO4 .7 H2O 0.28 g 

CuSO4 .5 H2O 0.25 g 

H3BO3 .7 H2O 0.06 g 

Conc. HCl 51.3 ml 

distilled water 1000 ml 

            (Autoclaved) 

 

2.6.2 Basic medium (M269) 

(NH4)2SO4 2 g 

KCl 100 mg 

K2HPO4 500 mg 

MgSO4.7H2O 500 mg 

distilled water 1000 ml 

(Autoclaved, pH 7.0) 
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2.6.3 Basic Czapek-DOX medium 

NaNO3 3 g 

K2HPO4 1 g 

MgSO4.7H2O 0.5 g 

KCl 0.5 g 

FeSO4.7H2O 0.01 g 

distilled water 1000 ml 

  (Autoclaved, pH 6.8±0.2) 

2.6.4 LB-medium (Luria Bertani medium) 

Tryptone 10 g 

Yeast extract 5 g 

NaCl 5 g 

distilled water 1000 ml 

(Autoclaved, pH 7.0) 

2.6.5 R2A medium 

Yeast extract 0.5 g 

Proteose peptone NO. 3 0.5 g 

Casamini acids 0.5 g 

Dextrose 0.5 g 

Soluble starch 0.5 g 

Sodium pyruvate 0.3 g 

K2HPO4 0.3 g 

MgSO4 0.05 g 

distilled water 1000 ml 

(Autoclaved, pH 7.2±0.2) 

2.6.6 PDA (Potato-Dextrose-Agar) medium 

Potato starch (from infusion)* 4 g 

Dextrose 20 g 

distilled water 1000 ml 

*Approximates 200 g of infusion from potatoes 

(Autoclaved, pH 7.2±0.2) 

*Solid medium was prepared by adding of 15 g/L of agar to the medium. 

2.6.7 TE buffer (Tris-EDTA-muffer) 

Tris-HCl (2-amino-2-(hydroxymethyl)-1,3-

propanediol HCl, 1M, pH 8.0) 

(12.114 g / 100 ml distilled 

water) 

5 ml 

EDTA (ethylenedinitrilotetraacetic acid, 0.5M, 

pH 8.0) 

(18.6 g / 100 ml distilled 

water) 

1 ml 

distilled water  500 ml 

(Autoclaved, pH 7.0) 

2.6.8 TBE buffer (Tris-Borate-EDTA-buffer) (10X) 

Tris base 108 g 

Boric acid 55 g 

Na2EDTA.2H2O 8.3 g 

distilled water 1000 ml 

 (Autoclaved, pH 8.0) 
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2.6.9 SSCP loading buffer 

Formamide 47.5% 

NaOH 5 mM 

Bromophenol blue 0.12% 

Xylene cyanol 0.12% 

(Autoclaved) 

2.6.10 SSCP elution buffer 

Tris buffer 10 mM 

KCl 5 mM 

MgCl2.6H2O 1.5 mM 

TritonX-100  (pH 9.0) 0.1% 

(Autoclaved) 

2.6.11 PBS (Phosphate buffered saline) (10X) 

NaH2PO4 0.54 g 

Na2HPO4 0.85 g 

NaCl 8.75 g 

distilled water 1000 ml 

(Autoclaved, pH 7.0) 

 

2.6.12 PFA solution (paraformaldehyde) (4%) 

PFA (10%)  4 ml 

PBS 100 ml 

 

 

 

2.6.13 Solutions for the preparation of Fatty Acid Methyl Esters (FAMEs) 

 
Solution 1 

Methanol 100 ml 

15% NaOH (w/v) 100 ml 

 

 

Solution 2 

Methanol 100 ml 

37% HCl 20 ml 

 

 
Solution 3 

Hexane 100 ml 

Tetra-butyl ethyl ether 100 ml 

 

 
Solution 4 

NaOH 0.5 M 
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2.7 Primers 

Primer Sequence  

16F27 5`-AGAGTTTGATCMTGGCTCAG-3` 

16R1492 5`-TACGGYTACCTTGTTACGACTT-3` 

16R1087 5`-ACTGGCGGACGGGTGAGTAA-3` 

16F945 5`-TACGGYTACCTTGTTACGACTT-3` 

16R518 5`-AGAGTTTGATCMTGGCTCAG-3` 

16F357 5`-CCGCTTGTGCGGGCCCCCGTC-3` 

16FCOM1 5`-CAGCAGCCGCCGTAATAC-3` 

16RCOM2-Ph 5`-P-CCGTCAATTCCTTTGAGTTT-3` 

18FITS1 5`-CTTGGTCATTTAGAGGAAGTAA-3` 

18RITS4 5`-TCCTCCGCTTATTGATATGC-3` 

18FNS7 5`-GAGGCAATAACAGGTCTGTGATGC-3` 

18RNS8-Ph 5`-P-TCCGCAGGTTCACCTACGGA-3` 

 

2.8 Software 

 Microsoft®Office 2007 

 Gen5 1.06 (BioTek) 

 Adobe® Photoshop®Professional 7 

 Adobe®Acrobat®Professional 7 

 Endnote X3.0.1(Thomson) 

 Sequencher™ 4.8 (Gene Codes Corporation, Ann Arbor, USA) 

 BioEdit 7.0.5.3 

 MEGA version 4 

 ClustalW (EMBL, Hinxton, UK) 

 GIMP 2.6 

 Leica confocal software, version 2.5, Build 1347d 
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3 Experimental methods 

3.1 Collection of soil/sediment samples 

A total of twelve soil/sediment samples (approx. 50 g) were collected from Egypt at different 

locations, as listed in Table 2 and shown in Figure 9, around factories which produce chemicals, 

insecticides, and pesticides. The samples were collected in plastic bags, homogenized and stored at 

4°C until use [182]. 

Table 2: List of locations of samples used in the study 

 

Locations number Governorate No. of sites 

1 Alexandria 4 

2 Kafr El-Sheikh 1 

3 Gharbia 1 

4 Qalyubia 2 

5 Monufia 4 

 

 

Figure 9: Maps showing the sampling locations in Egypt 
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3.2 Isolation and purification of the γ-HCH & BDE-degrading 

bacteria and fungi 

One gram of soil was incubated in 250 ml Erlenmeyer flasks containing 100 ml of M9 

medium with γ-HCH or BDE (2 mM) as the sole source of carbon and energy. After one month of 

cultivation at 30°C and shaking on a rotary shaker operated at 150 rpm, bacteria and fungi were 

isolated from the soil through serial dilutions in PBS buffer. One hundred microliters of the dilution 

were spread onto M269 minimal medium (for bacteria) and basic Czapek-DOX medium (for fungi) 

agar plates supplemented with crystals of γ-HCH or BDE in the lid of the plate.  

After 7 days of incubation, colonies were picked up and transferred to new plates by repeated 

subculturing and streaking on R2A medium or LB (for bacteria) and PDA medium (for fungi) agar 

plates until pure cultures were obtained. 

3.3 Stock cultures 

For stock cultures a loop of a pure culture was added to 750 μl sterile LB or R2A medium-

depending on the isolate and PDA medium for bacteria and fungi, respectively in a 2 ml cryo-vial and 

incubated for one day and 3 days for bacteria and fungi, respectively at 30°C. Then 500 μl sterile 

glycerol was added, the vial was mixed by vortexing and frozen at -20°C. 

3.4 Sequencing of bacterial 16S and fungal 18S rRNA genes 

3.4.1 Genomic DNA extraction 

A colony of strains was picked up and resuspended in 50 μl TE-buffer and kept for 15 min at 

96°C in a heating block. The suspension was centrifuged for 1 min at 15.700 x g to pellet the cell 

debris. The DNA-containing supernatant was utilized for the following polymerase chain reaction 

(PCR). Alternatively, in case of a negative result, the bacterial and fungal DNA were extracted by 

employing the FastDNA® Spin Kit for Soil by following the supplier’s instructions. Yield of genomic 

DNA was measured in a NanoDrop spectrophotometer by measuring the absorbance at 260 nm. Purity 

was determined by calculating the ratio of absorbance at 260 nm to absorbance at 280 nm. A pure 

DNA has an A260/A280 ratio of 1.7 - 1.9. 

3.4.2 Amplification of the DNA by Polymerase Chain Reaction (PCR) 

The extracted DNA was amplified by PCR [183], which is a method that enables the 

exponential augment of particular sequences of the DNA by enzymatic replication. Those were 

appointed by using specific sets of primer pairs which enabled the amplification of a special region of 

the DNA template. The primers, short oligonucleotides, bind at specific regions coding for the 16S 

ribosomal RNA gene (16S rRNA) or 18S rRNA of the denaturated bacterial and fungal DNA 

template, respectively. The polymerase enables the synthesis of the new complementary DNA strand 

to the primers by the accumulation of free desoxynucleosidtriphosphates (dNTP’s). The PCR 
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reactions were performed in a thermocycler at a total volume of 50 µl using the temperature programs 

as described in Table 3, Table 4, Table 5, and Table 6. 

 

Table 3: Composition of the 16S rRNA PCR reaction 

 

Volume (μl)    

1         Forward primer 16F27  

1      Reverse primer 16R1492  

2 dNTP’s 

5 10 x Taq-Buffer 

39.5 ddH2O 

1 Template 

0.5 Taq-Polymerase 

  

50 PCR reaction 

 

Table 4: Temperature program for the 16S rRNA PCR 

 

Temperature (°C)  Time  

94 Initial denaturation 3 min  

94 Denaturation 40 sec  

60 Annealing 1 min 30 cycles 

72 Elongation 1.5 min  

72 Final elongation 5 min  

 

Table 5: Composition of the 18S rRNA PCR reaction 

 

Volume (μl)    

2 Forward primer ITS1 

2 Reverse primer ITS4 

1 dNTP’s  

2 MgCl2 

5 10 x Taq-buffer 

35.5 ddH2O 

2 Template 

0.5 Taq-polymerase 

  

50 PCR reaction 

 

Table 6: Temperature program for the 18S rRNA PCR 

 

Temperature(°C)  Time  

94 Initial denaturation 5 min  

94 Denaturation 40 sec  

55 Annealing 45 sec 35 cycles 

72 Elongation 1.5 min  

72 Final elongation 7 min  
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3.4.3 Gel electrophoresis 

The size of DNA fragments was determined by electrophoresis on 1.5 % agarose gels. The 

necessary amount of agarose was dissolved in 1X TBE buffer. The samples were loaded onto the gel 

and the electrophoresis was performed at 100 Volt cm-1 in 1X TBE buffer. DNA was visualized by 

soaking in a dilute solution of ethidium bromide.  

After separation on agarose gels, the DNA fragments of interest were excised from the gel by 

a lancet, weighted and treated by the Qiagen II Agarose Gel Extraction Kit. The extraction was 

performed according to the suggested protocol of the provider. The PCR products were purified by 

employing the PCR Clean-up Gel extraction Kit Nucleospin Extract II by implementing the 

manufacturer’s instructions. 

3.4.4 Sequencing reaction 

The 16S and 18S rRNA genes were sequenced to enable a phylogenetic analysis of the 

bacterial and fungal strains. This was performed by employing the classical chain-termination or 

Sanger method which requires a single-stranded DNA template, a DNA primer, a DNA polymerase, 

fluorescence labelled nucleotides and modified nucleotides that terminate DNA strand elongation. 

The DNA sample is divided into four separate sequencing reactions, containing the four standard 

deoxynucleosidtriphosphates (dATP, dGTP, dCTP and dTTP) and the DNA polymerase. For each 

reaction one of the four fluorescence labeled dideoxynucleosidtriphosphates (ddATP, ddGTP, ddCTP, 

or ddTTP) is added. These ddNTP’s are the chain-terminating nucleotides, lacking a 3`-OH group 

required for the formation of a phosphodiester bond between two nucleotides during DNA strand 

elongation. Incorporation of a ddNTP into the elongation DNA strand therefore terminates DNA 

strand extension, resulting in various DNA fragments of varying length. The dideoxynucleotides are 

added at a lower concentration than the standard deoxynucleotides to allow strand elongation 

sufficient for sequence analysis. The sequencing reactions were performed in a thermocycler at a total 

volume of 10 µl by using the temperature program as described in Table 7, Table 8, and Table 9. 

 

Table 7: Composition of the sequencing reaction for 16S rRNA PCR product 

 

Volume (μl)    

2 BigDye RR Mix (Applied Biosystems, Darmstadt) 

1 

2.5 

BigDye Buffer (Applied Biosystems, Darmstadt) 

ddH2O 

0.5  

0.5  

0.5  

0.5  

R1087 

F945 

R518 

F357 

4 Purified PCR product 

  

10 PCR reaction 
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Table 8: Composition of the sequencing reaction for 18S rRNA PCR product 

 

Volume (μl)    

2 BigDye RR Mix 

1 

2.5 

BigDye Buffer 

ddH2O 

0.5  

0.5  

FITS1 

RITS4 

4 Purified PCR product 

  

10 PCR reaction 

 

Table 9: Temperature program of the sequencing reaction for 16S & 18S rRNA PCR product 

 

Temperature (°C)  Time  

96 Initial denaturation 1 min  

96 Denaturation 30 sec  

60 Annealing 10 sec 25 cycles 

60 Elongation 4 min  

72 Final elongation 5 min  

 

The sequencing reaction products were purified by employing the DyeEx 2.0 Spin Kit by 

implementing the specifications which are provided by the supplier’s manual. The purified 

sequencing reaction products were dried in vacuum centrifuge and analyzed using an ABI PRISM 

BigDye Terminator v1.1 Ready Reaction Cycle Sequencing Kit (Applied Biosystems) and employing 

an ABI 3130xl Genetic Analyser (Applied Biosystems, Darmstadt). 
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3.4.5 Homology analyses 

The gene sequences were annotated using the Sequencher™ 4.8 Software. DNA similarity 

searches were performed using the BlastN  program and the databases of EMBL and GenBank from 

the National Center for Biotechnology Information website (NCBI) 

http://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&BLAST_PROGRAMS=megaBlast&PAG

E_TYPE=BlastSearch&SHOW_DEFAULTS=on&LINK_LOC=blasthome  and  

http://rdp.cme.msu.edu/seqmatch/seqmatch_intro.jsp. For filtration and manipulation (reverse 

complement) of DNA, the following web site was used: 

http://www.bioinformatics.org/sms/index.html.  

Phylogenetic and molecular evolutionary analysis for 16S and 18S rRNA gene nucleotide 

sequences were conducted for sequence alignments using the computer programs ClustalW [184] and 

BioEdit 7.0.5.3 (Hall et al., 1999) and implemented in MEGA software version 4  [185]. 

Phylogenetic trees were constructed using the Neighbor-Joining (N-J) method  algorithm 

[186]. Distances were generated using the Kimura Matrix, and the tree stability was supported 

through Bootstrap analysis (1000 replications) according to Junca and Pieper [172]. 

3.5 Selection of the best bacterial and fungal strains for degradation 

3.5.1 Liquid cultures for inoculation 

Bacterial and fungal strains from frozen stock cultures were streaked on R2A or LB and PDA 

agar plates, respectively and incubated at 30°C until the formation of the colony was visible. Single 

colonies were used for inoculation of liquid cultures. 

3.5.2 Bacterial inoculum preparation 

Single colony was inoculated in liquid culture (LB or R2A medium). The culture was 

incubated overnight at 30°C with orbital shaking at 150 rpm. A volume of 300 µl of the culture 

showing OD600 = 0.5 - 0.7 was transferred into the liquid culture (M269) which contain 2 mM of 

compounds (γ-HCH or BDE) to be tested. This culture was incubated at the same conditions. 

3.5.3 Fungal inoculum preparation 

Inocula were prepared by transferring 7 days old conidia grown on PDA slopes into 5 

ml sterile dH2O. Each slant was shaken vigorously for one min., and then added to 95 ml 

sterile water and few drops of Tween-80 for homogeneity. This spore suspension contains 

about 10
5
 - 10

7
 spores / ml. Two hundred microliters of spore suspension of each species was 

inoculated into Czapek-DOX broth medium with 2 mM of halogenated compounds (γ-HCH 

or BDE) and incubated at 28 ± 2°C in a rotary shaker (150 rev/min). 

http://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&BLAST_PROGRAMS=megaBlast&PAGE_TYPE=BlastSearch&SHOW_DEFAULTS=on&LINK_LOC=blasthome
http://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&BLAST_PROGRAMS=megaBlast&PAGE_TYPE=BlastSearch&SHOW_DEFAULTS=on&LINK_LOC=blasthome
http://rdp.cme.msu.edu/seqmatch/seqmatch_intro.jsp
http://www.bioinformatics.org/sms/index.html
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3.5.4 An absorbance-based cell viability assay using high absorptivity, 

Water-soluble Tetrazolium salts (WST-1) 

Quantitation of tissue culture cells has been the hallmark for the determination of 

efficacy of agents that either promote or inhibit cell growth. While cells grown in suspension 

can be counted directly, most tissue cultures are grown in monolayer culture, which requires 

dispersal using proteolytic agents such as trypsin prior to quantitation. Dispersed cells can be 

directly quantitated both manually with the use of a microscope and a hemocytometer or in 

an automated cell counter. These methods are slow and labor intensive, requiring individual 

samples to be quantitated individually. There are a number of different indirect 

methodologies to quantitate cell number with large numbers of samples using microplates. 

Simple total protein and nucleic acid assays that indirectly provide information regarding cell 

number or more specifically changes in cell number are based on the concept that cells on 

average have a constant amount of these polymers. However, these assays do not necessarily 

provide information regarding the viability of the cells in question and several “live cell” 

assays have been developed. Tetrazolium salts are reduced enzymatically to produce colored 

formazan dyes. One of the first and most notable of these salts is (3-(4,5-Dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide) MTT, which produces a colored insoluble product that 

has to be solublized with ethanol. Improvements of the tetrazolium substrates have produced 

compounds that have water soluble products; the first of which is WST-1. This compound 

has a maximal absorbance wavelength of 438 nm. Further improvements in the tetrazolium 

salts have improved both reactivity and molar absorbtivity, along with decreasing toxicity. 

NADH (nicotineamido adenine dinucleotide reduced form) and NADPH (nicotineamido 

adenine dinucleotide phosphate reduced form) are generated from NAD
+
 or NADP

+
 by the 

reaction of dehydrogenase enzymes and their substrates, such as lactate dehydrogenase and 

lactic acid respectively. Therefore, the tetrazolium salt is utilized for the determination of the 

dehydrogenase activity or a substrate of the dehydrogenase [187]. 

The bacterial and fungal cell density was quantified by measuring the viability of the 

cells using WST-1 reagent, starting at 0 incubation time. One hundred and sixty microliters of 

culture was incubated with 20 µl of WST-1 in a 96-well plate for 30 min with shaking at 650 

rpm and at 30°C. The absorbance was measured at λ of 450 nm. 
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3.6 Analytical methods 

3.6.1 Preparation of Fatty Acid Methyl Esters (FAMEs) 

For the saponification of the bacterial fatty acids 40 mg wet cells were resuspended in 1 ml of 

solution 1 in a 4 ml glass vial and securely sealed with a Teflon lined cap. The suspension was boiled 

for 1h at 100°C in a heating block. Then the solution was cooled to room temperature. 

To methylate the saponified fatty acids 1.8 ml of solution 2 was added followed by another 

heating step at 80°C for 10 min. The reaction was quickly stored on ice until cooled. For the 

extraction of the fatty acid methyl esters (FAMEs) from the aqueous phase, 0.9 ml of solution 3 was 

added. After vigorous vortexing for 30 seconds, the upper organic phase was transferred to a new 4 ml 

vial. This extraction step was performed three times. To prevent contamination from the organic 

phase during gas chromatography analysis, 3 ml of basic solution 4 were added. After vortexing again 

for 30 seconds the organic phase was transferred to a 2 ml crimp top vial. The solvent was evaporated 

by a gentle stream of nitrogen. For the gas chromatographic analysis FAMEs were resuspended in n-

octane containing internal standard n-alkanes C24H50 and C16H34. 

3.6.2 Gas Chromatography (GC) 

The extracted FAMEs were analysed by employing an Agilent 6890N gas chromatograph 

equipped with a 5% -PhenylMethylpolysiloxan Optima 5 capillary column (50 m length; 0.32 mm 

inner diameter; 0.25 μm film thickness and a Flame Ionisation Detector (FID). Hydrogen served as 

the carrier gas. For FAMEs analysis the injector temperature was set to 250°C and the detector 

temperature was 300°C. The oven program for the FAMEs analysis was 100°C for 2 minutes, 

subsequently increasing the temperature to 290°C at 4°C min-1. The heating steps are followed by an 

isothermal period of 10 minutes. 

3.7 Methodological approaches to survey the microbial biofilm 

diversity 

3.7.1 Biofilm microcosms 

About five grams of homogenised soil/sediment sample were placed in a 100 ml stoppered 

glass vessel and 80 ml of sterile tap water were added (Figure 10). Six parallel microcosms per soil 

sample and per compound were prepared, resulting in 144 microcosms in total. Twenty mg of each 

tested compound were dissolved in 1 ml of dichloromethane (DCM). Droplets of 25 μl of each tested 

compounds were placed on sterile Permanox(Nunc, USA) plastic slides (100 x 20 mm) and the 

DCM was allowed to evaporate. Permanox is a polyester which does not react with DCM. One 

slide, loaded with 8 droplets of each compound, was placed in each microcosm, sides with droplets 

facing the water surface of a reservoir. The microcosms were maintained at room temperature. 
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Figure 10: Scheme of the microcosm used to grow biofilm. 

 

 
Figure 11: Schematic protocol of methodological approaches to survey microbial biofilm 

diversity. 

 

3.7.2 Extraction and amplification of the DNA 

The biofilm communities were harvested weekly with a sterile cotton swap from 4 γ-

HCH or BDE droplets, transferred to columns provided in the commercially available 

FastDNA


 SPIN


 Kit for Soil, and the total DNA was extracted according to the 

manufacturer’s instructions.  
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Partial bacterial 16S rRNA gene sequences were amplified using the primers COM1F 

(binds to the positions 519 to 536 of E. coli) and COM2-phosphorylated (binds to the 

positions 907 to 926 and containing a 5`-terminal phosphate group), as described in [168]. 

These primers amplify a region of the DNA that code for 16S ribosomal RNA (rRNA), a 

gene of about 1520 nucleotides that is widely used for the analysis of the phylogeny of 

bacteria. 16S rRNA are extremely well conserved molecules in overall structure and a 

significant component of the cellular mass [188], where they exhibit 9 small variable regions 

which allow species differentiation, thus identification. 

Partial fungal 18S rRNA gene sequences were amplified using the primers NS7F 

(binds to the positions 1185 to 1207) and NS8-phosphorylated (binds to the positions 1508 to 

1527 and containing a 5`-terminal phosphate group), as described by (Peters et al., 2000) 

[189]. The PCR reactions were performed in a thermocycler in a total volume of 50 µl, as 

shown in Table 10, Table 11, Table 12 and Table 13.  

Table 10: Composition of the COM-PCR reaction 

 

Volume (μl)    

2 Forward primer Com1  

2 Reverse primer Com2-Ph  

1 

2 

dNTP’s  

MgCl2 

5 10 x Taq-buffer 

35.5 ddH2O 

2 Template 

0.5 Hot star Taq-polymerase 

  

50 PCR reaction 

 

Table 11: Temperature program for the COM-PCR 

 

Temperature (°C)  Time  

95 Initial denaturation 15 min  

94 Denaturation 40 sec  

50 Annealing 40 sec 30 cycles 

72 Elongation 1 min  

72 Final elongation 10 min  
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Table 12: Composition of the NS-PCR reaction 

 

Volume (μl)    

2 Forward primer NS7 

2 Reverse primer NS8-Ph 

1 

2 

dNTP’s  

MgCl2 

5 10 x Taq-buffer 

35.5 ddH2O 

2 Template 

0.5 Hot star Taq-polymerase 

  

50 PCR reaction 

 

Table 13: Temperature program for the NS-PCR 

 

Temperature (°C)  Time  

94 Initial denaturation 3 min  

94 Denaturation 60 sec  

50 Annealing 60 sec 35 cycles 

72 Elongation 70 sec  

72 Final elongation 5 min  

 

The PCR products obtained from the sequence reaction were purified with the PCR Clean-up 

Gel extraction Kit Nucleospin Extract II by following the manufacturer’s instructions. 

 

3.7.3 SSCP fingerprint & sequencing analysis of the microbial community 

Single Stranded Conformation Polymorphism (SSCP) is a technique for genetic 

profiling of microbial communities based on PCR-amplified signature genes. It is an 

important technique to evaluate natural viability between microbial communities, i.e., in 

response to environmental changes. It is a culture-independent method that contributes to 

both the fast differentiation and identification of microorganisms, even for those 

microorganisms which have not yet been cultured in the laboratory [190].  

The phosphorylated strand of PCR product from the reaction with COM and NS 

primers were digested with 2.5 µl lambda exonuclease buffer and with 2.5 µl lambda 

exonuclease for 1 hour at 37°C and 700 rpm in a mixer. This enzyme removes the 

phosphorylated strand, resulting in a single strand DNA product and further purified with 

MiniElute Kit by following the manufacturer’s instructions. The amount of DNA was 

measured by a NanoDrop spectrophotometer and 100 ng of DNA was dried in a vacuum 

centrifuge at 30°C for about 20 minutes. The DNA was then resuspended in 4 µl denaturating 

SSCP loading buffer. Three DNA markers were prepared; each one had 3 µl SSCP loading 
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buffer and 1 µl DNA marker. All samples and two markers were heated at 96°C for 2.5 

minutes, then cooled down quickly in a water-ice bath at least for 3 minutes and then 

subjected to SSCP in a polyacrylamide gel [168]. 

The gel consisted of 9 ml MDE TM gel (2-fold concentrated solution Acrylamide, 

BMA Lonza, Rockland, USA); 3 ml 10X TBE buffer; 18 ml bidistilled water; 120 µl 10% 

ammonium persulfate (APS) and 12 µl N,N,N`,N`tetraethylmethylendiamine (TEMED, 

Amresco, Solon, Ohio, USA). 

Before pouring the gel, two glass plates (thermo-glass-plate and glass-gel-plate) were 

washed with detergent, water and cleaned with absolute ethanol. The glass-gel-plate was then 

coated with a solution of 3 ml (100 %) ethanol; 30 µl of acetic acid and 30 µl of Bind-silane 

(GE Healthcare Bio-Science AB, Uppsala, Sweden). The other glass plate was treated with 1 

ml of Repel-silane ES (Amersham Bio-Science, Uppsala, Sweden). After 10 minutes, both 

plates were gently cleaned with absolute ethanol and dried for 10 minutes. Spacers (0.4 mm) 

were placed between the plates and secured with clamps. The gel was poured between the 

plates and allowed to polymerize for 2.5-3 hours. 

The SSCP chamber was filled with 1X TBE and the apparatus was connected to a 

cooling water system adjusted to 20°C. The 8 µl samples and 4 µl markers were loaded into 

the gel pockets and it was run at 400 V for 16 hours. Afterward, the gels were silver stained 

according to [191] as described in Table 14. 

The single bands obtained in the SSCP gel were excised from the gel and DNA was 

extracted with 50 µl of SSCP elution buffer at 96°C, 700 rpm mixer for 15 minutes. Extracts 

were centrifuged at 15.700 x g for 1 minute and the DNA in the supernatant fluid was used 

for amplification using PCR with the same primers described above. The PCR-product was 

purified by MiniElute Kit for the sequence reaction. 

The purified PCR-product was sequenced using the same primers, cleaned with the 

DyeEx
™

 Spin Kit and then the sequence analyzed as described before. 
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Table 14: Siver-Staining of SSCP gel procedure 

 

Step Quantity Composition Time 

1. Fixation: 500 ml 10% acetic acid 

[50 ml acetic acid] 
30 minutes 

2. Washing: 500 ml Milli-Q-H2O 3x5 minutes 

3. Silver staining: 500 ml 
0.1% silver nitrate (w/v) 

[0.5 g silver nitrate 

+ 500 µl formaldehyde] 

30 minutes 

4. Washing: 500 ml Milli-Q-H2O 20 seconds 

5. Development: 500 ml 

2.5% Na2CO3 

[(12.5 g Na2CO3 

+ 500 µl formaldehyde 

+ 500 µl Na-thiosulphate (2%)  

(1g/50ml)] 

2-5 minutes 

6. Stop: 500 ml 2% Glycine, 0.5% EDTA-Na2 

[10 g Glycine & 2.5 g EDTA-Na2] 
10 minutes 

7. Impregnation: 500 ml 10% Glycerol 

[57 ml Glycerol] 
10 minutes 



  Materials and Methods 

48 

 

 
Figure 12: Schematic protocol of SSCP gel preparation using biofilm sample for microbial 

diversity analysis. 

 

3.8 Microscopy methods to analyze the biofilm structures 

3.8.1 Biofilm staining 

The biofilms on the slides were stained for proteins with SYPRO
®

 applied as 

described by the manufacturer. The working solution was applied directly to the biofilms and 

incubated for 30 minutes then the samples were washed by deionized H2O.  

The droplets on the slides were stained for hydrophobic compounds with Nile Red. 

For this purpose a stock solution of 2 mg Nile Red in 1 ml acetone-water (1:1 vol/vol) was 

diluted 1:1000 in demineralized water. After staining for 15 minutes, the sample was 

carefully rinsed twice and counterstained using a nucleic acid-specific stain (DAPI). DAPI 

stain was used as stock solution 10 mg/ 2ml of deionized water, then diluted to 300 nM in 

PBS (21 µl from stock solution were completed to 1ml with PBS), incubated for 1-5 minutes, 

the sample was rinsed several times in PBS. 

Cells in biofilms were stained with the BacLight
™

 kit and applied as described by the 

manufacturer. Live cells stained green while damaged or dead cells stained red. The staining 

solution contained 5 ml deionized water and 5 µl each of the two components SYTO9 and 

propidium iodide. This working solution was applied directly to the biofilms and incubated at 
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the room temperature for 15 minutes. All samples were incubated in the dark and examined 

immediately after staining using confocal laser scanning microscope. 

3.8.2 Confocal Laser Scanning Microscopy (CLSM) 

Confocal laser scanning microscopy (CLSM) was performed using the model TCS SP 

attached to an upright microscope. The instrument was controlled by Leica Confocal 

software. The system was equipped with three visible lasers: an Ar laser (458, 476, 488, and 

514 nm), a laser iodide (561 nm), and a He-Ne laser (633 nm). The spectrophotometer feature 

allowed flexible and optimal adjustment of sliders on the detector side. 

The following settings were used for excitation and recording of emission signals 

(ex/em), respectively: SYPRO (280 and 450/610 nm), Nile Red (488 and 550/700 nm), DAPI 

(358/461 nm), SYTO9 (488/500 nm) and propidium iodide (490/635 nm). Biofilm samples 

were observed 10x 0.3-numerical aperture (NA), 20x0.5-NA, and 63x0.9-NA water-

immersible lenses. 

Table 15: Summarize for biofilm staining procedure 

 

Staining solution Dilution 
Incubation time 

(in the dark) 

Washing 

(rinsed by) 

SYPRO applied directly 30 min. dH2O 

BacLight kit 

(2X/5 ml deionized H2O) 
500 µl + 500 µl dH2O 15 min. dH2O 

Nile Red 

(2 mg / 1 ml acetone-water) 

diluted to 1/1000 

10 µl + 495 µl dH2O + 

495 µl acetone 
15 min. dH2O 

DAPI 

(10 mg /2 ml PBS) 
21 µl + 979 µl PBS 1-5 min. PBS 
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Figure 13: Schematic procedures for microscopic analysis of biofilm using CLSM.
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4 Results 

4.1 Phylogeny and characteristics of bacterial and fungal isolates from 

Egyptian localities that were able to grow in the presence of γ-HCH 

4.1.1 Bacteria 

4.1.1.1 Phylogeny of bacterial isolates 

The sequence of the 16S ribosomal RNA genes of the isolated strains from the several 

localities, compared to the database of the National Centre for Biotechnology Information 

(NCBI), revealed the bacterial communities able to grow in the presence of γ-HCH as a nutrient. 

The Alexandria samples showed a community which was mainly composed of the genera 

Acetobacter, Achromobacter, Agromyces, Bacillus, Brucella, Microbacterium, Ochrobactrum, 

Pseudomonas, Rhodococcus and Starkeya. The community members showed a homology 

towards the bacterial strains as shown in Table 16. The phylogenetic tree showed the diversity 

and the bacterial relationship of these isolates (Figure 14) while the bacterial community of the 

Monufia samples was very rich with different bacterial members (Table 17). The phylogenetic 

tree of Monufia samples listed the main classes which were found in this sample such as 

Firmicutes, Alphaproteobacteria, Gammaproteobacteria, Betaproteobacteria and Actinobacteria 

(Figure 15). 

Table 16: Sequence homology of the 16S rRNA gene of the bacterial isolates from the Alexandria 

samples with isolates from public data bases 

 

Isolate Size (bp) Closely related bacteria Accession number Homology (%) 

Alexandria1.1 1196 Pseudomonas sp. AB284047 99 

Alexandria 1.2 1218 Achromobacter xylosoxidans FJ796451 98 

Alexandria 1.3 934 Pseudomonas sp. DQ453830 99 

Alexandria 2.1 1429 Acetobacter pasteurianus FM178866 95 

Alexandria 2.4 1482 Achromobacter piechaudii EU239469 74 

Alexandria 2.5 1504 Pseudomonas sp. WAB1666 97 

Alexandria 2.6 1458 Pseudomonas panipatensis EF424401 99 

Alexandria 3.1 1485 Rhodococcus sp. AY822615 99 

Alexandria 3.2 1505 Ochrobactrum anthropi AF526518 98 

Alexandria 3.3 1455 Brucella sp. AY331581 99 

Alexandria 3.4 1495 Pseudomonas sp. FJ375383 95 

Alexandria 3.5 1486 Microbacterium sp. GQ495641 99 

Alexandria 4.1 1200 Bacillus sp. FJ607361 98 

Alexandria 4.2 1607 Starkeya sp. FJ555530 99 

Alexandria 4.3 1516 Agromyces sp. FM209088 98 

Alexandria 4.4 1270 Pseudomonas stutzeri U65012 96 
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Figure 14: Phylogeny of bacterial isolates from the Alexandria samples that were able to grow on γ-

HCH. Multiple alignments of the sequences corresponding to the 16S rRNA of the studied isolates 

were carried out followed by neighbor joining clustering. Bootstrap values expressed as percentages 

of 1000 replications. Bar represents 2% sequence dissimilarity. 
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Table 17: Sequence homology of the 16S rRNA gene of the bacterial isolates from the Monufia 

samples 

 

Isolate Size (bp) Closely related bacteria Accession number Homology (%) 

Monufia1.1 1008 Bacillus licheniformis X68416 98 

Monufia1.2 1239 Pseudomonas stutzeri CP000304 94 

Monufia1.3 1274 Bacillus licheniformis X68416 98 

Monufia1.4 1170 Bacillus thuringiensis FJ772020 99 

Monufia1.5 837 Bacillus licheniformis X68416 97 

Monufia1.6 977 Bacillus licheniformis X68416 98 

Monufia1.7 1212 Bacillus simplex AJ439078 98 

Monufia1.8 1179 Bacillus pumilus AY876287 99 

Monufia1.9 1235 Bacillus megaterium HM047741 99 

Monufia1.10 1053 Bacillus altitudinis AJ831842 99 

Monufia1.11 1272 Bacillus megaterium HM047741 99 

Monufia1.12 1176 Cupriavidus oxalaticus EU024156 98 

Monufia1.13 1429 Brevundimonas sp. FJ544245 98 

Monufia1.14 1149 Pseudomonas stutzeri CP000304 96 

Monufia2.1 1460 Novosphingobium sp. EU440981 99 

Monufia2.2 1491 Rhodococcus ruber AY247275 98 

Monufia2.3 1460 Bacillus sp. DQ416793 98 

Monufia2.5 1519 Bacillus circulans X60613 99 

Monufia2.6 1520 Bacillus sp. DQ298267 99 

Monufia2.8 1569 Oceanobacillus picturae AJ315060 94 

Monufia2.10 1509 Bacillus cibi FJ458438 99 

Monufia2.12 1522 Paenibacillus ginsengisoli AB245382 94 

Monufia2.13 1522 Bacillus mycoides EU221418 99 

Monufia2.14 1597 Bacillus mycoides EU221418 82 

Monufia3.1 2010 Bacillus megaterium AB366310 100 

Monufia3.2 1498 Bacillus subtilis FN393812 99 

Monufia3.3 1486 Bacillus sp. AF350926 99 

Monufia3.4 1974 Bacillus flexus EU977771 99 

Monufia3.5 1513 Bacillus sp. EU384247 100 

Monufia3.6 1623 Bacillus sp. DQ223132 84 

Monufia3.7 1517 Bacillus megaterium DQ789400 100 

Monufia4.1 1522 Bacillus sp. FJ413048 99 

Monufia4.2 1525 Bacillus thuringiensis EF210309 100 

Monufia4.3 1512 Bacillus megaterium FJ613544 99 

Monufia4.4 1514 Bacillus sp. FJ943261 99 

Monufia4.5 1621 Bacillus amyloliquefaciens AY651023 81 

Monufia4.6 1511 Bacillus flexus EU860182 100 

Monufia4.7 1519 Bacillus sp. AB366347 99 
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Figure 15: Phylogeny of bacterial isolates from the Monufia samples that were able to grow on γ-

HCH. Multiple alignments of the sequences corresponding to the 16S rRNA of the studied isolates 

were carried out followed by neighbor joining clustering. Bootstrap values expressed as percentages 

of 1000 replications. Bar represents 2% sequence dissimilarity. 
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It was found that the bacterial strains which were isolated from Gharbia samples were 

completely different from the previous samples. The community was composed mainly of 

bacterial strains of the genera Aquamicrobium, Bacillus, Gordonia, Micromonospora and 

Rhodococcus (Table 18). The majority of identified strains were members of Actinobacteria, 

Alphaproteobacteria and Firmicutes (Figure 16). Only three bacterial strains in Kafr El-Sheikh 

sample could be identified. Alcaligenes, Lysobacter and Peseudomonas were the members of the 

community (Table 19) and the phylogenetic tree showed that two of these strains belonged to 

Gammaproteobacteria and the third one was belonging to Betaproteobacteria (Figure 17). From 

Qalyubia samples, we isolated Bacillus, Brevundimonas, Frateuria, Luteimonas, Ochrobactrum, 

Pseudomonas and Rhodococcus (Table 20). The phylogenetic tree showed the classes of the 

identified strains (Figure 18). 

Table 18: Sequence homology of the 16S rRNA gene of the bacterial isolates from the Gharbia 

sample 

 

Isolate Size (bp) Closely related bacteria Accession number Homology (%) 

1 1493 Rhodococcus sp. DQ066434 99 

2 1443 Aquamicrobium sp. FM210786 97 

3 1523 Bacillus flexus FJ641022 100 

4 1451 Aquamicrobium sp. FM210786 96 

5 1497 Micromonospora sp. EF544146 99 

6 1394 Rhodococcus sp. FJ189543 98 

7 1484 Gordonia sp. FN561544 97 

 

 
Figure 16: Phylogeny of bacterial isolates from the Gharbia sample that were able to grow on γ-

HCH. Multiple alignments of the sequences corresponding to the 16S rRNA of the studied isolates 

were carried out followed by neighbor joining clustering. Bootstrap values expressed as percentages 

of 1000 replications. Bar represents 2% sequence dissimilarity. 
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Table 19: Sequence homology of the 16S rRNA gene of the bacterial isolates from the Kafr El-

Sheikh sample 

 

Isolate Size (bp) Closely related bacteria Accession number Homology (%) 

1 1507 Pseudomonas stutzeri EU275359 100 

2 1496 Alcaligenes faecalis EU075145 99 

3 1506 Lysobacter daejeonensis DQ191178 99 

 

 
Figure 17: Phylogeny of bacterial isolates from the Kafr El-Sheikh sample that were able to grow on 

γ-HCH. Multiple alignments of the sequences corresponding to the 16S rRNA of the studied isolates 

were carried out followed by neighbor joining clustering. Bootstrap values expressed as percentages 

of 1000 replications. Bar represents 2% sequence dissimilarity. 

 

Table 20: Sequence homology of the 16S rRNA gene of the bacterial isolates from the Qalyubia 

sample 

 

Isolate Size (bp) Closely related bacteria Accession number Homology (%) 

Qalyubia1.1 1495 Pseudomonas putida DQ232745 99 

Qalyubia1.2 1392 Luteimonas mephitis AB433628 95 

Qalyubia1.3 1511 Bacillus sp. GQ292772 99 

Qalyubia1.4 1509 Bacillus sp. GQ292772 99 

Qalyubia1.5 1422 Brevundimonas diminuta AB167225 99 

Qalyubia1.6 1511 Frateuria sp. DQ419968 97 

Qalyubia1.7 1514 Luteimonas mephitis AJ012228 98 

Qalyubia1.8 1509 Luteimonas mephitis AJ012228 98 

Qalyubia1.9 1489 Rhodococcus wratislaviensis EU043327 99 

Qalyubia2.1 1154 Ochrobactrum sp. EU769201 93 

Qalyubia2.2 1488 Rhodococcus sp. AY822615 99 
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Figure 18: Phylogeny of bacterial isolates from the Qalyubia sample that were able to grow on γ-

HCH. Multiple alignments of the sequences corresponding to the 16S rRNA of the studied isolates 

were carried out followed by neighbor joining clustering. Bootstrap values expressed as percentages 

of 1000 replications. Bar represents 2% sequence dissimilarity. 
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4.1.1.2 Growth of the most tolerant bacterial isolates on γ-HCH 

The metabolization and degradation of γ-HCH and bacterial growth was carried out for 15 

days at 30°C in shaking flasks. The degradation activity of γ-HCH was determined in the cultural 

filtrate every day during the cultivation period. 

It is clear from Figure 19 that the growth of isolate2.Qalyubia2 was maximal after the 2
nd

 

day of cultivation. The growth of isolate3.Alexandria4, isolate7.Monufia4 and isolate4.Gharbia 

gradually increased with increasing time up to the optimal point at 3
rd

 day of incubation. The 

growth of isolate3.Kafr El-Sheikh was at the maximum point after the 4
th

 day of cultivation. 

After that the growth of all isolates gradually decreased over time. 

 
Figure 19: Growth curves for the most capable bacterial isolates to grow on γ-HCH. The strains 

isolated from several locations in Egypt were grown in M269 medium containing 2mM γ-HCH. The 

growth was detected by the change in the absorbance at λmax=450 nm.
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4.1.1.3 Analysis of fatty acids of the most tolerant bacterial isolates grown on γ-

HCH 

The differences in geometry between saturated and unsaturated fatty acids play an 

important role in biological processes and in the construction of biological structures such as cell 

membranes.  From Figure 20 and Table 21, it was found that the major cellular fatty acids (>10 

% of the total fatty acids) in the most abundant γ-HCH-degrading bacterial isolates were as 

follow; in Isolate4.Alexandria4 were C16:0, anteiso-C15:0, iso-C16:0, anteiso-C17:0, and 

C18:1ω9, in Isolate3.Kafr El-Sheikh were iso-C15:0, and anteiso- C17:1ω7, in 

Isolate2.Qalyubia2 were C16:0, C16:1ω7, C18:1ω9, and unknown fatty acid and in 

Isolate4.Gharbia were C19:0, and C18:1ω7, in Isolate7.Monufia4 was iso-C15. 

 

Figure 20: Percentage of the extracted fatty acids from the most tolerant bacterial isolates for γ-

HCH. 
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Table 21: Major cellular fatty acids content (%) of the most tolerant bacterial isolates for γ-HCH. 

Values are percentage of total fatty acids. -, Not detected. 

 

Fatty acid Isolate4. 

Alexandria4 

Isolate7. 

Monufia4 

Isolate3. 
Kafr el-Sheikh 

Isolate2. 

Qalyubia2 

Isolate4. 

Gharbia 

Saturated fatty acids:      

C16:0 15 - - 22 - 

C19:0 - - - - 14.1 

Branched fatty acids :      

iso-C15:0 - 100 56.8 - - 

anteiso- C15:0 23.5 - - - - 

iso-C16:0 11.8 - - - - 

anteiso- C17:0 18.5 - - - - 

Monounsaturated fatty acids:      

anteiso- C17:1ω7 - - 37.9 - - 

C16:1ω7 - - - 16.5 - 

C18:1ω7 - - - - 51.2 

C18:1ω9 10 - - 14.8 - 

Unknwon fatty acid - - - 14.2 - 

 

4.1.1.4 Analysis of bacterial biofilm community compositions developing on γ-HCH 

droplets 

Biofilms developing on the γ-HCH droplets were harvested after different time points (7, 

14, 21, 28, 35 and 42 days). DNA was extracted, a segment of the bacterial 16S rRNA gene was 

amplified by PCR, and the amplicons were analysed on SSCP gels. The main SSCP bands were 

excised and sequenced. 

SSCP community profiling showed highly diverse and distinct bacterial communities for 

γ-HCH droplets with the biofilm from the soil/sediment samples. Analysis of bacterial biofilm 

structure from Alexandria location by SSCP (Figure 21) showed huge diversity in the bacterial 

communities. By comparing the sequences of 11 excised bands, 8 different operational 

taxonomic units (OTUs) could be identified which were closely related to Sphingomonas sp., 

Pseudomonas sp., Pseudomonas fluorescens, Nitrosospira sp., Parvibaculum sp., 

Methyloversatilis sp., Aquabacterium sp. and Cronobacter sakazakii. 

The phylogenetic tree (Figure 22) presents the closest related genus to each sequence 

obtained. The majority of the identified OTUs were members of the phylum Alphaproteobacteria 

followed by Betaproteobacteria and Gammaproteobacteria. 

In the Monufia sample (Figure 23), 8 different OTUs were identified from 10 excised 

bands. These OTUs were closely related to Sphingomonas sp., Burkholderia sp., Caulobacter sp., 

Planococcus sp., Ochrobactrum sp., Comamonas sp., Escherichia coli and Cronobacter 
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sakazakii. The phylogenetic tree (Figure 24) showed that the majority of the identified OTUs were 

members of the phyla Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria and 

Firmicutes. 

From the Kafr El-Sheikh, Qalyubia and Gharbia locations (Figure 25), 5 OTUs were 

identified and they were related to Cronobacter sakazakii, Sphingomonas sp., Coleochaete 

pulvinata, Escherichia coli and Burkholderia gladioli. The OTUs were members of the phyla 

Gammaproteobacteria followed by Alphaproteobacteria, Betaproteobacteria and Cyanobacteria 

(Figure 26). 
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Figure 21: SSCP fingerprints of PCR amplicons of partial 16S rRNA gene sequences of DNA 

extracted from γ-HCH biofilm of the Alexandria samples. Numbers on top of the gel correspond to 

sampling time in weeks and M corresponds to the lane of the marker. Marked bands have been 

excised, sequenced and compared with sequences of described species (Table 22). 
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Table 22: Phylogenetic assignment of sequences of prominent bands visualized on SSCP gel profiles 

of bacterial biofilm communities from the Alexandria samples 

 

SSCP bands Size (bp) Cultured closest match Accession number Identity (%) 

Alexandria1.1 299 Sphingomonas sp. AF227857 93 

Alexandria 1.2 330 Pseudomonas sp. AY321977 97 

Alexandria 1.3 334 Pseudomonas fluorescens EU048319 91 

Alexandria 1.4 409 Nitrosospira sp. AJ298729 99 

Alexandria 1.5 271 Sphingomonas sp. DQ339627 99 

Alexandria 1.6 323 Parvibaculum sp. DQ337073 96 

Alexandria 2.7 388 Methyloversatilis sp. DQ337076 95 

Alexandria 2.8 394 Sphingomonas sp. DQ166180 97 

Alexandria 2.9 372 Sphingomonas sp. DQ173037 97 

Alexandria 3.10 319 Aquabacterium sp. AY928247 84 

Alexandria 4.11 368 Cronobactersakazakii GU227653 96 

 

 
Figure 22: Phylogenetic tree based on neighbor joining clustering after multiple alignments of the 

partial 16S rRNA gene sequences of the SSCP bands excised from γ-HCH droplet biofilms from the 

Alexandria samples. Bootstrap values expressed as percentages of 1000 replications. Bar represents 

0.02 substitutions per nucleotide position. 
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Figure 23: Composition of γ-HCH bacterial biofilm communities obtained from the Monufia soil 

samples analysed by 16S rRNA gene based community fingerprint (SSCP). Numbers on top of the 

gel correspond to sampling time in weeks and M corresponds to the lane of the marker. Marked 

bands have been excised, sequenced and compared with sequences of described species (Table 23). 
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Table 23: Identification of the main bands of the SSCP gel profiles of bacterial biofilm communities 

from the Monufia samples by comparison with 16S rRNA gene sequences from public databases 

 

SSCP bands Size (bp) Cultured closest match Accession number Identity (%) 

Monufia1.1 360 Sphingomonas  sp. DQ166180 100 

Monufia1.2 385 Sphingomonas sp. FJ192182 96 

Monufia1.3 360 Burkholderia sp. DQ264474 99 

Monufia1.4 306 Caulobacter sp. DQ984595 91 

Monufia1.5 164 Planococcus sp. AM260556 76 

Monufia1.6 337 Ochrobactrum sp. EU876660 98 

Monufia2.7 357 Comamonas sp. EU804005 86 

Monufia2.8 364 Sphingomonas sp. FN421940 94 

Monufia3.9 357 Cronobacter sakazakii GU252268 94 

Monufia4.10 413 Escherichia coli GU329913 93 

 

 
Figure 24: Phylogenetic tree based on neighbor joining clustering after multiple alignments of the 

partial 16S rRNA gene sequences of the SSCP bands excised from γ-HCH droplet biofilms from the 

Monufia samples. Bootstrap values expressed as percentages of 1000 replications. Bar represents 

0.05 substitutions per nucleotide position. 
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Figure 25: Composition of γ-HCH bacterial biofilm communities obtained from the Kafr El-Sheikh, 

Qalyubia and Gharbia soil samples analysed by 16S rRNA gene based community fingerprint 

(SSCP). Numbers on top of the gel correspond to sampling time in weeks and M corresponds to the 

lane of the marker. Marked bands have been excised, sequenced and compared with sequences of 

described species (Table 24). 



  Results 

67 

 

Table 24: Identification of the main bands of the SSCP gel profiles of bacterial biofilm communities 

from the Kafr El-Sheikh, Qalyubia and Gharbia samples by comparison with 16S rRNA gene 

sequences from public databases 

 

SSCP bands Size (bp) Cultured closest match Accession number  Identity (%) 

Kafr El-Sheikh.1 408 Cronobacter sakazakii GU252237  92 

Kafr El-Sheikh.2 390 Cronobacter sakazakii GU252237  90 

Kafr El-Sheikh.3 341 Sphingomonas sp. EU131000  90 

Qalyubia1.3 403 Cronobacter sp. FJ489840  92 

Qalyubia1.4 386 Coleochaete pulvinata AF497785  83 

Qalyubia2.5 372 Escherichia coli GU329913  90 

Gharbia.6 303 Escherichia coli HQ873730  95 

Gharbia.7 372 Burkholderia gladioli S55001  90 

 

 
Figure 26: Phylogenetic trees based on neighbor joining clustering after multiple alignment of the 

partial 16S rRNA gene sequences of the SSCP bands excised from γ-HCH droplet biofilms from A) 

the Kafr El-Sheikh, B) Qalyubia C) the Gharbia samples. Bootstrap values expressed as percentages 

of 1000 replications. Bar represents 0.02 and 0.05 substitutions per nucleotide position. 
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4.1.2 Fungi 

4.1.2.1 Phylogeny of fungal isolates 

Because a huge diversity of the bacterial strains was found which were able to use γ-HCH 

as a nutrient, it was also examined whether fungi would be able to degrade it. The 18S ribosomal 

RNA gene was used as an eukaryotic marker for fungi. The sequence analysis of the 18S 

ribosomal RNA was compared to the database at NCBI. The genera Penicillium, Scedosporium 

and Talaromyces were found in the Alexandria samples (Table 25). The phylogenetic tree 

depicted the classes of theses fungal strains. The fungal strains were members of Eurotiomycetes 

and Sordariomycetes (Figure 27). 

Table 25: Sequence homology of the 18S rRNA gene of the fungal isolates from the Alexandria 

samples 

 

Isolate Size (bp) Closely related fungi Accession number Homology(%) 

Alexandria1.5 491 Penicillium commune HM366606 99 

Alexandria2.3 329 Talaromyces sp. GU973739 89 

Alexandria3.1 543 Scedosporium apiospermum AJ888396 96 

Alexandria3.3 520 Pseudallescheria ellipsoidea AJ888427 72 

Alexandria4.1 624 Penicillium griseofulvum GQ305305 99 

Alexandria4.4 1059 Talaromyces sp. DQ123599 99 

 

 
Figure 27: Phylogeny of fungal isolates from the Alexandria samples that were able to grow on γ-

HCH. Multiple alignments of the sequences corresponding to the 18S rRNA gene of the studied 

isolates were carried out followed by neighbor joining clustering. Bootstrap values expressed as 

percentages of 1000 replications. Bar represents 0.05 substitutions per nucleotide position. 
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Similar to the bacterial community observed in the Monufia samples, it was found that 

this site is rich with strains of fungal genera such as Aspergillus, Dichotomomyces, Eurotium, 

Mortierella, Paecilomyces, Penicillium, Talaromyces and Thielavia (Table 26). It was revealed 

from the phylogenetic tree that most of the strains were members of Eurotiomycetes and the rest 

are members of Sordariomycetes or Zygomycetes (Figure 28). 

Table 26: Sequence homology of the 18S rRNA gene of the fungal isolates from the Monufia samples 

 

Isolate Size (bp) Closely related fungi Accession number Homolgy (%) 

Monufia1.2 100 Penicillium chrysogenum EU664454 481 

Monufia1.4 100 Penicillium commune FJ499454 508 

Monufia1.5 96 Thielavia hyalocarpa EF192179 333 

Monufia1.7 98 Aspergillus terreus AF078897 403 

Monufia2.3 93 Penicillium pinophilum FJ515906 558 

Monufia2.5 92 Dichotomomyces cejpii EF669956 379 

Monufia2.8 97 Paecilomyces tenuis EU816415 499 

Monufia2.9 99 Eurotium rubrum AF455528 500 

Monufia3.1 99 Penicillium dipodomyicola AY371616 525 

Monufia3.2 99 Penicillium dipodomyicola AY371616 527 

Monufia3.3 66 Mortierella gamsii DQ093723 588 

Monufia3.5 98 Talaromyces trachyspermus EU888919 539 

Monufia3.6 95 Penicillium raperi AF033433 556 

Monufia4.1 97 Talaromyces trachyspermus AB176609 539 

Monufia4.2 98 Aspergillus terreus FJ037754 494 

Monufia4.3 97 Eurotium rubrum HM145962 470 

Monufia4.4 82 Talaromyces unicus AB176637 477 

Monufia4.5 96 Aspergillus fumigatus HQ589141 327 
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Figure 28: Phylogeny of fungal isolates from the Monufia samples that were able to grow on γ-HCH. 

Multiple alignments of the sequences corresponding to the 18S rRNA gene of the studied isolates 

were carried out followed by neighbor joining clustering. Bootstrap values expressed as percentages 

of 1000 replications. Bar represents 0.1 substitutions per nucleotide position. 

 

The fungal community composition of the Gharbia site was that of the genera Mortierella, 

Penicillium, Talaromyces and Zopfiella (Table 27). These strains were members of the same 

classes as in the Mounifa samples. Two of the identified strains were members of the 

Eurotiomycetes. The other two strains were members of Sordariomycetes or Zygomycetes 

(Figure 29). 

Only three fungal strains were found in the Kafr El-Sheikh sample. The community 

members were species of Dichotomomyces, Gymnascella, and Pseudallescheria (Table 28). Two 

of these strains belonged to the Eurotiomycetes class and the third one belonged to the class 

Sordariomycetes (Figure 30). 

We found that the fungal community composition in the Qalyubia samples has a different 

composition of genera. The community was composed of fungal strains of the genera 

Cylindrocarpon, Monascus, Paecilomyces, Penicillium, Pseudallescheria, Pycnidiophora, 
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Scedosporium, Talaromyces and Thielavia (Table 29). The phylogenetic tree showed the 

involvement of a new class in the γ-HCH degradation because the majority of the identified 

strains were members of the Eurotiomycetes followed by Sordariomycetes and one strain of the 

class Dothideomycetes was detected (Figure 31). 

Table 27: Sequence homology of the 18S rRNA gene of the fungal isolates from the Gharbia sample 

 

Isolate Size (bp) Closely related fungi Accession number Homology (%) 

2 569 Zopfiella latipes FJ175158 96 

3 592 Penicillium griseofulvum GQ305305 97 

5 724 Mortierella sp. AJ541798 96 

9 1045 Talaromyces trachyspermus EU076917 99 

 

 
Figure 29: Phylogeny of fungal isolates from the Gharbia sample that were able to grow on γ-HCH. 

Multiple alignments of the sequences corresponding to the 18S rRNA of the studied isolates were 

carried out followed by neighbor joining clustering. Bootstrap values expressed as percentages of 

1000 replications. Bar represents 0.1 substitutions per nucleotide position. 

 

Table 28: Sequence homology of the 18S rRNA gene of the fungal isolates from the Kafr El-Sheikh 

sample 

 

Isolate Size (bp) Closely related fungi Accession number Homology (%) 

1 520 Dichotomomyces cejpii EF669956 96 

2 501 Pseudallescheria boydii FJ713064 90 

3 549 Gymnascella hyalinospora AF129853 98 

4 533 Pseudallescheria boydii EU332872 100 
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Figure 30: Phylogeny of fungal isolates from the Kafr El-Sheikh sample that were able to grow on γ-

HCH. Multiple alignments of the sequences corresponding to the 18S rRNA of the studied isolates 

were carried out followed by neighbor joining clustering. Bootstrap values expressed as percentages 

of 1000 replications. Bar represents 0.05 substitutions per nucleotide position. 
 

Table 29: Sequence homology of the 18S rRNA gene of the fungal isolates from the Qalyubia sample 

 

Isolate Size (bp) Closely related fungi Accession number Homology (%) 

Qalyubia1.1 571 Paecilomyces sp. AM262343 100 

Qalyubia1.2 625 Penicillium griseofulvum GQ305305 99 

Qalyubia1.3 619 Pseudallescheria boydii EU781833 99 

Qalyubia1.4 605 Thielavia sp. EU620136 97 

Qalyubia1.5 583 Pycnidiophora aurantiaca AY943057 99 

Qalyubia1.7 591 Penicillium sp. GQ120993 98 

Qalyubia1.8 627 Cylindrocarpon sp. EF601608 100 

Qalyubia1.9 609 Thielavia sp. GU055740 90 

Qalyubia1.10 620 Talaromyces helicus AF033396 90 

Qalyubia1.12 654 Scedosporium apiospermum AB489081 99 

Qalyubia1.13 620 Monascus ruber AY498572 100 

Qalyubia1.15 601 Penicillium chrysogenum DQ249212 98 

Qalyubia1.16 1033 Talaromyces sp. DQ123599 99 

Qalyubia1.17 618 Talaromyces helicus AB176623 99 

Qalyubia1.18 607 Penicillium sp. GU566279 98 

Qalyubia2.1 656 Pseudallescheria boydii GU180097 100 

Qalyubia2.4 1037 Paecilomyces tenuis EU004812 94 
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Figure 31: Phylogeny of fungal isolates from the Qalyubia sample that were able to grow on γ-HCH. 

Multiple alignments of the sequences corresponding to the 18S rRNA of the studied isolates were 

carried out followed by neighbor joining clustering. Bootstrap values expressed as percentages of 

1000 replications. Bar represents 0.05 substitutions per nucleotide position. 
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4.1.2.2 Growth of the most tolerant fungal isolates on γ-HCH 

The metabolization and degradation of γ-HCH and fungal growth was carried out for 30 

days at 30°C in shaking flasks. The growth on γ-HCH was determined in the cultural filtrate 

every 3 days during the cultivation period. 

It is clear from Figure 32 that, the growth of isolate10.Qalyubia1 and isolate9.Gharbia 

were at the maximum point after the 9
th

 day of shake flasks cultivation. The growth of 

isolate1.Qalyubia2, isolate1.Kafr El-Sheikh and isolate2.Monufia1 gradually increased with 

increasing time up to the optimal point at the 12
th

 day of incubation. The growth of 

isolate1.Alexandria4 was at the maximum point after the 15
th

 day of cultivation. Then the growth 

of all isolates decreased gradually over time. 

 
Figure 32: Growth curves for the most capable fungal isolates to grow on γ-HCH. The strains 

isolated from several locations in Egypt were grown in basal DOX medium containing 2 mM γ-

HCH. The growth was detected by the change in the absorbance at λmax=450 nm. 
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4.1.2.3 Analysis of fatty acids of the most tolerant fungal isolates grown on γ-HCH 

From Figure 33 and Table 30, it was found that the major cellular fatty acids (>10 % of 

the total fatty acids) in the most abundant fungal isolates for γ-HCH were C16:0, C18:2ω6,9, and 

C18:1ω9. 

 
Figure 33: Percentage of the extracted fatty acids from the most tolerant fungal isolates for γ-HCH. 

 

Table 30: Major cellular fatty acids content (%) of the most tolerant fungal isolates for γ-HCH. 

Values are percentage of total fatty acids. -, Not detected. 

 

Fatty acid Isolate1. 

Alexandria4 

Isolate2. 

Monufia1 

Isolate1. 
Kafr el-Sheikh 

Isolate10. 

Qalyubia1 

Isolate9. 

Gharbia 

Saturated fatty acids:      

C16:0 19.4 19.8 22.2 28.7 19.1 

C17:0 - - - - 1.5 

C18:0 2.9 2.9 4.9 4.4 4.4 

Monounsaturated fatty acids:      

C16:1ω7 1.3 - - - - 

C18:2ω6,9 45.7 52.1 59.2 39.6 48.8 

C18:1ω9 30.7 25.2 13.7 27.2 26.1 
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4.1.2.4 Analysis of fungal biofilm community composition developing on γ-HCH 

droplets 

SSCP community profiling (Figure 34) showed highly distinct and diverse fungal 

communities. By comparing the sequences of 12 excised bands, 2 different operational 

taxonomic units (OTUs) could be identified which were closely related to: Penicillium sp. and 

Penicillium expansum. 

 

 
Figure 34: Composition of γ-HCH fungal biofilm communities obtained from the Alexandria, Kafr 

El-Sheikh, Gharbia and the Qalyubia soil samples analysed by 18S rRNA gene based community 

fingerprint (SSCP). Numbers on top of the gel correspond to sampling time in weeks and M 

corresponds to the lane of the marker. Marked bands have been excised, sequenced and compared 

with sequences of described species. 
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The following phylogenetic tree (Figure 35) presents the closest related genus from each 

sequence obtained. The identified OTUs were members of the class Eurotiomycetes. 

 

 
Figure 35: Phylogenetic tree based on neighbor joining clustering after multiple alignment of the 

partial 18S rRNA gene sequences of the SSCP bands excised from γ-HCH droplet biofilms from the 

Alexandria, Kafr El-Sheikh, Gharbia and the Qalyubia samples. Bootstrap values expressed as 

percentages of 1000 replications. Bar represents 0.01 substitutions per nucleotide position. 
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4.2 Phylogeny and characteristics of bacterial and fungal isolates from 

Egyptian localities that were able to grow on BDE 

4.2.1 Bacteria 

4.2.1.1 Phylogeny of bacterial isolates 

The isolates of the Alexandria site were bacterial strains of the genera Alcaligenes, 

Arthrobacter, Brevundimonas, Dokdonella, Isoptericola, Microbacterium, Nitratireductor, 

Promicromonospora, Pseudomonas, Pseudoxanthomonas and Sphingomonas. They showed 

homologies towards the bacterial strains shown in Table 31. The diversity as well as the bacterial 

relationship is depicted in the phylogenetic tree (Figure 36). The majority of the identified strains 

were members of the Gammaproteobacteria followed by Alphaproteobacteria and Actinobacteria. 

Also one strain of the class Betaproteobacteria was isolated. 

Table 31: Sequence homology of the 16S rRNA gene of the bacterial isolates from the Alexandria 

samples 

 

Isolate Size (bp) Closely related bacteria Accession number Homology (%) 

Alexanria1.1 1482 Promicromonospora sp. GU574151 99 

Alexanria1.2 1509 Pseudomonas sp. DQ910404 99 

Alexanria1.3 1499 Microbacterium sp. EU419939 99 

Alexanria1.4 1365 Brevundimonas sp. EU584506 95 

Alexanria1.5 1487 Alcaligenes faecalis EU075145 99 

Alexanria2.1 1498 Arthrobacter oxydans EU086792 99 

Alexanria2.2 1492 Arthrobacter sp. AF197051 99 

Alexanria2.3 1492 Arthrobacter oxydans EU086792 99 

Alexanria2.4 1514 Pseudoxanthomonas sp. AY576705 99 

Alexanria2.5 1518 Pseudoxanthomonas mexicana AY124375 100 

Alexanria3.1 1452 Sphingomonas sp. GU479372 100 

Alexanria3.2 1509 Dokdonella koreensis EF589679 99 

Alexanria3.3 1513 Dokdonella koreensis EF589679 99 

Alexanria3.4 1457 Sphingopyxis sp. DQ413171 99 

Alexanria3.5 1428 Brevundimonas sp. FJ529023 99 

Alexanria3.6 1517 Stenotrophomonas acidaminiphila FJ544377 100 

Alexanria4.1 1489 Isoptericola sp. EU910875 99 

Alexanria4.2 1601 Nitratireductor sp. DQ659453 98 
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Figure 36: Phylogeny of bacterial isolates from the Alexandria samples that were able to grow on 

BDE. Multiple alignments of the sequences corresponding to the 16S rRNA of the studied isolates 

were carried out followed by neighbor joining clustering. Bootstrap values expressed as percentages 

of 1000 replications. Bar represents 2% sequence dissimilarity. 
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In the Monufia site, the community was composed mainly of bacterial strains of the 

genera Agrococcus, Bacillus, Alcaligenes, Castellaniella, Devosia, Dokdonella, Ensifer, 

Frateuria, Gordonia, Micromonospora, Paenibacillus, Pseudaminobacter, Pusillimonas, 

Rhodanobacter, Rhodococcus Staphylococcus, and Thauera (Table 32). The phylogenetic tree 

showed that the majority of the isolates were members of Firmicutes and Actinobacteria followed 

by Gammaproteobacteria, Betaproteobacteria and Alphaproteobacteria (Figure 37). 

Table 32: Sequence homology of the 16S rRNA gene of the bacterial isolates from the Monufia 

samples 

 

Isolate Size (bp) Closely related bacteria Accession number Homology (%) 

Monufia1.1 1494 Rhodococcus sp. AF103733 99 

Monufia1.2 1512 Paenibacillus turicensis AF378697 94 

Monufia1.3 1508 Thauera sp. EF205257 88 

Monufia1.4 1501 Agromyces sp. AF479332 98 

Monufia1.5 1499 Paenibacillus chinjuensis AF164345 94 

Monufia1.6 1503 Agromyces neolithicus AY507128 97 

Monufia1.7 1485 Rhodococcus sp. GQ174491 99 

Monufia1.8 1485 Micromonospora pattaloongensis EU274359 99 

Monufia1.9 1507 Dokdonella sp. EU685334 98 

Monufia1.10 1499 Agrococcus sp. EU374908 94 

Monufia1.11 1520 Paenibacillus amylolyticus AM062689 98 

Monufia1.13 1446 Ensifer meliloti EU849576 99 

Monufia1.14 1491 Rhodococcus sp. GQ174491 80 

Monufia1.15 1510 Streptomyces clavuligerus EU146061 98 

Monufia2.1 1491 Alcaligenes sp. FJ984330 99 

Monufia2.2 1507 Bacillus sp. GQ302985 99 

Monufia2.3 2180 Frateuria sp. AY495959 72 

Monufia2.4 1503 Rhodanobacter lindaniclasticus AB245366 99 

Monufia2.5 1969 Castellaniella sp. AF150694 97 

Monufia2.6 2003 Bacillus sp. GQ302985 99 

Monufia3.1 1457 Devosia sp. EF540511 95 

Monufia3.2 2013 Bacillus niacini FJ772024 99 

Monufia3.3 1490 Rhodococcus sp. AB376627 76 

Monufia3.4 1487 Rhodococcus sp. AB376627 99 

Monufia3.5 1987 Pusillimonas terrae DQ466075 98 

Monufia3.6 2021 Bacillus sp. AM411969 99 

Monufia3.7 1516 Bacillus firmus EF032672 98 

Monufia3.8 1670 Rhodococcus equi AJ272473 94 

Monufia3.9 1457 Pseudaminobacter defluvii D32248 98 

Monufia3.10 1522 Bacillus firmus EF032672 99 

Monufia3.11 1489 Rhodococcus sp. AF103733 99 

Monufia3.12 1511 Paenibacillus sp. AJ345018 98 

Monufia4.1 1514 Staphylococcus epidermidis HM058991 100 

Monufia4.2 1490 Gordonia amicalis GQ848235 100 

Monufia4.3 1518 Rhodanobacter sp. FN430654 99 
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Figure 37: Phylogeny of bacterial isolates from the Monufia samples that were able to grow on BDE. 

Multiple alignments of the sequences corresponding to the 16S rRNA of the studied isolates were 

carried out followed by neighbor joining clustering. Bootstrap values expressed as percentages of 

1000 replications. Bar represents 2% sequence dissimilarity. 
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The community at the Gharbia or Kafr El-Sheikh sites was poor and composed of 

bacterial strains of the genera Aquamicrobium, Nocardia, and Rhodococcus (Table 33) or 

Luteimonas, and Rhodococcus (Table 34), respectively. The phylogenetic tree depicted that the 

bacterial strains were members of Actinobacteria, Alphaproteobacteria and Gammaproteobacteria 

(Figure 38 and Figure 39). 

At the Qalyubia site most of the members in the community were found to be similar to 

the Alexandia site for example the genera Bacillus, Brucella, Castellaniella, Frateuria, 

Ochrobactrum, andRhodanobacter (Table 35). These strains belonged to the 

Gammaproteobacteria, Betaproteobacteria, Alphaproteobacteria and Firmicutes. 

Table 33: Sequence homology of the 16S rRNA gene of the bacterial isolates from the Gharbia 

sample 

 

Isolate Size (bp) Closely related bacteria Accession number Homology (%) 

1 1490 Nocardia sp. EF538720 100 

2 1489 Rhodococcus erythropolis AM905947 100 

3 1454 Aquamicrobium sp. FM210786 97 

 

 
Figure 38: Phylogeny of bacterial isolates from the Gharbia sample that were able to grow on BDE. 

Multiple alignments of the sequences corresponding to the 16S rRNA of the studied isolates were 

carried out followed by neighbor joining clustering. Bootstrap values expressed as percentages of 

1000 replications. Bar represents 2% sequence dissimilarity. 

 

Table 34: Sequence homology of the 16S rRNA gene of the bacterial isolates from the Kafr El-

Sheikh sample 

 

Isolate Size (bp) Closely related bacteria Accession number Homology (%) 

1 1481 Rhodococcus erythropolis. AP008957 99 

2 1521 Luteimonas mephitis. NR_025304 99 

3 1613 Luteimonas mephitis. NR_025304 84 
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Figure 39: Phylogeny of bacterial isolates from the Kafr El-Sheikh sample that were able to grow on 

BDE. Multiple alignments of the sequences corresponding to the 16S rRNA of the studied isolates 

were carried out followed by neighbor joining clustering. Bootstrap values expressed as percentages 

of 1000 replications. Bar represents 2% sequence dissimilarity. 

 

Table 35: Sequence homology of the 16S rRNA gene of the bacterial isolates from the Qalyubia 

sample 

 

Isolate Size (bp) Closely related bacteria Accession number Homology (%) 

Qalyubia1.2 1518 Castellaniella ginsengisoli EU873313 98 

Qalyubia1.3 1514 Castellaniella sp. EF175377 98 

Qalyubia1.4 1518 Bacillus sp. AM411965 99 

Qalyubia1.5 1520 Bacillus sp. AM411965 99 

Qalyubia1.6 2202 Frateuria sp. AY495959 72 

Qalyubia1.7 1990 Rhodanobacter sp. FJ851443 98 

Qalyubia1.8 1505 Rhodanobacter lindaniclasticus AB245366 99 

Qalyubia 2.1 597 Ochrobactrum sp. EF219049 97 

 

 
Figure 40: Phylogeny of bacterial isolates from Qalyubia sample that were able to grow on BDE. 

Multiple alignments of the sequences corresponding to the 16S rRNA of the studied isolates were 

carried out followed by neighbor joining clustering. Bootstrap values expressed as percentages of 

1000 replications. Bar represents 2% sequence dissimilarity. 



  Results 

84 

 

4.2.1.2 Growth of the most tolerant bacterial isolates on BDE 

The metabolization and degradation of BDE and bacterial growth was carried out for 15 

days at 30°C in shaking flasks. The degradation activity of BDE was determined in the cultural 

filtrate every day during the cultivation period.  

It is clear from Figure 41 that, the growth of isolate8.Qalyubia1 was at the maximum 

point after the 2
nd

 day of shake flasks cultivation. The growth of isolate2.Monufia2 was at the 

maximum point after the 4
th

 day of cultivation. The growth of isolate1.Gharbia, and isolate1.Kafr 

El-Sheikh gradually increased with increasing time up to the optimal point the 6
th

 day of 

incubation. The growth of isolate5.Alexandria3 was at the maximum point after the 7
th

 day of 

cultivation. Then the growth of all isolates decreased gradually over time. 

 
Figure 41: Growth curves for the most capable bacterial isolates to grow on BDE. The strains 

isolated from several locations in Egypt were grown in M269 medium containing 2mM BDE. The 

growth was detected by the change in the absorbance at λmax=450 nm. 
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4.2.1.3 Analysis of fatty acids of the most active bacterial isolates grown on BDE 

From Figure 42 and Table 36 it could be seen that the major cellular fatty acids (>10 % of 

the total fatty acids) in the best BDE-degrading bacterial isolates were C16:0, 10Me- C18:0, 

C18:1ω9, and C16:1ω7 in Isolate1.Gharbia, 10Me- C18:0, C16:0, and C16:1ω7 in Isolate1.Kafr 

El-Sheikh, iso-C15:0, C20:1ω9, and anteiso-C15:0 in Isolate2.Monufia2 and C18:1ω12, C19:0, 

and C18:0 in Isolate5.Alexandria3. In Isolate8.Qalyubia1, the major cellular fatty acid was 

anteiso-C15:0. 

 
Figure 42: Percentage of the extracted fatty acids from the best BDE degrading bacterial isolates. 
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Table 36: Major cellular fatty acids content (%) of the best BDR degrading bacterial isolates. 

Values are percentage of total fatty acids. -, not detected. 

 

Fatty acid Isolate8. 

Qalyubia1 

Isolate2. 

Monufia2 

Isolate1. 
Kafr el-Sheikh 

Isolate1. 

Gharbia 

Isolate1. 

Alexandria3 

Saturated fatty acids:      

C12:0 - - 2.1 - - 

C14:0 1.7 4.6 7 2.7 - 

C15:0 - - 3.5 - - 

C16:0 5.5 8.9 23 26.9 5.7 

C17:0 - - 1.7 2 0.8 

C18:0 - - - 5 10.1 

C19:0 - - 2.7 - 21.5 

C20:0 - - 1.5 - - 

C21:0 - - 5.8 - - 

C22:0 - - 1.2 - - 

Branched fatty acids:      

iso-C15:0 7.7 32.1 - - - 

anteiso- C15:0 76.7 11.7 - - - 

iso-C16:0 5 - - - - 

anteiso- C17:0 1.6 6 1.8 - - 

10Me- C18:0 - - 32.8 25.1 - 

Monounsaturated fatty acids:      

C16:1ω7 - 2.2 11 14.7 - 

iso- C17:1ω7 - - 1.3 - - 

C17:1ω6 - - 2.1 - - 

C18:1ω12 - - - - 61.2 

C18:1ω9 - 2.8 7.4 21.2 - 

iso-C18:1ω8 - - 2.5 - - 

C18:1ω8 - 5.4 - - - 

C18:1ω7 - - - - 0.7 

C19:1ω8 - - 1.5 - - 

C20:1ω9 1.9 26.3 - 2.4 - 
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4.2.1.4 Analysis of bacterial biofilm community composition developing on BDE 

droplets 

Biofilms developing on the BDE droplets were set up as in γ-HCH. The biofilm 

community was analyzed by SSCP. The Alexandria sample (Figure 43) showed a huge bacterial 

diversity where 26 different OTUs from 31 excised bands were identified and closely related to 

Aquabacterium sp., Pseudonocardia sp., Methyloversatilis sp., Hydrogenophaga sp., 

Methylibium sp., Halomonas desiderata, Thalassobaculum sp., Caulobacter sp., Aeromicrobium 

sp., Pseudomonas sp., Limnobacter sp., Sphingopyxis sp., Brevundimonas sp., Acidovorax sp., 

Hyphomicrobium sp., Pseudomonas fluorescens, Haliea sp., Parvibaculum sp., Crenothrix 

polyspora, Thioploca sp., Rhodoferax sp., Denitratisoma sp., Oleomonas sp., Phenylobacterium 

sp., Lentzea sp., and Klebsiella oxytoca (Table 37).  

Figure 44 and Figure 45 show the phylogenetic trees identifying the majority of the 

identified OTUs as members of the class Alphaproteobacteria followed by Betaproteobacteria, 

Gammaproteobacteria and Actinobacteria. 
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Figure 43: SSCP fingerprints of PCR products of partial 16S rRNA gene amplicons of DNA 

extracted from BDE biofilm of the Alexandria samples. Numbers on top of the gel correspond to 

sampling time in weeks and M corresponds to the lane of the marker. Marked bands have been 

excised, sequenced and compared with sequences of described species (Table 37). 
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Table 37: Phylogenetic assignment of sequences of prominent bands visualized on SSCP gel profiles 

of bacterial biofilm communities from the Alexandria samples 

 

SSCP bands Size (bp) Cultured closest match Accession number Identity (%) 

Alexandria1.1 407 Aquabacterium sp. HQ178858 98 

Alexandria 1.2 412 Pseudonocardia sp. JF049435 98 

Alexandria 1.3 364 Methyloversatilis sp. HQ682050 98 

Alexandria 1.4 384 Hydrogenophaga sp. AM950239 97 

Alexandria 1.5 340 Methylibium sp. GQ453183 98 

Alexandria 1.6 371 Halomonas desiderata GU112956 86 

Alexandria 1.7 409 Thalassobaculum sp. AM936707 99 

Alexandria 1.8 389 Caulobacter sp. JF190399 94 

Alexandria 2.9 273 Aeromicrobium sp. JF180769 80 

Alexandria 2.10 276 Pseudomonas sp. EU781745 90 

Alexandria 2.11 373 Limnobacter sp. EU639708 95 

Alexandria 2.12 413 Pseudomonas sp. HM770945 98 

Alexandria 2.13 377 Caulobacter sp. CU927822 95 

Alexandria 2.14 361 Sphingopyxis sp. HM186258 96 

Alexandria 2.15 377 Brevundimonas sp. EU789983 98 

Alexandria 2.16 391 Acidovorax sp. GU271859 97 

Alexandria 3.17 394 Hyphomicrobium sp. AM936463 96 

Alexandria 3.18 376 Pseudomonas fluorescens EF428995 91 

Alexandria 3.19 344 Hydrogenophaga sp. JF042202 93 

Alexandria 3.20 354 Haliea sp. FR683596 92 

Alexandria 3.21 374 Parvibaculum sp. EU375046 94 

Alexandria 3.22 377 Crenothrix polyspora EF192250 85 

Alexandria 3.23 344 Caulobacter sp. AM940947 98 

Alexandria 3.24 409 Thioploca sp. AB472269 92 

Alexandria 3.25 373 Rhodoferax sp. HM856516 96 

Alexandria 3.26 350 Denitratisoma sp. DQ663910 97 

Alexandria 3.27 396 Oleomonas sp. FJ377393 96 

Alexandria 3.28 383 Phenylobacterium sp. AB512185 97 

Alexandria 4.29 358 Parvibaculum sp. EU167984 89 

Alexandria 4.30 388 Lentzea sp. HQ857654 97 

Alexandria 4.31 410 Klebsiella oxytoca EU993529 94 
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Figure 44: Phylogenetic tree based on neighbor joining clustering after multiple alignment of the 

partial 16S rRNA gene sequences of the SSCP bands excised from BDE droplet biofilms from the 

Alexandria samples. Bootstrap values expressed as percentages of 1000 replications. Bar represents 

0.05 substitutions per nucleotide position. 
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Figure 45: Phylogenetic tree based on neighbor joining clustering after multiple alignment of the 

partial 16S rRNA gene sequences of the SSCP bands excised from BDE droplet biofilms from the 

Alexandria samples. Bootstrap values expressed as percentages of 1000 replications. Bar represents 

0.02 substitutions per nucleotide position. 
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SSCP community profiling of the Monufia sample (Figure 46) showed moderate diversity 

in bacterial communities. 8 different OTUs were identified and were closely related to: 

Methyloversatilis sp., Caulobacter sp., Pseudomonas sp., Solimonas sp., Halomonas salifodinae, 

Alcanivorax sp., Haliea sp., and Halomonas salina (Table 38). The OTUs belonged to the class 

of Alphaproteobacteria followed by Betaproteobacteria, Gammaproteobacteria and Firmicutes 

(Figure 47).  

SSCP community profiling of the Kafr El-Sheikh, Qalyubia and Gharbbia samples 

(Figure 48) showed huge diversities in their bacterial communities. By comparing the sequences 

of 24 excised bands, 21 different operational taxonomic units (OTUs) could be identified which 

were closely related to: Halomonas sp., Phenylobacterium sp., Methylibium sp., Methyloversatilis 

sp., Burkholderia sp., Caulobacter sp., Caulobacter sp., Thiobacter sp., Hydrocarboniphaga sp., 

Aquabacterium sp., Bradyrhizobium sp., Pseudonocardia sp., Solimonas sp., Hyphomicrobium 

sp., Thioalkalivibrio sp., Haliscomenobacter sp., Parvibaculum sp., Halomonas maura, 

Herbaspirillum sp., Rhodococcus sp., Novosphingobium sp., and Pseudomonas sp. 
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Figure 46: Composition of BDE bacterial biofilm communities obtained from the Monufia soil 

samples analysed by 16S rRNA gene based community fingerprint (SSCP). Numbers on top of the 

gel correspond to sampling time in weeks and M corresponds to the lane of the marker. Marked 

bands have been excised, sequenced and compared with sequences of described species (Table 38). 
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Table 38: Identification of the main bands of the SSCP gel profiles of bacterial biofilm communities 

from the Monufia samples by excission, sequencing and comparison with 16S rRNA gene sequence 

from public databases 

 

SSCP bands Size (bp) Cultured closest match Accession number Identity (%) 

Monufia1.1 373 Methyloversatilis sp. HQ397478 98 

Monufia1.2 375 Caulobacter sp. DQ165172 94 

Monufia1.3 409 Pseudomonas sp. GQ339183 99 

Monufia1.4 409 Pseudomonas sp. HQ674994 99 

Monufia1.5 384 Solimonas sp. GQ009439 96 

Monufia2.6 408 Pseudomonas sp. FJ569777 99 

Monufia2.7 374 Halomonas salifodinae GU001905 92 

Monufia3.8 238 Pseudomonas sp. GQ853514 92 

Monufia3.9 409 Alcanivorax sp. GQ412856 92 

Monufia4.10 410 Haliea sp. AY958898 78 

Monufia4.11 366 Halomonas salina GU001907 93 

 

 
Figure 47: Phylogenetic tree based on neighbor joining clustering after multiple alignment of the 

partial 16S rRNA gene sequences of the SSCP bands excised from BDE droplet biofilms from the 

Monufia samples. Bootstrap values expressed as percentages of 1000 replications. Bar represents 

0.02 substitutions per nucleotide position. 
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Figure 48: Composition of γ-HCH bacterial biofilm communities obtained from the Kafr El-Sheikh, 

Qalyubia and Gharbia soil samples analysed by 16S rRNA gene based community fingerprint 

(SSCP). Numbers on top of the gel correspond to sampling time in weeks and M corresponds to the 

lane of the marker. Marked bands have been excised, sequenced and compared with 16S rDNA 

sequences of described species (Table 39). 
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Table 39: Identification of the main bands of the SSCP gel profiles of bacterial biofilm communities 

from the Kafr El-Sheikh, Qalyubia and Gharbia samples by comparison of the sequences of the 

bands with 16S rRNA gene sequence from public databases 

 

SSCP bands Size (bp) Cultured closest match Accession number Identity (%) 

Gharbia.1 333 Halomonas sp. HM854275 96 

Gharbia.2 363 Phenylobacterium sp. GU568986 98 

Qalyubia1.3 409 Methylibium sp. EU267840 99 

Qalyubia1.4 392 Methyloversatilis sp. HQ397478 99 

Qalyubia1.5 365 Burkholderia sp. GU205728 94 

Qalyubia1.6 411 Caulobacter sp. DQ263435 96 

Qalyubia1.7 367 Phenylobacterium sp. AM411917 95 

Qalyubia1.8 370 Thiobacter sp. EF643413 95 

Qalyubia1.9 409 Hydrocarboniphaga sp. EU723429 100 

Qalyubia1.10 409 Bradyrhizobium sp. FJ802297 98 

Qalyubia1.11 407 Aquabacterium sp. JF019295 100 

Qalyubia1.12 414 Pseudonocardiasp. JF049435 98 

Qalyubia1.13 383 Solimonas sp. EU808164 98 

Qalyubia1.14 409 Hyphomicrobium sp. FJ439830 99 

Qalyubia2.15 364 Solimonas sp. FJ444727 93 

Qalyubia2.16 386 Thioalkalivibrio sp. DQ001673 97 

Qalyubia2.17 373 Haliscomenobacter sp. HM241111 94 

Kafr El-Sheikh.18 411 Methyloversatilis sp. HQ397478 99 

Kafr El-Sheikh.19 395 Parvibaculum sp. FJ439100 96 

Kafr El-Sheikh.20 392 Halomonas maura FN257741 92 

Kafr El-Sheikh.21 374 Herbaspirillum sp. AB608680 97 

Kafr El-Sheikh.22 411 Rhodococcus sp. JF272213 99 

Kafr El-Sheikh.23 400 Novosphingobium sp. FJ674974 97 

Kafr El-Sheikh.24 390 Pseudomonas sp. AB583907 94 

 

The following phylogenetic trees (Figure 49, Figure 50 and Figure 51) present the closest 

related genera for each obtained sequence. The majority of the identified OTUs were members of 

the class Gammaproteobacteria followed by Alphaproteobacteria, Betaproteobacteria and 

Actinobacteria. One strain of the class Sphingobacteria was detected. 

 
Figure 49: Phylogenetic trees based on neighbor joining clustering after multiple alignment of the 

partial 16S rRNA gene sequences of the SSCP bands excised from BDE droplet biofilms from the 

Gharbia sample. Bootstrap values expressed as percentages of 1000 replications. Bar represents 0.02 

substitutions per nucleotide position. 
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Figure 50: Phylogenetic trees based on neighbor joining clustering after multiple alignment of the 

partial 16S rRNA gene sequences of the SSCP bands excised from BDE droplet biofilms from the 

Qalyubia samples. Bootstrap values expressed as percentages of 1000 replications. Bar represents 

0.05 substitutions per nucleotide position. 
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Figure 51: Phylogenetic trees based on neighbor joining clustering after multiple alignment of the 

partial 16S rRNA gene sequences of the SSCP bands excised from BDE droplet biofilms from the 

Kafr El-Sheikh sample. Bootstrap values expressed as percentages of 1000 replications. Bar 

represents 0.05 substitutions per nucleotide position. 
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4.2.2 Fungi 

4.2.2.1 Phylogeny of fungal isolates growing on BDE 

Because very little is known on fungi using BDE fungi were also isolated beside bacteria 

from the different samples. The sequence analysis for the isolates which were able to degrade 

BDE was done as mentioned in γ-HCH degradation. From the Alexandria site, the sequence 

analysis showed that the community was composed of fungal strains of the genera 

Chrysosporium, Eurotium, Penicillium, Pseudallescheria, and Talaromyces (Table 40). It was 

found from the phylogenetic tree that the majority of the identified strains were members of the 

Eurotiomycetes followed by Sordariomycetes (Figure 52). 

Table 40: Sequence homology of the 18S rRNA gene of the fungal isolates from the Alexandria 

samples 

Isolate Size (bp) Closely related fungi Accession number Homology (%) 

Alexandria1.2 636 Penicillium sp. AJ279476 98 

Alexandria1.6 591 Penicillium polonicum GU566221 98 

Alexandria1.7 621 Penicillium crustosum X82361 99 

Alexandria 2.2 1042 Talaromyces trachyspermus EU076917 99 

Alexandria 2.3 621 Talaromyces helicus AB176621 99 

Alexandria 2.4 588 Penicillium sp. HM535373 98 

Alexandria 2.5 621 Talaromyces stipitatus AB176630 100 

Alexandria 2.11 647 Chrysosporium articulatum GQ376097 98 

Alexandria 3.2 652 Pseudallescheria boydii EF639871 97 

Alexandria 3.3 589 Talaromyces helicus FJ430759 99 

Alexandria 4.1 593 Eurotium sp. GU721877 100 

Alexandria 4.2 688 Penicillium griseofulvum GQ305305 97 
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Figure 52: Phylogeny of fungal isolates from the Alexandria samples that were able to grow on 

BDE. Multiple alignments of the sequences corresponding to the 18S rRNA of the studied isolates 

were carried out followed by neighbor joining clustering. Bootstrap values expressed as percentages 

of 1000 replications. Bar represents 0.05 substitutions per nucleotide position. 

 

The analysis of the fungal community from the Monufia site revealed that the fungal 

isolates were of the genera Eurotium, Penicillium, Pycnidiophora, TalaromycesThielavia, and 

Westerdykella (Table 41). The identified strains were members of the Eurotiomycetes, 

Sordariomycetes and Dothideomycetes (Figure 53). 



  Results 

101 

 

Table 41: Sequence homology of the 18S rRNA genes of the fungal isolates from the Monufia 

samples 

Isolate Size (bp) Closely related fungi Accession number Homology (%) 

Monufia1.3 583 Penicillium griseofulvum GQ305305 98 

Monufia1.4 619 Penicillium marneffei HM595497 98 

Monufia2.1 1000 Talaromyces flavus AY532416 99 

Monufia2.2 584 Pycnidiophora aurantiaca AY943057 99 

Monufia2.5 612 Talaromyces stipitatus AB176630 100 

Monufia2.11 579 Westerdykella globosa AY943046 98 

Monufia3.1 590 Eurotium sp. GQ999231 97 

Monufia3.2 569 Penicillium sp. EU680525 95 

Monufia3.5 600 Thielavia sp. GU055740 91 

Monufia3.6 586 Penicillium chrysogenum DQ249212 96 

Monufia3.7 1030 Talaromyces trachyspermus EU076917 99 

Monufia4.2 556 Talaromyces trachyspermus EU076917 96 

Monufia4.7 558 Talaromyces trachyspermus EU076917 98 

 

 
Figure 53: Phylogeny of fungal isolates from the Monufia samples that were able to grow on BDE. 

Multiple alignments of the sequences corresponding to the 18S rRNA of the studied isolates were 

carried out followed by neighbor joining clustering. Bootstrap values expressed as percentages of 

1000 replications. Bar represents 0.05 substitutions per nucleotide position. 
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Again it was found that the community at the Gharbia site was not rich with isolates that 

were able to use BDE as a nutrient. The community was composed of fungal strains of the genera 

Penicillium, and Scedosporium (Table 42) and which are members of Eurotiomycetes and 

Sordariomycetes respectively (Figure 54). 

Table 42: Sequence homology of the 18S rRNA gene of the fungal isolates from the Gharbia sample 

 

Isolate Size (bp) Closely related fungi Accession number Homology (%) 

1 610 Scedosporium dehoogii AJ888419 98 

4 591 Penicillium sp. FJ647576 99 

 

 
Figure 54: Phylogeny of fungal isolates from the Gharbia sample that were able to grow on BDE. 

Multiple alignments of the sequences corresponding to the 18S rRNA of the studied isolates were 

carried out followed by neighbor joining clustering. Bootstrap values expressed as percentages of 

1000 replications. Bar represents 0.05 substitutions per nucleotide position. 

 

A moderate diversity of the fungal isolates was found both in the Kafr El-Sheikh and the 

Qalybia samples. The communities were composed of fungal strains of the genera Gymnascella, 

Gymnoascus, Penicillium, Talaromyces and Westerdykella (Table 43) or Penicillium and 

Pseudallescheria (Table 44), respectively. These strains were members either of the 

Eurotiomycetes, Dothideomycetes (Figure 55) or the Sordariomycetes (Figure 56). 

Table 43: Sequence homology of the 18S rRNA gene of the fungal isolates from the Kafr El-Sheikh 

sample 

 

Isolate Size (bp) Closely related fungi Accession number Homology (%) 

1 584 Westerdykella dispersa DQ468030 98 

2 660 Gymnascella aurantiaca HM991264 99 

3 629 Gymnoascus hyalinosporus AJ315826 99 

4 1025 Talaromyces sp. GU973739 98 

5 596 Penicillium sp. EU670718 99 
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Figure 55: Phylogeny of fungal isolates from the Kafr El-Sheikh sample that were able to grow on 

BDE. Multiple alignments of the sequences corresponding to the 18S rRNA of the studied isolates 

were carried out followed by neighbor joining clustering. Bootstrap values expressed as percentages 

of 1000 replications. Bar represents 0.05 substitutions per nucleotide position. 

 

Table 44: Sequence homology of the 18S rRNA gene of the fungal isolates from the Qalyubia sample 

 

Isolate Size (bp) Closely related fungi Accession number Homology (%) 

Qalyubia1.1 584 Penicillium marneffei HM595497 94 

Qalyubia1.2 1006 Penicillium sp. EU639449 97 

Qalyubia2.2 605 Pseudallescheria boydii GU566237 98 

 

 
Figure 56: Phylogeny of fungal isolates from the Qalyubia sample that were able to grow on BDE. 

Multiple alignments of the sequences corresponding to the 18S rRNA of the studied isolates were 

carried out followed by neighbor joining clustering. Bootstrap values expressed as percentages of 

1000 replications. Bar represents 0.05 substitutions per nucleotide position. 
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4.2.2.2 Growth on BDE of the most active fungal isolates  

The metabolization and degradation of BDE by fungi was carried out for 30 days at 30°C 

in shaking flasks. Samples were taken every 3 days during the cultivation period. 

Figure 57 showed that the growth of isolate6.Alexandria1, isolate1.Monufia2, and 

isolate4.Gharbia were at the maximum point after the 12
th

 day of cultivation while the growth of 

isolate2.Qalyubia2 and isolate1.Kafr El-Sheikh gradually increased with increasing time up to the 

optimal point the 18
th

 day of incubation. Then the growth of all isolates decreased gradually over 

time. 

 
Figure 57: Growth curves for the most capable fungal isolates to grow on BDE. The strains isolated 

from several locations in Egypt were grown in basal DOX medium containing 2mM BDE. The 

growth was determined by the change in the absorbance at λmax=450 nm. 
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4.2.2.3 Analysis of fatty acids of the most active fungal isolates for BDE degradation 

From Figure 58 and Table 45, it was found that the major cellular fatty acids (>10 % of 

the total fatty acids) in the most abundant BDE-degrading fungal isolates were C16:0, 

C18:2ω6,9, and C18:1ω9. 

 
Figure 58: Percentage of the total fatty acids for the most active fungal isolates grown on BDE. 

 

Table 45: Major cellular fatty acids content (%) of the most active fungal isolates for BDE 

degradation. Values are percentage of total fatty acids. -, not detected. 

 

Fatty acid Isolate6. 

Alexandria1 

Isolate1. 

Monufia2 

Isolate1. 
Kafr el-Sheikh 

Isolate4. 

Gharbia  

Isolate2. 

Qalyubia2 

Saturated fatty acids:      

C16:0 20.2 24.3 18.5 21.6 18.9 

C18:0 - - - - 1.5 

C19:0 4.3 1.7 8.2 2.1 2.9 

Monounsaturated fatty acids:      

C16:1ω7 - - - - 1.1 

C18:2ω6,9 50.9 51.8 36.2 52.1 48 

C18:1ω9 24.6 20 37.1 24.1 29 
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4.2.2.4 Analysis of fungal biofilm communities composition grown on BDE droplets 

Figure 59 and Figure 60 showed the SSCP of fungi in the biofilm communities. By 

comparing the sequences of 9 excised bands, 5 different OTUs could be identified which were 

closely related to Blastomyces dermatitidis, Penicillium chrysogenum, Penicillium requeforti, 

Penicillium sp. and Thelebolus microsporus. The phylogenetic tree (Figure 61) presents the 

closest related genera of each sequence obtained. The identified OTUs were members of the class 

Eurotiomycetes and Leotiomycetes. 

 
Figure 59: Composition of BDE fungal biofilm communities obtained from the Alexandria soil 

samples analysed by 18S rRNA gene based community fingerprinting (SSCP). Numbers on top of 

the gel correspond to sampling time in weeks and M corresponds to the lane of the marker. Marked 

bands have been excised, sequenced and compared with sequences of described species. 



  Results 

107 

 

 
Figure 60: Composition of BDE fungal biofilm communities obtained from the Monufia, Gharbia 

and Qalyubia soil samples analysed by 18S rRNA gene based community fingerprint (SSCP). 

Numbers on top of the gel correspond to sampling time in weeks and M corresponds to the lane of 

the marker. Marked bands have been excised, sequenced and compared with sequences of described 

species. 

 

 

 



  Results 

108 

 

 
Figure 61: Phylogenetic tree based on neighbor joining clustering after multiple alignment of the 

partial 18S rRNA gene sequences of the SSCP bands excised from BDE droplet biofilms from 

Alexandria, Monufia, Gharbia and Qalyubia samples. Bootstrap values expressed as percentages of 

1000 replications. Bar represents 0.1 substitutions per nucleotide position. 
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4.3 Structure of the biofilm changes along the pollution gradient 

Microbial communities organized in biofilms show a multitude of interactions, including 

carbon sharing [192], interspecies communication [193], and steep physicochemical gradients 

[121] and are very well protected against environmental stress factors such as toxic compounds, 

water stress, or grazing [194]. 

To take advantage of the special conditions in biofilms, soil and sediment samples were 

taken to grow biofilm communities on the pollutants. The biofilm was monitored by CLSM over 

42 days using Nile red to stain hydrophobic areas and Live/Dead for the bacteria to examine the 

structure of biofilms along the pollution gradient. To show the position of the droplet, the 

hydrophobic dye Nile Red was used and, interestingly, this dye stained also some aggregates of 

bacteria indicating hydrophobic cell surfaces. Contrary to the droplets of BDE the crystals of 

HCH, although also hydrophobic, could not be stained with Nile Red. The biofilm originating 

from soil sample was also treated with Live/Dead stain to determine the rate of live to damaged 

cells. However, in this case it was not possible to decide whether red stained cells were damaged 

or had hydrophobic surfaces, due to the possibility of staining cells with hydrophobic surfaces 

simultaneously with Nile Red.  

Figure 62 depicts the formation and development of the biofilm on the γ-HCH crystals 

showing the spatial progress of the biofilm on them. After 7 days (Figure 62 A) of incubation a 

biofilm was detected on the Permanox™ slide close to the crystals but only few cells were 

observed on the crystals directly. Subsequently, after 14 days (Figure 62 B) a substantial biofilm 

accumulation on the margins of the pollutant was observed. Further, after 14 days the number of 

live cells was higher than those of the defective cells. After 21 days (Figure 62 C) the biofilm 

showed the highest number of species and large microbial aggregates encircling the microcrystals 

of γ-HCH. Twenty-eight days (Figure 62 D) after incubation, the bacterial population on the 

Permanox™ substratum was somewhat reduced and the crystals started to break up. The 35 and 

42 days old biofilms revealed the dominance of damaged cells and the complete disappearance of 

the γ-HCH crystals.  It can be assumed that the red stain seen in these pictures are caused not oly 

by damaged bacterial cells but also by cells with hydrophobic surfaces and/or nanocrystals of the 

pollutants (Figure 62 E and F). 

Figure 63 depicts the formation and development of the biofilm on the droplets of BDE 

showing again the spatial progress of the biofilm on them. After 7 days (Figure 63 A) of 
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incubation a biofilm was detected on the Permanox™ slide loosely surrounding the droplets but 

only few cells were observed on the droplets. Subsequently, after 14 days (Figure 63 B) a 

substantial biofilm accumulation on Permanox slide concentrating around the margins of the 

droplets was observed. After 14 days the number of live cells was still higher than those of the 

defective cells. After 21 days (Figure 63 C) the biofilm showed the highest number of species and 

started to colonize the droplets as evident from the presence of yellow aggregates caused by the 

superposition of the green stain of the bacteria and the red stain of BDE. Twenty-eight days 

(Figure 63 D) after incubation, the bacterial population on the Permanox™ substratum started to 

decrease but increased on the droplets. The 35 and 42 days old biofilm revealed the dominance of 

damaged cells and hardly any live cells could be seen.  The number of microorganisms is also 

considerably decreasing and the droplets seem to break up into much smaller droplets (Figure 63 

E and F). 

The biofilm developing from polluted soils displayed a pronounced pattern of maturation. 

The first step was the colonization of the Permanox substratum, while the pollutants were hardly 

populated. When a certain density of bacteria was reached on the Permanox slide, the pollutants 

were colonized, but afterwards the number of damaged cells increased sharply accompanied by 

dramatic increase in crystal or droplet degradation. Finally, the aggregates of pollutants almost 

disappeared and almost all cells were damaged. One reason could be metabolites inhibiting or 

damaging cells in the biofilm leading to a higher ratio of damaged to living cells [142]. 
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Figure 62: Biofilm development after 7, 14, 21, 28, 35 and 42 days (A, B, C, D and F). γ-HCH biofilm 

stained with LIVE (= green)/ DEAD (= red) and Nile red (γ-HCH droplets) is shown as XY and grid 

size = 20 µm. G and H were magnified part from A and E, respectively and grid size = 40 µm. 
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Figure 63: Biofilm development after 7, 14, 21, 28, 35 and 42 days (A, B, C, D and F). BDE biofilm 

stained with LIVE (= green)/ DEAD (= red) and Nile red (BDE droplets) is shown as XY and grid 

size = 20 µm. G and H were magnified part from B and D, respectively and grid size = 40 µm 
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5 Discussion 

γ-HCH or lindane, one of the most commonly used pesticides, has been mainly used in 

agriculture; this pesticide is known to be highly toxic and persistent, causing serious water and 

soil contamination and intensive scientific studies in HCH detoxification were conducted due to 

health and environmental concerns [63]. Many countries continue to use lindane and residues of 

HCH isomers persist in the environment and bioaccumulate at various levels of the food chain, 

thus, becoming a threat to human health [24]. To eliminate these contaminants from the 

environment, attempts have been made to isolate lindane-utilizing native microorganisms and 

improve their utilizing ability. 

In the present study, 75 different bacterial and 49 different fungal species were isolated 

from several soil/sediment samples from Egyptian locations. Bacteria recorded in this 

investigation were classified into 3 phyla: Proteobacteria, Firmicutes and Actinobacteria 

according to their frequency of occurrence and diversity. The phylum with the highest frequency 

was Proteobacteria which contained 19 different species which were closely related to: 

Achromobacter piechaudii, A. xylosoxidans, Alcaligenes faecalis, Aquamicrobium sp., 

Brevundimonas diminuta, B. sp., Brucella sp., Cupriavidus oxalaticus, Frateuria sp., Luteimonas 

mephitis, Lysobacter daejeonensis, Novosphingobium sp., Ochrobactrum anthropi, O. sp., 

Pseudomonas panipatensis, P. putida, P. sp., P. stutzeri and Starkeya sp.. The phylum with 

moderate frequency and diversity phylum was Firmicutes which contained 16 different species 

which were mainly related to: Acetobacter pasteurianus, Bacillus altitudinis, B. 

amyloliquefaciens, B. cibi, B. circulans, B. flexus, B. licheniformis, B. megaterium, B. mycoides, 

B. pumilus, B. simplex, B. sp. subtilis, B. thuringiensis, Oceanobacillus picturae and 

Paenibacillus ginsengisoli. The low diversity phylum was Actinobacteria which contained 7 

different species which were closely related to: Agromyces sp., Gordonia sp., Microbacterium 

sp., Micromonospora sp., Rhodococcus ruber, R. sp. and R. wratislaviensis. The highest number 

of bacterial isolates was obtained from samples collected from the Monufia location. 

Bacillus, Pseudomonas and Rhodococcus were the most frequent and diverse genera and 

their species have been reported frequently to grow on γ-HCH. The study presented here enlarges 

the number of genera and species able to use HCH offering novel possibilities in using bacteria in 

HCH degradation. To achieve this however genetic characterizations of these isolates are 

required in order to optimize the metabolic capabilities of these strains. 
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Not all of the isolated bacterial and fungal species from soil/sediment samples had good 

growth in the presence of γ-HCH. Screening or selection of the most suitable bacterial and fungal 

species was dependent on the growth rate on the medium containing γ-HCH. The results of the 

present study (Figure 19) revealed that the most active bacterial isolates were isolate2.Qalyubia2, 

isolate3.Alexandria4, isolate7.Monufia4, isolate4.Gharbia and isolate3.Kafr El-Sheikh which 

were closely related to: Rhodococcus sp., Agromyces sp., Bacillus sp., Aquamicrobium sp. and 

Lysobacter daejeonensis, respectively. The species found here as the best HCH degraders are 

different to the ones usually used to study HCH degradation. Sahu et al. studied the degradation 

of γ-HCH by a Pseudomonas sp. isolated from sugarcane rhizosphere soil. The authors 

demonstrated the almost complete disappearance of the pesticide within 24 h of incubation with a 

concomitant release of Cl
–
 almost in stoechiometric amounts [49]. Lindane was totally consumed 

within 72 h by a consortium of bacteria isolated from a river sediment and 6 mol of Cl
–
 was 

generated from 1 mol of lindane during bacterial growth [63]. Further work is needed to 

characterize the degradation pathways and the optimal conditions for HCH degradation for any of 

the above isolates. 

In most studies on the degradation of HCH fungi have been ignored. To close this gap not 

only bacteria but also fungi have been isolated in this study as HCH-degraders. Fungi identified 

in this study and able to metabolize γ-HCH can be mainly divided into 4 classes: Eurotiomycetes, 

Sordariomycetes, Zygomycetes and Dothideomycetes. The class of highest diversity was 

Eurotiomycetes which contained 20 different species which were closely related to: Aspergillus 

terreus, A. fumigates, Dichotomomyces cepjpii, Eurotium rubrum, Gymnascella hyalinospora, 

Monascus ruber, Paecilomyces sp., P. tenuis, Penicillium chrysogenum, P. commune, P. 

dipodomyicola, P. griseofulvum, P. pinophilum, P. raperi, P. sp., Talaromyces helices, T. sp., T. 

trachyspermus, P. trachyspermus var. assiutensis and T. unicus. The class with moderate 

frequency was Sordariomycetes which contained 7 different species which were closely related 

to: Cylindrocarbon sp., Pseudallascheria boydii, P. ellipsoida, Scedosporium apiospermum, 

Thielavia hyalocarpa, T. sp. and Zopfiella latipes. The low diversity classes were Zygomycetes 

and Dothideomycetes which contained two species Mortierella gamsii and M. sp., and one 

species Pycnidiophora aurantiaca, respectively.Penicillium, Talaromyces and Pseudallascheria 

were the most diverse genera and the highest number of fungal isolates was obtained from 

samples collected at the Qalyubia location. These isolates increased the known range of fungi 

using HCH considerable because only a few fungal strains have been shown before to be able to 
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degrade HCH isomers [24]. The ability of several white-rot fungi to degrade lindane was tested 

by Arisoy [53]. The white-rot fungi causing white-rot of wood have recently become the object 

of increasing attention by scientists working in the hazardous waste field. These fungi normally 

grow on decaying wood and forest litter, and appear to be unique among microorganisms in that 

they can rapidly depolymerize and mineralize lignin to carbon dioxide [195]. White-rot fungi are 

also able to degrade a wide variety of environmentally pollutants to carbon dioxide, including a 

number of chlorinated pollutants such as DDT and lindane [196]. Biodegradation of the 

pollutants occurs at a high rate only under nutrient limitation and in the presence of cellulose or 

glucose. In our study most of the fungal isolates were white-rote fungi and we discovered new 

isolates from this group being able to grow on γ-HCH. 

The most abundant fungal isolates (Figure 32) were of isolate10.Qalyubia1, 

isolate9.Gharbia, isolate1.Qalyubia2, isolate1.Kafr El-Sheikh, isolate2.Monufia1 and 

isolate1.Alexandria4 which metabolized γ-HCH and gave a good growth in presence of it. They 

were closely related to: Talaromyces helicus, Talaromyces trachyspermus, Pseudallescheria 

boydii, Dichotomomyces cejpii, Penicillium chrysogenum and Penicillium griseofulvum, 

respectively. As has been already stated in the introduction little has been done to study HCH 

degradation by fungi and all of these studies were focused on white rot fungi. The fungi found in 

this present study are different to those studied for HCH degradation so far and broaden the field 

of fungi useful for bioremediation and degradation of chlorinated organic pollutants. 

After isolation and identification of the most tolerant bacteria and fungi for γ-HCH, the 

objective of the present work was to compare the diversity and activity of the isolates with 

microbial biofilm communities colonizing γ-HCH crystals. The question was here whether these 

microbial communities differ from those isolated through classical microbiological methods. 

Using SSCP gel profiling it was possible to analyse the biofilm community indicating that 

bacteria and fungi are better adapted to the conditions of the biofilms in the microcosms and 

consequently, were more successful in colonizing the slides with γ-HCH crystals. For all samples 

it was possible to grow biofilms on the HCH crystals and the individual biofilm communities 

different considerably between the different sites. This underlines that different communities are 

able to do HCH degradation and that probably conditions specific for the site controls community 

composition as has been shown before in the case of PCB degradation [197]. The comparative 

community analysis of the biofilms allowed the identification of the taxa performing the 

dechlorination. The members of the individual biofilm communities turned out to be different 
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from those isolated through classical microbiological methods from the same soil samples. From 

bacterial biofilm communities 38 OTUs were identified and classified into the 3 phyla 

Proteobacteria, Firmicutes and Cyanobacteria. The phylum Proteobacteria contained 15 different 

OTUs which were closely related to Aquabacterium sp., Burkholderia gladioli, B. sp., 

Caulobacter sp., Comamonas sp., Coronobacter sakazakii, C. sp., Escherichia coli, 

Methyloversatilis sp., Nitrosospira sp., Ochrobactrum sp., Pravibaculum sp., Pseudomonas 

fluorescens, P. sp. and Sphingomonas sp. The phyla Firmicutes and Cyanobacteria contained one 

OTU for each which was mainly related to: Planococcus sp. and Coleochaete pulvinata, 

respectively. Sphingomonas, Coronobacter, Pseudomonas and Burkholderia were the most 

frequent and diverse genera. The bacterial biofilm from the contaminated soils Alexandria and 

Monufia possessed the highest diversity.  

This is an interesting finding because most of the HCH-degrading aerobic bacterial strains 

reported until now are gram-negative and members of the family Sphingomonadaceae. A few 

other HCH-degrading isolates such as Rhodanobacter lindaniclasiticus and Xanthomonas sp. 

were also reported. Only very few gram-positive strains such as Microbacterium sp. and Bacillus 

sp. have been shown to degrade HCH [24]. Previous studies have shown before that the 

individual strains do not act isolated from the other community members but have strong 

interactions with each orther [198]. A simple comparison of the isolates with the activity of the 

biofilm communities is therefore not possible. Furthermore, the experience in our laboratory is 

that a mere combination of the isolates is not possible to gain activities and robustness 

comparable to the one observed in the biofilms. Probably modern day techniques as meta-

genome sequencing or stable isotope analyses are required to get a much deeper understanding of 

HCH degradation in biofilms communities. Nevertheless biofilm communities certainly have 

advantages in in situ bioremediations due to their robustness and resilience.  

The results of our study revealed diverse microbial communities in the Egyptian 

soil/sediment samples which were able to colonize γ-HCH crystals. Generally, the bacterial 

biofilms in the 2
nd

 and 3
rd

 weeks were more prominent and diverse, but remained relatively 

constant in the 4
th

 week and no new significant bands appeared. In the 5 and 6 weeks old 

biofilms, most of the microbial communities disappeared. Fungi were only minor components in 

any of the biofilm communities grown on HCH crystals. The fungal biofilm communities 

detected by SSCP had very low diversity compared with the bacterial ones, with Penicillium as 

the only genus and strains closely related to Penicillium expansum and P. sp. In the case of the 
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temporal dynamics of the fungal species in the biofilms, the fungal communities appeared only in 

the 4
th

 week and then disappeared in the following weeks pointing to a minor role of fungi in the 

degradation of HCH at least in these biofilm communities. 

It was interesting to compare the results on HCH-degrading communities with biofilm 

communities grown from the same soil samples but on another substrate and here BDE was 

chosen. In recent years there has been interest in using polyhalogenated diphenyl ethers as 

chemicals to replace the polyhalogenated biphenyls formerly utilized as flame retardants. 4,4'-

Dibromodiphenyl ether (4,4'-DBDE) is the lowest halogenated commercial congener belonging 

to this class of compounds of environmental concern [111]. To eliminate these contaminants 

from the environment, attempts have been made in our laboratory to isolate BDE15-utilizing 

native microorganisms and improve their utilizing ability. 

From the enrichment culture after one month, bacterial and fungal strains that can utilize 

BDE15 as sole source of carbon and energy were isolated and identified. In the present study a 

broad diversity of microorganisms were detected: 68 different bacterial and 35 different fungal 

species were isolated from several soil/sediment samples from Egyptian locations. Bacteria 

recorded in this investigation were classified into 3 phyla: Proteobacteria, Actinobacteria and 

Firmicutes according to their frequency of occurrence and diversity. The phylum of highest 

frequency was Proteobacteria which contained 24 different species which were closely related to: 

Alcaligenes faecalis, A. sp., Aquamicrobium sp., Brevundimonas sp., Castellaniella ginsengisoli, 

C. sp., Devosia sp., Dokdonella koreensis, Ensifer meliloti, Frateuria sp., Luteimonas mephitis, 

Nitratireductor sp., Ochrobactrum sp., Pseudaminobacter deflvii, Pseudomonas sp., 

Pseudoxanthomonas mexicana, P. sp., Pusillimonas terrae, Rhodanobacter lindaniclasticus, Rh. 

sp., Sphingomonas sp., Sphingopyxis sp., Stenotrophomonas acidaminiphila and Thauera sp. The 

phylum of moderate frequency and diversity was Actinobacteria which contained 13 different 

species which were mainly related to Agrococcus sp., Agromyces neolithicus, A. sp., 

Arthrobacter oxydans, A. sp., Gordonia amicalis, Isoptericola sp., Microbacterium sp., 

Micromonospora pattaloongensis, Nocardia sp., Promicromonospora sp., Rhodococcus equi, R. 

erythropolis and R. sp. The lowest diversity was found in Firmicutes which contained 9 different 

species closely related to: Bacillus firmus, B. niacin, B. sp., Paenibacillus amylolyticus, P. 

chinjuensis, P. sp., P. turicensis, Staphylococcus epidermidis and Streptomyces clavuligerus. The 

highest diversity of bacterial isolates was observed in samples collected from the Monufia 
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location. Rhodococcus, Bacillus, Paenibacillus, and Rhodanobacter were the most frequent and 

diverse genera and their species have frequently reported to grow on BDE.  

Again the diversity found in the isolates is broader than what was known so far.  The 

ability of the polychlorinated biphenyl (PCB) degrading bacteria Rhodococcus jostii RHA1, 

Burkholderia xenovorans LB400, Rhodococcus sp. RR1 and the ether-degrading Pseudonocardia 

dioxanivorans CB1190 to utilize and transform mono- to hexa-BDEs have been reported [114]. 

However, no attempts were made in our study to test any of the isolates on their ability to use 

different congeners of BDE or any mixtures or congeners of PCB. 

It has been assumed that microbial degradation of PBDEs will be low and/or only under 

aerobic conditions. It has also been suggested that combinations of anaerobic and aerobic 

microbial processing may possess the ability to fully degrade PBDEs [112]. To test this, 

Vonderheid [199] examined the diversity of sewage microbial communities and their ability to 

degrade BDEs under both anaerobic and aerobic conditions. In this study microorganisms from a 

sewage biosolid reactor were isolated, cultured and tested for the capability to degrade BDE. 

Generally, isolates fell into 3 main genera; Aeromonas, Xanthomonas and Pseudomonas. The 

application of biofilms offers the possibility to create anaerobic niches within an aerobically 

grown biofilm [200]. This has been shown for the degradation of PCB but it is highly likely that 

it also applies for the degradation BDEs. 

As expected not all of the isolated bacterial and fungal species from soil/sediment samples 

displayed good growth on of BDE. The results in the present study (Figure 41) revealed that the 

most active bacterial isolates were Isolate8.Qalyubia1, isolate2.Monufia2, isolate1.Gharbia, 

isolate1.Kafr El-Sheikh and isolate5.Alexandria3 which were closely related to: Rhodanobacter 

lindaniclasticus, Bacillus sp., Nocardia sp., Rhodococcus sp. and Brevundimonas sp., 

respectively. 

On the basis of the evidence provided so far, both anaerobic and aerobic microorganisms 

can initiate debromination of BDEs in the laboratory, but apparently aerobic bacteria are faster 

(i.e. days/weeks) compared to anaerobic bacteria (months/year). Under aerobic conditions, 

Sphingomonas sp. had been reported to utilize BDEs as sole carbon and energy source. Within 6 

days, the initial amount of 1 g/L BDEs was completely utilized, and the highest cell density was 

reached with a culture turbidity of 1.2 at OD578 [116].  

Fungi identified in this study and able to metabolize BDE were mainly divided into 3 

classes: Eurotiomycetes, Sordariomycetes and Dothideomycetes. The class of highest diversity 
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was Eurotiomycetes which contained 14 different species which were closely related to: 

Chrysosporium articulatum, Eurotium sp., Gymnascella aurantiaca, Gymnoascus hyalinospora, 

Penicillium chrysogenum, P. crustosum, P. griseofulvum, P. marneffei, P. polonicum, P. sp., 

Talaromyces flavus, T. helices, T. stipitatus and T. trachyspermus. A class of moderate frequency 

was Sordariomycetes which contained 3 different species which were closely related to: 

Pseudallascheria boydii, Scedosporium dehoogii and Thielavia sp. The lowest diversity class was 

Dothideomycetes which contained three species: Pycnidiophora aurantiaca, Westerdykella 

dispersa and W. globosa. Penicillium and Talaromyces were found to be the most diverse genera 

and the highest number of fungal isolates could be obtained from samples collected from the 

Monufia and Alexandria locations. The most abundant fungal isolates (Figure 57) were of isolate 

6.Alexandria1, isolate1.Monufia2, isolate4.Gharbia, isolate2.Qalyubia2 and isolate1.Kafr El-

Sheikh which metabolized BDE and showed good growth on it. They were closely related to: 

Penicillium polonicum, Talaromyces flavus, Penicillium sp., Pseudallescheria boydii, and 

Westerdykella dispersa, respectively. 

The pollutant degradation by white-rot fungi is due to the role of ligninolytic enzymes 

including manganese peroxidases, lignin peroxidases and laccases. In contrast to what is known 

about some polycyclic aromatic hydrocarbons [201-204] little or no information exists 

concerning their abilities for the degradation of biarylic compounds like polychlorinated 

biphenyls, diphenyl ethers or dibenzo-p-dioxins [51, 205]. Obviously, in addition to the action of 

extracellular ligninolytic enzymes, intracellular processes also seem to be of importance for the 

biotransformation of these compounds by white-rot fungi [206-207]. 

As for the degradation of HCH the objective of the present work was to compare the BDE 

degrading isolates with the microorganims in microbial biofilm communities colonizing BDE 

droplets. By SSCP gel profiling it was possible to determine the composition of the biofilm 

communities demonstrating that bacteria and fungi were different from those isolated from the 

same soil sample. The comparative community analysis of the biofilms allowed the tentative 

identification of the taxa performing the debromination. In the bacterial biofilm communities we 

identified 66 OTUs grouped into 3 phyla: Proteobacteria, Actinobacteria and Sphingobacteria 

according to their diversity. 

The phylum Proteobacteria was present with 36 different OTUs which were closely 

related to: Acidovorax sp.,Alcanivorax sp, Aquabacteria sp., Bradyrhizobium sp., Brevundimonas 

sp., Burkholderia sp., Caulobacter sp., Crenothrix polyspora, Denitratisoma sp., Haliea sp., 
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Halomonas desiderata, H. maura, H. salifodinae, H. salina, H. sp., Herbaspirillum sp., 

Hydrogenophaga sp., Hyphomicrobium sp., Klebsiella oxytoca, Limnobacter sp., Methylibium 

sp., Methyloversatilis sp., Novosphingobium sp., Oleomonas sp., Pravibaculum sp., 

Pseudomonas fluorescens, P. sp., Phenylobacterium sp., Rhodococcus sp., Rhodoferax sp., 

Solimonas sp., Sphingopyxis sp., Thalassobaculum sp., Thialkalivibrio sp., Thiobacter sp. and 

Thioploca sp.. The 3 OTUs were members of the phylum Actinobacteria most closely related to: 

Aeromicrobium sp., Lentzea sp. and Pseudonocardia sp. The phylum Sphingobacteria contained 

one OTU which was closely related to Haliscomenobacter sp. Pseudomonas, Caulobacter, 

Halomonas, and Methyloversatilis were the most frequent and diverse genera in the biofilms. The 

bacterial biofilm communities from contaminated soils of the Alexandria and Qalyubia possessed 

the highest diversity. 

The fungal biofilm communities had very low diversity compared with bacterial biofilm 

and were closely related to Blastomyces dermatitidis, Penicillium chrysogenum and P. roqueforti 

(class Eurotiomycetes) and Thelebolus microspores (class Leotiomycetes). 

Evidence of rapid degradation of BDEs has been presented by Zhou et al. [208], who 

evaluated the ability of white rot fungi to degrade BDEs in a liquid culture media and the effect 

of Tween-80 and β-cyclodextrin on the degradation of BDEs by white-rot fungi. The results 

showed that test systems with only white-rot fungi added showed a decrease of 42% in the 

amount of BDEs over 10 days in the test system compared to the sterile controls. Tween 80 was 

found to enhance BDEs degradation at an appropriate concentration (maximum degradation 

96.5% over 10 days). Cyclodextrin was also shown to enhance BDEs degradation (maximum 

degradation of 78.4% over 10 days). Such a fast degradation has not been found in any of the 

microcosm experiments shown here. However, no attempt has been made to optimize or even 

enhance the degradation because this would have been outside of the scope of the presented 

study. 

It is interesting to compare the results from the biofilm architecture over time both 

between the HCH and the BDE biofilm communities and the ones reported for PCB degrading 

biofilms. The HCH crystals were never heavily colonized by bacteria, instead they were 

surrounded by bacteria probably took advantage of the diffusion gradient of HCH dissolving in 

water. An astonishing phenomenon is the fragmentation and dissolution of the HCH 

microcrystals at the end of the experiment not seen before in any of these microcosms. Contrary 

to HCH the biofilm communities colonize after two weeks BDE as has also been seen in the case 
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of PCB. For BDE again we could see a fragmentation of the droplets probably caused by 

bacterial invasion, action of biosurfactants or other still unknown mechanisms. For all three 

substrates damage of the bacterial cell wall can be seen after 4 weeks probably caused by the 

hydrophobic nature of the substrates and/or the formation of toxic intermediates formed during 

biodegradation. The damaged cells however are not dead but still showed metabolic activities and 

many contributions have been made concerning the distinction between damaged and dead 

bacterial cells [209]. This has been reported in the case of PCB but for the results presented here 

one has to keep in mind that a co-staining with Nile Red has been used which may obscure the 

results due to staining of lipophilic particles/membranes. 

Microcosms are closer to the situation in the field than isolate microorganisms, however, 

they are still not the same than the situation in situ. Although it is highly probable that biofilm 

communities are indeed the metabolic entities in soil doing most of the degradation of organic 

matter including pollutants many more interactions play a role in the performance of 

microorganisms. One of them is the symbiotic relationship between fungi and plant roots, known 

as arbuscular mycorrhizas. These mycorrhizas are ubiquitous and may facilitate metabolism of 

substances such as polycyclic aromatic hydrocarbons in the soil. This effect was considered to be 

due to the mycorrhiza-associated microflora, since the microbial community structure had an 

altered phospholipid fatty acid profile [210]. The current work is therefore only a step forward in 

understanding the role of different microorganism and their communities in the degradation of 

HCH and BDE. The findings presented here strongly support the use of biofilm communities in 

in situ bioremediations. 
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6 Conclusion 

γ-Hexachlorocyclohexane (γ-HCH) and 4,4`-diphenylether (BDE) are extensively in use 

in the tropical countries and in some developed countries. They are highly halogenated pollutants 

that persist in the environment for a long time and the residues have been reported from water, 

vegetables and food commodities. They have been banned in many countries because of its 

toxicity, mutagenicity and carcinogenicity to humans. These compounds are very difficult for 

bacteria and fungi to degrade. However, bacteria and fungi can cooperate within a community 

making the degradation process easier. The purpose of this work was to determine the extent of 

the microbial potential for the degradation of γ-HCH and BDE in soils. This study demonstrated 

the huge diversity of bacteria and fungi from 12 soil samples collected around chemicals and 

pesticide producing factories from Egypt. From γ-HCH and BDE enrichment cultures, all 

samples yielded broad biodiversities as revealed by the analyses of the16S rRNA genes for 

bacteria and 18S rRNA genes for fungi.  

In the present study, 75 different bacterial and 49 different fungal species were isolated 

from several soil/sediment samples which are able to metabolize and grow on γ-HCH. The 

highest count of bacteria was observed on samples collected from the Monufia location. Bacillus, 

Pseudomonas and Rhodococcus were the most frequent and diverse genera and their species have 

frequently reported to grow on γ-HCH. Penicillium, Talaromyces and Pseudallascheria were the 

most diverse genera and the highest count of fungi was observed on samples collected from the 

Qalyubia location. The best degrading bacterial isolates were Rhodococcus sp. 

isolate2.Qalyubia2, Agromyces sp. isolate3.Alexandria4, Bacillus sp. isolate7.Monufia4, 

Aquamicrobium sp. isolate4.Gharbia and Lysobacter daejeonensis isolate3.Kafr El-Sheikh. The 

most abundant fungal isolates were Talaromyces helicus isolate10.Qalyubia1, Talaromyces 

trachyspermus isolate9.Gharbia, Pseudallescheria boydii isolate1.Qalyubia2, Dichotomomyces 

cejpii isolate1.Kafr El-Sheikh, Penicillium chrysogenum isolate2.Monufia1 and Penicillium 

griseofulvum isolate1.Alexandria4 which metabolized γ-HCH and showed good growth in its 

presence. 

Also, 68 different bacterial and 35 different fungal species were isolated from several 

soil/sediment samples which were able to metabolize and grow on BDE. The highest diversity of 

bacteria was observed in samples collected from the Monufia location. Rhodococcus, Bacillus, 

Paenibacillus, and Rhodanobacter were the most frequent and diverse genera and their species 
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have frequently reported to grow on BDE. For the fungal isolates Penicillium and Talaromyces 

were found to be the most diverse genera and the highest number of fungi was observed in 

samples collected from the Monufia and Alexandria locations. The most active bacterial isolates 

were Rhodanobacter lindaniclasticus Isolate8.Qalyubia1, Bacillus sp, isolate2.Monufia2, 

Nocardia sp. isolate1.Gharbia, Rhodococcus sp. isolate1.Kafr El-Sheikh and Brevundimonas sp. 

isolate5.Alexandria3. The most abundant fungal isolates were Penicillium polonicum isolate 

6.Alexandria1, Talaromyces flavus isolate1.Monufia2, Penicillium sp. isolate4.Gharbia, 

Pseudallescheria boydii isolate2.Qalyubia2 and Westerdykella dispersa isolate1.Kafr El-Sheikh 

which metabolized BDE and grew well with it. 

These isolates were compared with biofilm communities grown from the same soil and 

sediment samples using γ-HCH microcrystals and BDE droplets as substrates. The experiments 

were done in microcosms and the biofilm communities were monitored by SSCP profiling. The 

microorganisms detected in the biofilm communities were different from those isolated through 

classical microbiological methods inoculated with the same soil sample. 

All soil samples yielded biofilms on γ-HCH & BDE and SSCP analysis of the biofilms 

revealed rather diverse bacterial and fungal communities. From γ-HCH-bacterial biofilm 

communities, we identified 38 OTUs. The bacterial biofilm from the contaminated soils 

Alexandria and Monufia possessed the highest diversity. Sphingomonas, Coronobacter, 

Pseudomonas and Burkholderia were the most frequent and diverse genera. The fungal biofilm 

communities had very low diversity compared with the bacterial ones and were closely related to 

Penicillium expansum and P. sp. Doing the same experiments with BDE instead of γ-HCH 

yielded different microbes. In BDE-bacterial biofilm communities, we identified 66 OTUs, 

Pseudomonas, Caulobacter, Halomonas, and Methyloversatilis were the most frequent and 

diverse genera. The bacterial biofilm from contaminated soils Alexandria and Qalyubia possessed 

the highest diversity. The fungal biofilm communities had low diversity compared with the 

bacteria in the biofilm. The main fungal members of the biofilms were closely related to 

Blastomyces dermatitidis, Penicillium chrysogenum and P. roqueforti and Thelebolus 

microspores. 

The structural biofilm development was monitored by Confocal Laser Scanning 

Microscope (CLSM) using Nile Red to stain the substrate and any lipophilic areas in the biofilm 

and Bac Light Kit, for LIVE (green)/DEAD (red) bacteria. The formation and development of the 

biofilm on the microcrystals showed the spatial progress of the biofilm around them. However, 
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contrary to the biofilm development described for PCB droplets [142] the biofilm communities 

did not colonize the HCH crystals. Instead the microbes accumulated around these crystals and 

finally dissolved them. The structural dynamic of the BDE-degrading biofilm communities 

followed closer the model described for the PCB droplets but at the end of the experiments was 

again first fragmentation and finally dissolution of the entire droplets. Both for HCH and BDE 

and similar to the observation made for PCB droplets the majority of microbes showed cell wall 

damages at the end of the experiments. 

From the soil samples, a huge diversity of species was obtained and most isolates were 

able to metabolize and grow on γ-HCH and BDE and use them as sole source of carbon. New γ-

HCH- and BDE-degrading isolates have been identified and characterized phylogenetically and 

by FAME profile. Bacteria and fungi in microbial communities play different roles and together 

they are able to form biofilm communities using γ-HCH and BDE as a carbon source: (a 

functional diversity cooperation). The method applied was very effective in selecting 

communities of γ-HCH and DFE degraders, which could metabolize its microcrystals or droplets. 

Despite some members of the communities disappeared over time, the most abundant members 

(identified through SSCP bands) tend to remain over time. The method used proved to be a good 

method to follow the dynamics of biofilm communities composed by uncultured bacteria and 

fungi. The insights gained from this study on the diversity of HCH and BDE degraders and their 

dynamics in the biofilm communities will help to optimize in situ bioremediations using biofilm 

communities. 
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