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Formáli 
Verkefni þetta er gildir til B.S. gráðu í líftækni frá Háskólanum á Akureyri er 

ritað á formi vísindagreinar með leyfi leiðbeinenda og umsjónarmanns 

lokaverkefna við Auðlindadeild. Verkefnið inniheldur þó umfangsmeiri 

inngang en almennt tíðkast í vísindagreinum. Verkefnið er með tilliti til þessa 

skrifað á ensku. 
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Abstract 
Halogenated aromatic compounds are among the most persistent and prevalent 

pollutants in today‘s environment. To biodegrade them, microorganisms with 

specific degrading pathways may be used. These include the dehalorespiration 

pathway, enabling the bacteria to use halogenated compounds as terminal 

electron acceptors in anaerobic respiration. To be able to take part in 

bioremediation, specific genes must be present in the bacterial genome and 

expressed. The main scope of this research was to determine if specific strains, 

isolated from the Öxarfjörður methane seepage pockmarks, carry genes known 

to be involved in dehalorespiration. Specifically, chloroethene and 

trichloroethene reductive dehalogenase genes were screened for in selected 

strains in the phylum Proteobacteria, but strains belonging to the phylum have 

been shown to be capable of biodegradation and dehalorespiration. The genes 

have previously been detected in the dehalorespiring bacteria Dehalobacter 

restrictus, Sulfurospirillum multivorans and Dehalococcoides ethenogenes. 

Both specific and degenerate primers were used for the screening. Results 

obtained in the present study show that genes, involved in dehalorespiration, are 

present in five bacterial strains isolated from this specific environment in the 

methane seepage pockmarks. These include strains assigned to taxonomically 

diverse genera; Porphyrobacter, Paracoccus, Rhodoferax, Paraburkholderia 

and Shewanella. In addition, a Cereibacter strain was found to grow on 1,2,3-

trichlorobenzene as a sole carbon source and Paracoccus, Acidovorax and 

Acinetobacter strains showed tolerance for high concentration of hexane.  

 

Keywords: Proteobacteria, dehalorespiration, Öxarfjörður, methane seepage 

pockmarks, dechlorination 
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Útdráttur 
Arómatísk klórefnasambönd geta orsakað mikla mengun í umhverfinu, safnast 

upp í óæskilegu magni og valdið miklum skaða. Ákveðnar tegundir og stofnar 

baktería hafa sýnt hæfileika til að taka þátt í slíkri lífhreinsun með ákveðnum 

ferlum. Á meðal þeirra er afhalógenun sem gerir bakteríunni fært að nota 

halógenaðar sameindir sem aðal rafeindarþega í loftfirrðri öndun. Ákveðin gen 

þurfa að vera til staðar í erfðamengi bakteríanna sem gerir þeim kleyft að 

afhalógena halógenuð efnasambönd. Verkefni þetta miðast að því að athuga 

hvort ákveðnir stofnar baktería sem einangraðir hafa verið í gasaugum í 

Öxarfirði beri með sér gen sem gera þeim kleyft að framkvæma afhalógenun. 

Skimað var eftir þekktum eftir klóretan- og tríklóróetan öndunar afhalógenandi 

genum, í bakteríustofnum sem tilheyra fylkingunni Proteobacteria en bakteríur 

færar um lífniðurbrot og afhalógenun hafa fundist innan hennar. Genin hafa nú 

þegar verið greind í afhalógenandi bakteríunum Dehalobacter restrictus, 

Sulfurospirillum multivorans og Dehalococcoides ethenogenes. Við skimunina 

voru notaðir sértækir og ósértækir prímerar. Niðurstöður þessarar rannsóknar 

sýndu að gen sem gera afhalógenun mögulega, eru til staðar í fimm stofnum 

baktería sem finna má í þessu sérstaka umhverfi sem til staðar er í gasaugunum. 

Stofnarnir tilheyra fimm mismunandi ættkvíslum baktería; Porphyrobacter, 

Paracoccus, Rhodoferax, Paraburkholderia og Shewanella. Þar að auki óx stofn 

sem tilheyrir ættkvíslinni Cereibacter á æti með 1,2,3-tríklóróbensen sem aðal 

kolefnisgjafa og stofnar innan ættkvíslanna Paracoccus, Acidovorax og 

Acinetobacter uxu innan um háan styrk af hexani.  

 

Lykilorð: Proteobacteria, afhalógenun, Öxarfjörður, metangasaugu, afklórun 
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1. Introduction 
Halogens or halogenated compounds are ubiquitous in the world’s environment. 

They contribute in developing many distinct chemical structures and take part 

in many biological processes (Agarwal et al., 2017). It is therefore important to 

evaluate the natural and continual presence of these compounds in the 

environment (Häggblom & Bossert, 2003), since halogenation of substances can 

even be necessary for natural products to sustain their bioactivity (Agarwal et 

al., 2017), but at the same time to be aware of their possible contamination effect 

caused by anthropogenic activity (Häggblom & Bossert, 2003). The 

halogenation reaction differs in complexity, all from leading to the formation of 

simple aromatic molecules to multifold ring structures. In the environment 

halogens are most often found in the form of halides and found in different forms 

of wide diversity. Bromine, chlorine, fluorine and iodine are the four halogen 

atoms and they all have different chemical properties, but are all capable of 

taking place in mechanisms involving substitution, oxidation and reduction. 

Most of them are in the form of brominated or chlorinated compounds, although 

different fluorinated and iodinated compound examples can also be found but in 

much lower diversity (Agarwal et al., 2017). Many halogenated compounds can 

be regarded as xenobiotics, i.e. compounds that can be described as exotic to the 

environment. Their constitutional properties caused by the halogen substituent 

are often what makes them toxic. Chlorophenols and PCBs are compounds with 

these unwanted characteristics (Häggblom & Bossert, 2003). 

PCBs or polychlorinated biphenyls were used extensively in industry for 

many years in the 20th century. PCBs were manufactured and released into the 

environment in tremendous quantities resulting in accumulation and bio-

magnification due to their low solubility and resistance to degradation. PCBs 

have been shown to be toxic to animals, both humans and wildlife. They have 

been found to be human carcinogens (Häggblom & Bossert, 2003), that is, cause 

changes in cells that can lead to the formation of cancer (Smith et al., 2016). 

This widespread and common use of solvents containing PCBs and 

polychlorinated biphenyls has set its mark on nature and it has become clear that 

halogenated compounds have accumulated in sediments. Although it has also 
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been discovered, that microbially mediated PCB dechlorination is widespread 

in those sediments (Häggblom & Bossert, 2003).  

Trichloroethene (TCE) and tetrachloroethene (PCE) are halogenated 

aliphatic compounds that are also widely used solvents in the cleaning industry 

and are one of the most common groundwater contaminants (Regeard, Maillard, 

& Holliger, 2004). Along with their metabolites, vinyl chloride (VC) and 

dichloroethene (DCE) and other related compounds like chloroform (CF) and 

carbon tetrachloride (CT). Tetrachloroethene and trichloroethene can be 

produced naturally by pyrolysis if inorganic chloride is accessible. This 

formation can for example take place in a volcanic eruption (Häggblom & 

Bossert, 2003). 

All of these halogenated compounds do have similar characteristics 

regarding resistance to degradation, low water solubility, low vapor pressure etc. 

These properties can in some cases make biodegradation difficult, especially 

when degrading halogenated aliphatic compounds because of the possible 

partition into environmental compartments that is harder for microorganisms to 

access and is therefore more recalcitrant for biodegradation. When estimating 

an ideal organism capable of dehalorespiration the ability to degrade the toxic 

chemical down completely can be an essential factor. For instance VC, the 

daughter product of PCE, is extremely toxic and a known carcinogen, rendering 

its accumulation in the environment undesirable (Häggblom & Bossert, 2003). 

Enzymes capable of degrading halogenated compounds can be identified 

when taking a close look at dehalogenation processes (Agarwal et al., 2017). 

Dehalogenating enzymes remove halogen from man-made organohalogens but 

are also capable of functioning naturally in metabolic pathways, since not all 

halogenated molecules are anthropogenic but also a derivative of nature. Studies 

have shown that dehalogenation can be performed by microorganisms capable 

of dehalorespiration (Futagami, Goto, & Furukawa, 2008), both under anaerobic 

and aerobic conditions (Þorsteinsdóttir, 2018) and both in marine and terrestrial 

environments (Futagami et al., 2008). Anaerobic bacteria capable of 

dehalorespiring use a wide scope of organohalogens as terminal electron 

acceptors when using metalloenzymes in catabolic processes. The electron 

donors can be different between microorganisms. Hydrogen is one of the best 

known and is for instance used in deductive dechlorination of PCE to ethene by 
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Dehalococcoides ethenogenes, but lactate, pyruvate and formate are also used 

by many dehalorespiring bacteria (Häggblom & Bossert, 2003). Different 

schemes can be utilized, with dehalogenation being possible through reductive, 

hydrolytic and oxidative reactions (Agarwal et al., 2017). For instance, PCE can 

be converted to TCE, then vinyl chloride (VC) resulting with ethane as an end 

product, which is a nontoxic chemical compound (Futagami et al., 2008). 

(Figure 1).  

 

 
Figure 1: Dechlorination pathway (Futagami et al., 2008). 

 
The chlorinated compounds are used as electron acceptors and most 

dehalorespiring bacteria use H2 as an electron donor. These reactions are 

catalysed by reductive dehalogenase enzymes. PCE dehalogenase enzymes or 

pceA are the key enzymes in the reductive dechlorination reaction when 

degrading PCE to TCE. Another protein, tceA, expresses the TCE dehalogenase 

that dechlorinates TCE to VC, and then VC to ethane (Futagami et al., 2008).  

Reductive dehalogenases are necessary for dehalogenation reactions. 

Among these is the pceA dehalogenase which has been identified in many 

bacterial strains that are able to perform dehalorespiration. The PCE 

dehalogenase enzymes identified in Desulfitobacterium hafniense, 

Dehalobacter restrictus, Sulfurospirillum multivorans and Dehalococcoides 

have been studied in detail. So far, all of the known reductive dehalogenases 

seem to affect the cytoplasmic membrane and electron transport, by reinforcing 

the electron transport with their N-terminal region where a specific sequence 

called Tat (twin arginine translocation) can be found. The Tat sequence along 

with the electron acceptor seem to be involved in translocation of the reductive 

dehalogenases and the determination whether the protein is moved into or across 

the cytoplasmic membrane (Futagami et al., 2008). 

Most reductive dehalogenases characterized so far have a corrinoid working 

cofactor (Co(I)) at the catalytic center, a derivative of vitamin B12. This Co(I) 

has been shown to be capable of reductively dechlorinating chlorinated ethenes 

such as PCE (Futagami et al., 2008). Among reductive dehalogenases (RDHs), 
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cobalamin (B12)-dependent enzymes are the one that have been studied the most 

since researches have shown their possible use in bioremediation (Agarwal et 

al., 2017). Another feature known for RDases is that in the C-terminal region of 

reductive dehalogenases a consensus sequence resembling the binding regions 

for two Fe-S clusters can be found. These two characteristics, the corranoid and 

the Fe-S cluster, play a big role in the dechlorination mechanisms that can be 

implemented through two different paths. Either one electron can be transferred 

from Co(II) with the help of a Fe-S cluster, or a reaction with a Co(II) corrinoid 

can appear, both ways resulting in a dechlorination of a molecule (Futagami et 

al., 2008). 

Ways to stop the distribution of halogenated compounds is important for 

many reasons but not easy to solve. In situ degradation or bioremediation is 

thought to be one of the best solution considering both environmental effects 

and cost (Häggblom & Bossert, 2003). The use of dechlorinating bacteria has 

shown to be an ideal approach in reducing contamination by halogenated 

aromatic compounds. Bioremediation using dechlorinating bacteria has been 

successful in situ in areas contaminated by e.g. tetrachloroethene (PCE) and 

trichloroethene (TCE) (Futagami et al., 2008). The use of microorganisms as 

specific electron donors in this context has been shown to be a promising tool 

for bioremediation (Häggblom & Bossert, 2003).  

Genes involved in PCE dechlorination have been found in gram-positive 

bacteria belonging to the genus of Desulfitobacterium (Adrian, Szewzyk, 

Wecke, & Görisch, 2000), e.g. Desulfitobacterium hafniense, which expresses 

B12-dependent trichloroethene dehalogenase pceA (Agarwal et al., 2017), or 

Dehalobacter, both of which belong to the class Clostridiales (Taxonomy 

Browser, n.d.). Bacteria belonging to the pylum Proteobacteria have also shown 

the capability of dehalorespiration (Adrian et al., 2000), e.g. Sulfurospirillum 

multivorans (Regeard et al., 2004), Geobacter (Agarwal et al., 2017) and 

Desulfomonile tiedjei, all of which are only able to dechlorinate PCE but not 

TCE or VC, so complete degradation does not occur (Häggblom & Bossert, 

2003). An example of bacteria proposed to be important in bioremediation and 

is capable of dehalorespiration is Dehalococcoides ethenogenes (Futagami et al., 

2008). Furthermore, D. ethenogenes is able to completely dechlorinate PCE to 

ethane, although the conversion of VC to ethene is cometabolic transformation 
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and not a part of the initial anaerobic respirtation process (Häggblom & Bossert, 

2003). 

Dechlorination of PCB is accomplished with different methods resulting in 

various endproducts in aquatic sediments. Dechlorination can be carried out 

with converting PCB congeners so that they are less toxic, reduce the 

bioaccumlation in vertebrates by shortening their “survival”. Microbial 

dechlorination can then also transform highly chlorinated compound with 

trichlorobiphenyl congeners so the PCB can then be oxidized by aerobic 

microorganism found in the locus. A dioxygenase is used to hydroxylate the 

PCBs leading to breakage of one of the aromatic rings so chlorobenzoic acid and 

a 5-carbon fragment is formed. The degradation continues with metabolizing to 

acetyl CoA which then enters the tricarboxylic acid cycle (Häggblom & Bossert, 

2003).  

Gases erupt from the Earth 

surface in different forms. One way is 

through gas seepages that are 

emissions for gaseous hydrocarbons 

and can often be found on the margins 

of tectonic plate boundaries (Abrams 

& Dahdah, 2010). In Öxarfjörður, in 

the northeast of Iceland, gas seepages 

like these can be found 

(Þorsteinsdóttir, 2018), more 

accurately at Skógalón and 

Skógaeyrarlón (Helgadóttir, 2016). 

Öxarfjörður lies on the boundary of two tectonic plates, the Eurasian tectonic 

plate in the east and the North American tectonic plate in the west (Figure 2) 

(Einarsson, 2008). Geothermal heat is also noticeable on these areas and as 

mentioned the gas seepages are one form of energy releasing emissions like heat 

and gaseous hydrocarbons. Gaseous hydrocarbons have been closely examined 

and their combination can be used to detect and describe the underlying 

geochemistry. The total organic carbon (TOC) in Öxarfjörður has been 

measured and has shown to be less than 0.05%. It is therefore concluded that the 

gases are originated from an older source, however, there are unanswered 

Figure 2: The position of the tectonic plate 
boundaries in Iceland, along with 
earthquakes on the area between 1994 
and 2007, and the volcanic system 
(Einarsson, 2008). 
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questions concerning the geological character of the area (Abrams & Dahdah, 

2010).  

The main scope of the study was screening of chloroethene and 

trichloroethene reductive dehalogenase genes of known dehalorespiring 

bacteria. This was performed with PCR, growth on different media and DNA 

sequencing. Recent research on bacterial communities by 16S metataxonomic 

sequencing in the methane seepage pockmarks in Öxarfjörður, show a large 

abundance of bacteria related to Dehalococcoides. Additionally, bacteria from 

the seepage pockmarks have been isolated under different growth conditions, 

with some isolates displaying high similarity to known facultative 

dehalorespirers (Þorsteinsdóttir, 2018).  

From this new data it is possible to ask if some of the bacteria belonging to 

the Proteobacteria phylum that were isolated in the methane seepage pockmarks 

in Öxarfjörður, have these same characteristics as Dehalococcoides ethenogenes 

and carry the genes involved in dehalorespiration, and could therefore have 

some utility value for bioremediation. 
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2. Materials and methods 
2.1. Bacterial strains, media and growth conditions 
Samples were originally collected 

in 2015 at six different study sites, 

in Öxarfjörður, North-East Iceland 

where seepage pockmarks can be 

found. Four sites at Skógalón 

(OX) and two at Skógaeyrarlón 

(SX) (Figure 3) (Helgadóttir, 

2016). Bacterial strains isolated 

from both sites were used in the 

present study. All strains (Figure 

4) and environmental samples (SX1 and OXB1) were obtained from the 

University of Akureyri Culture Collection.  

Strains used in this study all belong to the phylum Proteobacteria. The 

phylum divides in to six classes; Alphaproteobacteria, Betaproteobacteria, 

Gammaproteobacteria, Deltaproteobacteria, Epsilonproteobacteria and 

Zetaproteobacteria (Falkow, Rosenberg, Schleifer, & Stackebrandt, 2006). The 

isolated strains used in the study belong to three of the Proteobacteria classes 

and 15 different genera (Figure 4). 

 

Figure 4: Strains used in the study and their phylum, class and genus. 

Figure 3: Sampling sites in Öxarfjörður, North-
East Iceland where all samples were  originally 
collected(Helgadóttir, 2016). 
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All strains were cultivated in duplicate on Reasoner´s 2 agar (R2A, Becton 

Dickinson) at room temperature for 13 days.  

 

2.2. Growth on minimal media 
All strains were cultivated on two types of minimal media, one containing 

hexane as a main carbon source (HEX), the other 1,2,3-trichlorobenzene (TCB). 

The HEX medium consisted of; Basal agar B (0.42 g Sodium acetate (NaOAc), 

0.1 g peptone protease no. 3 (Becton Dickinson), 0.1 g Yeast extract (Becton 

Dickinson) and 15 g Bacto agar (Becton Dickinson) in 990 mL mire water 

collected from Gleráreyrar in Akureyri (Autoclaved, filtered and cooled to 

50°C) along with 100 mL of prewarmed filter-sterilized 5% hexane suspension 

containing 0.1 mL dishwashing detergent.  

The TCB medium consisted of; 0.21 g Sodium acetate (NaOAc), 0.05 g 

peptone protease no. 3 (Becton Dickinson), 0.05 g Yeast extract (Becton 

Dickinson in 500 mL mire Water collected from Gleráreyrar in Akureyri 

(Autoclaved, filtered and cooled to 50°C). Then 25 mg of 1,2,3-tricholobenzene 

were added to each 10-mL tube, along with 0.05 mL dishwashing detergent. All 

strains were cultivated in 10 mL of media at room temperature and all strains 

were cultivated in duplicate on both media. 

 

2.3. DNA extraction 
DNA extraction from strains cultivated on R2A media was performed using the 

UltraClean Microbial DNA isolation Kit and following the Experienced User 

Protocol. For mixed environmental samples (SX1 and OXB1) PowerSoil 

Microbial DNA Isolation Kit was used by following the Detailed Protocol (MO 

BIO Laboratories). 

 

2.4. PCR 
PCR was performed on all strains (Figure 4) and both environmental samples 

(SX1 and OXB1). All primers were obtained from Microsynth Laboratories 

(Germany). Both specific and degenerate primers were used in the PCR (Table 

1 and Table 2), indicating that pceA or tceA genes could be present although the 

exact same sequence is still not known, but degenerate primers are used to detect 
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primers with similar sequences and get result that comprise all possible 

nucleotide combinations for given protein sequences (“A Primer for Designing 

Degenerate Primers”, 2014). 

 
1.1.1. Degenerate PCR 

The following conditions were prepared for the degenerate PCR for 

degenerating primers shown in Table 1. The PCR mixture consisted of 2.5 µL 

DNA Polymerase 10x buffer, 2 µL of 2.5 mM dNTPs, 1 µL of each 20 µM 

primer, 2.5 unit or 0.375 µL of Taq DNA Polymerase (New England BioLabs). 

Then 1 µL of DNA was added. The PCR reaction was then performed as 

described: 95°C initial denaturation for 3 minutes followed with 36 cycles of 1 

min denaturation at 95°C, 1 min annealing at 50°C and 1 min elongation at 68°C. 

The reaction was then completed with a final extension step for 10 min at 68°C 

(Peltier Thermal Cycler 200, MJ Research). 

 
Table 1: Cloroethene reductive dehalogenase degenerate primersa used in PCR for 
all bacteria strains and samples. 

Primer 
name 

5‘® 3‘ sequence Annealing-T Expected product 
length (bp) 

ceRD2S gcagcacgcctttttggigcikmiwsigtigg 
47°C 700 to 900 

RD7 aanggrcaiacigciwcrca 
aAbbreviations for degenerate nucleotides are as follows: I = inosine; k = g/t; m = a/c; n=a/c/g/t; r = a/g; s 
= c/g w = a/t; y = c/t. 

 
1.1.2. Specific PCR 

The following conditions were prepared for the specific PCR for specific 

primers shown in Table 2. The PCR mixture consisted of 2.5 µL DNA 

Polymerase 10x buffer, 1 µL of 2.5 mM dNTPs, 1 µL of each 10 µM primer, 1 

unit or 0.15 µL of Taq DNA Polymerase (New England BioLabs). Then 1 µL of 

DNA was added. The PCR reaction was then performed as described: 95°C 

initial denaturation for 3 minutes followed with 34 cycles of 30 s denaturation 

at 95°C, 30 s annealing at 50°C and 1.5 min elongation at 68°C. The reaction 

was then completed with a final extension step for 10 min at 68°C (Peltier 

Thermal Cycler 200, MJ Research). 
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Table 2: Specific primers used in PCR for all bacteria strains and samples 

Primer 
name 

5‘® 3‘ sequence Annealing-T Expected product 
length (bp) 

SpDr11f ttggatgaggccttgaacgc 
55°C 618 

SpDr9r gcgctgcataatagccaagc 

SpSm1f tcgttgcaggtatcgctatg 
52°C 194 

SpSm1r ttcaacagcaaaggcaactg 

SpDe1f gctttggcggtgatgataag 
50°C 194 

SpDe1r gttatagccaaggcctgcaa 

 
 

2.5. DNA purification and DNA sequencing  
PCR products were cleaned using ExoSAP-IT method; 0.25 µL ExoI, 0.2 µL 

Sap and 1.55 µL dH2O were mixed with each PCR product. Samples were then 

incubated at 37°C for 30 minutes and 95°C for 5 minutes. Then 7.5 µL of each 

purified DNA sample were mixed with 7.5 µL of congruous primer and 5 µL 

dH2O. Samples were sequenced by Macrogen Laboratories (Netherlands).  
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3. Results 
3.1. Growth on media 
All strains grew on R2A medium (Table 3). Contamination for two strains 

growing on R2A was apparent; OX1313 (Paraburkholderia) and OX0627 

(Dechloromonas). 

 

3.2. Growth on minimal media 
Growth was observed for strains OX1314 (Paracoccus), OX0601 

(Acinetobacter) and OX0105 (Acidovorax) on the HEX media. Bacterial growth 

on 1,2,3-trichlorobenzene was observable for two different strains; OX0632 

(Cereibacter) and SX0604 (Porphyrobacter) (Table 3). All other strains did not 

show any sign of growth over 2 weeks. 

 

3.3. PCR and electrophoresis 
PCR product of appropriate sizes were observed in five strains using primers for 

the following genes; pceA-Dr, pceA-Sm and tceA-De (Table 3). The strains 

OX1314 (Paracoccus), SX0604 (Porphyrobacter), OX1313 

(Paraburkholderia) and OX0619 (Shewanella) gave good results when using 

specific primers for known pceA and tceA genes. Paracoccus and 

Porphyrobacter belonging to the class Alphaproteobacteria seem to carry a gene 

homologous to the D. restrictus pceA gene, as they yielded products from the 

SpDr primer set designed from the D. restrictus and Desulfitobacterium sp. 

strains TCE1, PCE-S and Y51 pceA sequences. The genus Paraburkholderia 

belongs to the class Betaproteobacteria and seems to carry a gene homologous 

to the S. multivorans pceA gene, as it yielded a product from the SpSm primer 

set designed from the S. multivorans pceA sequence. Shewanella belongs to the 

class Gammaproteobacteria and seems to carry a gene homologous to the D. 

ethenogenes tceA gene, as it yielded a product from the SpDe primer set 

designed from the D. ethenogenes tceA sequence (Regeard, Maillard, & 

Holliger, 2004). OX0321 gave desired results using the following degenerate 

primers; CeRD2S and RD7, giving a product between 700-800 bp. The 
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following Figures (5, 6, 7 and 8) show the significant PCR and electrophoresis 

data. Strains arrangements are listed below the figures. 

Figure 5 shows electrophoresis results from PCR performed on strains and 

samples with the following specific primer pairs; SpDr11f and SpDr9r, SpDe1f 

and SpDe1r, SpSm1f and SpSm1r. One strain gave desired results; OX1313 with 

the primer pair SpSm1f and SpSm1r, giving around 194 bp product. 

Figure 6 shows electrophoresis results from PCR done on strains and 

samples with the following specific primer pairs; SpDr11f and SpDr9r, SpDe1f 

and SpDe1r. Two strains gave desired results; OX1314 and SX0604, with the 

primers SpDr11f and SpDr9r giving around 618 bp product. 

Figure 7 shows electrophoresis results from PCR done on all strains and 

samples with the following degenerate primer pair; CeRD2S and RD7. OX0321 

gave desired results giving a product between 700-800 bp. 

Figure 8 shows electrophoresis results from PCR done on strains previously 

given positive results, OX0627, 0X0619 and a positive control for pDr11f and 

SpDr9r not used before, Dehalobacter restrictus (DMS 9455) with the following 

specific primer pairs; SpDr11f and SpDr9r,SpSm1f and SpSm1r, SpDe1f and 

SpDe1r. The primers SpDr11f and SpDr9r gave a clear positive result, product 

around 618 bp. The other primer pairs; SpSm1f and SpSm1r, SpDe1f and 

SpDe1r did not give results using this positive control since these primers were 

developed from the tetrachloroethane reductive dehalogenase gene of S. 

multivorans (SpSm1f and SpSm1r) and trichloroethane reductive dehalogenase 

gene of D. ethenogenes strain 195 (Regeard et al., 2004). Strain OX0619 gave a 

product around 194 bp with the primers SpDe1f and SpDe1r, that had not been 

observed in previous polymerase chain reactions.  
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Figure 6: Electrophoresis 
results from PCR done on all 
strains and samples with the 
following specific primers; 
SpDr11f and SpDr9r, SpDe1f 
and SpDe1r. Strains were 
arranged in lanes in the 
following order from left to right: 
Upper lanes; 50bp ladder, 
OX2008, 0X0632, 0X1314, 
SX0604, OX0620, 
0X1313,OX0627, OX0130, 
OX0321, OX0105, OX0619, 
0X1909, OX0112, OX0601. 
Lower lanes: 50bp ladder, 
OX1807, negative control, 
OX0130, OX0627, OX1313, 
OX0620, OX0604, OX1314, 
OX0632, OX2008, OX0321, 
OX0105, OX0619, OX1909. 
See lines and corresponding 
primers marked above. Two 
strains gave desired results; 
OX1314 and SX0604, giving 
around 618 bp product. 

Figure 5: Electrophoresis results from PCR done 
on all strains and samples with the following 
specific primers; SpDr11f and SpDr9r, SpDe1f 
and SpDe1r, SpSm1f and SpSm1r. Strains were 
arranged in lanes in the following order from left 
to right: Upper lanes; 50BP ladder, SX1, negative 
control, OX2008, 0X0632, 0X1314, SX0604, 
OX0620, 0X1313,OX0627, OX0130, OX0321, 
OX0105, OX0619, 0X1909, OX0112, OX0601, 
OX1807,OXB1, 50bp ladder. Lower lanes: 50bp 
ladder, SX1, negative control, OX2008, 0X0632, 
0X1314, SX0604, OX0620, 0X1313,OX0627, 
OX0130, OX0321, OX0105, OX0619, 0X1909, 
OX0112, OX0601, OX1807,OXB1,50BP ladder. 
See lines and corresponding primers marked 
above. One strain gave desired results; OX1313, 
giving around 194bp product. 
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Figure 8: Electrophoresis results from 
PCR done on all strains and samples 
with the following degenerate primers; 
CeRD2S and RD7. Strains were 
arranged in lanes in the following order 
from left to right: Upper lanes; 1kb 
ladder, OX2008, 0X0632, 0X1314, 
SX0604, OX0620, 0X1313,OX0627, 
OX0130, OX0321, OX0105, OX0619, 
0X1909, OX0112, 1kb ladder. Lower 
lanes; 1kb ladder, OX0601, 
OX1807,OXB1, SX1, negative controL. 
See lines and corresponding primers 
marked above. OX0321 gave desired 
results, marked above, giving a product 
between 700-800 bp. 

 

Figure 7: Electrophoresis results 
from PCR for strains previously given 
positive results, OX0627, 0X0619 
and a positive control not used 
before, Dehalobacter restrictus (DMS 
9455) with the following specific 
primers; SpDr11f and 
SpDr9r,SpSm1f and SpSm1r, 
SpDe1f and SpDe1r. Strains were 
arranged in lanes in the following 
order from left to right: Upper lanes; 
50bp ladder, OX1314, SX0604, 
OX0627, 0X0619, positive control, 
negative control,OX1313, OX0627, 
OX0619, positive control, negative 
control, OX0627, OX0619, 50bp 
ladder. Lower lanes: 50bp ladder, 
positive control, negative control. 
See lines and corresponding primers 
marked above. OX0619 gave a 
positive result, giving a product 
around 194 bp. 
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3.4. DNA sequencing results 
The DNA sequencing did not give any significant results. The data was not clear 

enough to read or conclude any certain result.  

 

3.5. Result summary  
A surprisingly diverse collection of bacterial strains yielded positive results from 

one or more of the tests performed, indicating dehalorespiring features and/or 

alkane biodegradative properties. Overall, eight strains gave positive interesting 

results in at least one section of the research; SX0604, OX0632, OX1314, 

OX0105, OX0321, OX1313, OX0601 and OX0619 (Table 3). 

 
Table 3: Strains that gave positive results from growth on hexane media, growth on 
1,2,3-trichlorobenzene, pceA specific or degenerate PCR; SX0604, OX0632, 
OX1314, OX0105, OX0321, OX1313, OX0601 and OX0619. Strains genus is also 
listed. Strains not listed yielded negative results for all tests. 

Strain Genus 
Growth on 

hexane 
media 

Growth on 
1,2,3-

trichloro-
benzene 

pceA specific PCR pceA 
degenerat

e PCR 
pceA-Dr pceA-Sm tceA-De 

OX0601 Acinetobacter +      
OX0105 Acidovorax +      
OX1314 Paracoccus +  +    
OX1313 Paraburkholderia    +   
OX0619 Shewanella     +  
SX0604 Porphyrobacter  + +    
OX0632 Cereibacter  +     
OX0321 Rhodoferax      + 
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4. Discussion  
The eight strains giving positive interesting results in at least one section of the 

research are classifiable to eight distinct genera of Proteobacteria (Figure 9).  

 

 
Figure 9: Bacterial strains giving any positive results in at least one of the three main 
observation factors in the research, showing superkingdom, phylum, class, order, 
family and genus (Taxonomy Browser, n.d.). 

 
Two strains showed visible growth on the 1,2,3-trichlorobenzene minimal 

media; OX0632 (Cereibacter) and SX0604 (Porphyrobacter) both belonging to 

the class Alphaproteobacteria. This indicates the capability of these 

microorganisms to use this aromatic chlorinated compound as a main carbon 

source and sole electron acceptor, although the possibility that the observed 

growth arose due to utilization of the emulsifying agent (dishwashing detergent) 

can at present not be excluded. 1,2,3-trichlorobenzene is a chlorinated aromatic 

compound found in the environment, where it can cause a pollution in soil and 

sediments but can, like some other chlorobenzenes (Holliger, Schraa, Stams, & 

Zehnder, 1992) be degraded by anaerobic bacteria using dehalorespiration 

(Ballerstedt et al., 2004). All strains did grow on the Reasoner´s 2 agar as 

expected and showed in previous studies (Helgadóttir, 2016). The used hexane 

media contained 10x more hexane than initially planned but never the less three 

bacterial strains grew with hexane as their main carbon source. Hexane along 

with other alkanes has been found in Öxarfjörður (Ólafsson, Friðleifsson, 

Eiríksson, Sigvaldason, & Ármannsson, 1993; Þorsteinsdóttir, 2018) and 
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supports the discovery of bacteria capable of using hexane as main carbon 

source, since the presence of alkanes in an environment causes a selection of 

microorganisms capable of bio-remediating these compounds (Kostka et al., 

2011). Many members of the Proteobacteria phylum have been shown to be 

capable of using hexane as their main carbon source (Friedrich & Lipski, 2010, 

Ballerstedt et al., 2004), including Rhodococcus spp and Pseudomonas spp (Lee, 

Kim, Cho, Ahn, & Hwang, 2010).  

Hexane is a volatile organic compound (VOC) toxic to humans and wildlife 

and is ubiquitous in the environment and is resistant to biodegradation. It can be 

degraded by bacteria but the process is relatively slow due to its low solubility 

and reactivity, but like most alkanes hexane is a suitable solvent for reactive 

compounds. It can be found in natural gas and is present in various products 

used by humans such as gasoline and glue (Lee et al., 2010). OX0601 

(Acinetobacter), OX0105 (Acidovorax) and OX1314 (Paracoccus) were the 

three bacterial strains capable of growing on the hexane media and belong to the 

three different classes present in this study, Alphaproteobacteria, 

Betaproteobacteria and Gammaproteobacteria. It is possible and likely, 

considering previous studies, that more strains would have grown at the planned 

hexane concentration in the media, but this concentration of hexane was clearly 

too high, and the strains tolerating it are because of this highly interesting. All 

bacteria need a carbon source to maintain life and the energy needed can be 

provided from different compounds. Anaerobic bacteria have shown to be able 

to grow on chlorinated methane and use their main carbon source (Häggblom & 

Bossert, 2003). 

 

4.1. Genus characteristics 
Acinetobacter along with other Gammaproteobacteria is a known oil degrader 

as well as some Alphaproteobacteria strains (Kostka et al., 2011). ). 

Acinetobacter is aerobic and like Acidovorax, has a strictly respiratory kind of 

metabolism where oxygen serves as the terminal electron acceptor (Willems & 

Gillis, 2015). It possesses the ability to use many different compounds as carbon 

source and growth on many kinds of minimal media has been tested. 

Acinetobacter strains are known for being applicable for bioremediation, and 



 18 

considering this study’s results, are able to grow in company with high 

concentrations of toxic aliphatic compounds as it showed by growing in the 

presence of the great amount of hexane. They are often found in environment 

similar to the one in Skógalón, water and soil. Different from the other bacteria 

giving positive results during the previous study, this one can cause human 

infections (Juni, 2015). 

Acidovorax is a genus of gram-negative bacteria belonging to the class 

Betaproteobacteria. It that has shown a remarkable ability of using short 

cylcoalkanes as a main carbon source under aerobic conditions. A specific 

monooxygenase (CYP450chx) has been identified in Acidovorax sp. CHX100 

which catalyzes the transformation of cyclohexane to cyclohexanol (Salamanca, 

Karande, Schmid, & Dobslaw, 2015). This supports the knowledge from this 

study and the ability of Acidovorax to grow in the presence of high hexane 

concentration. Two species are then known to be able to perform heterotrophic 

denitrification of nitrate and another two are known for being 

chemoorganotrphic, that is, to use the oxidation of H2 as an energy source. The 

genus is clearly capable of performing wide diversity of different metabolism 

and because of this, an interesting microorganism to study. Acidovorax is 

commonly isolated from activated sludge, soil and water wich supports its 

presence in the seepage pockmarks (Willems & Gillis, 2015).  

Paracoccus is a genus of gram-negative bacteria belonging to the class 

Alphaproteobacteria. It is known for being a versatile microorganism capable 

of adapting their metabolism to different environments and circumstances, 

including the ability to use wide diversity of organic compounds as main carbon 

source during heterotrophic growth. Ethanol and propanol are examples of 

alkenes that Paracoccus has shown to be able to use as sole carbon source 

(Spanning, Stouthamer, Baker & Verseveld, 2015), and hexane as well 

(Helgadóttir, 2016) as is also shown in the present study. It also showed 

tolerance to the compound that was not a matter of course, since hexane is as 

mentioned an extremely toxic compound. The visible growth could also be 

explained with Paracoccus ability to use different free-energy sources during 

autotrophic growth (Spanning et al., 2015). It is believed to be a close relative 

of the original mitochondrion because of its respiratory flexibility. P. 

denitrificans embraces a good example of respiratory flexibility but the bacteria 
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contains genes encoding three biochemically different oxidases; aa3 oxidase that 

operates at high oxygen levels while cbb3 oxidase operates at lower oxygen 

levels, but are both described as high-affinity electron-transferases. The 

cytochrome c peroxidase is expressed to detoxify partially reduced toxic oxygen 

species. It also possesses enzymes capable of reducing nitrogen oxy-anions 

under anaerobic conditions (Richardson, 2000). It has shown to be able to use 

different compounds as sole electron acceptor and main carbon source. It 

survived a high concentration of hexane and is also capable of using different 

free-energy sources during autotrophic growth. Paracoccus denitrificans is also 

capable of reducing chlorate with the use of nitrate reductase which is encoded 

by narGHJI gene cluster bound in the cells membrane. Both methyl and 

benzylviologens can act as electron donors for this enzyme (Spanning et al., 

2015). All these factors support the microorganisms capability to adapt to 

various environments and is therefore an interesting and convenient candidate 

for use in biodegradation of environmental contaminants. The presence of the 

dehalorespiring pceA gene, revealed by the present study, is an important finding 

that makes these bacteria even more desirable and interesting regarding its 

possibility in bioremediation. 

Paraburkholderia is a rather new genus of bacteria derived from the genus 

Burkholderia which is a large genus consisting of many important organisms. 

These organisms have biochemical and molecular characteristics which can be 

used to distinguish them into different species. The Paraburkholderia genus 

consists mainly of ubiquitous environmental Burkholderia spp. While the 

Burkholderia genus contains phytopathogenic members and clinically important 

species (Sawana, Adeolu, & Gupta, 2014), Paraburkholderia xenovorans has 

been studied for its ability to metabolize miscellaneous PCB congeners. Genes 

believed to be responsible for the biphenyl upper degradative pathway have also 

been studied in other bacteria belonging to the Pseudomonas and Rhodococcus 

genera (Garrido-Sanz, Manzano, Martín, Redondo-Nieto, & Rivilla, 2018). 

According to the performed PCR using specific primers the strain OX1313 

belonging to the genus Paraburkholderia, seems to carry the pceA-Sm variety 

of the tetrachloroethene reductive dehalogenase gene, homologous to that S. 

multivorans, which indicates its capability of dehalorespiration. Burkholderia 

has been shown to possess the ability to utilize 1,2,4,5-tetrachlorobenzene and 
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1,2,4-trichlorobenzene although it did not show a visuable growh on 1,2,3-

trichlorobenzene in the present study (Rapp & Timmis, 1999). 

Shewanella is a genus of gram-negative bacteria belonging to the class 

Gammaproteobacteria, that has been isolated from freshwater and marine 

sediments, different marine environments and more. In the beginning of the 

present study positive results from Shewanella were expected. These bacteria 

have shown an exceptional ability to reduce manganese, ferric ion and other 

metals facultatively (Bowman, 2015). They have also been shown to reductively 

dehalogenate organic pollutants such as carbon tetrachloride and 

tetrachloroethane (Petrovskis, Vogel, & Adriaens, 1994). These results 

contentedly support the formerly presented theory that Shewanella bacteria is a 

good candidate for bioremediation use. 

Porphyrobacter is a genus of gram-negative bacteria belonging to the class 

Alphaproteobacteria They are chemoorganoheterotrophic and strictly aerobic 

bacteria.  Change in light does not affect their need for oxygen. They are capable 

of using simple organic compounds as electron donors and carbon sources. Their 

natural environment is freshwater although they have also been isolated from 

cyanobacterial mats forming in the Usami hot springs. More than one species of 

Porphyrobacter have been described (Hiraishi & Imhoff, 2015a) but the strain 

used in this research belongs to P. sanguineus, based on a 16S rDNA sequencing 

results (Helgadóttir, 2016). Other known species of Porphyrobacter are e.g. P. 

cryptus (Rainey, Silva, Nobre, Silva & da Costa, 2003), P. dokdonensis (Yoon, 

Kang, Lee, Oh, & Oh, 2006), P. donghaensis (Yoon, Lee, & Oh, 2004). 

Porphyrobacter (SX0604) is one of the two bacteria isolated in Skógeyrarlón 

(SX) and used in this study, but the environmental features there were different 

from Skógalón (OX), Skógeyrarlón samples were gathered from a mire with 

denser vegetation and lower temperature than observed in Skógalón, which is 

also more sandy and with higher temperature (Helgadóttir, 2016).  SX0604 grew 

on media supplemented with 1,2,3-trichlorobenzene, which indicates its ability 

to use aromatic chlorinated compound as its main carbon source. In a previous 

study, the strain was cultured on media containing hexane (Helgadóttir, 2016), 

however, in the present study it did not grow on media containing higher 

concentration of the compound. It can therefore be concluded that 

Porphyrobacter does not have high tolerance for great concentration of hexane.  
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P. sanguineus is capable of degrading biphenyl and dibenzofuran.  

Agrobacterium sanguineum is an aerobic chemooganotrophic marine bacteria 

that has shown to belong to a phylogenetic cluster consisting the genus 

Porphyrobacter, rather than Agrobacterium. A. sanguineum has been 

characterized and studied in details in relation to biodegradation of aromatic 

compounds and has given a promising results (Hiraishi et al., 2002). The growth 

of Porphyrobacter strain SX0604 on 1,2,3-trichlorobenzene is interesting in this 

context.  

Cereibacter strain OX0632 is the other bacteria that showed growth on the 

media containing 1,2,3-trichlorobenzene. Cereibacter also belongs to the class 

Alpaproteobacteria but is a rather new genus and was first described in 2015. 

Not much is known about its ability to use different electron donors or carbon 

sources, or its possible use in biodegradation. Before the genus Cereibacter was 

described, strains, e.g. C. changlensis, were classified to the genus 

Gemmobacter (Suresh, Sasikala, & Ramana, 2015).  

Rhodoferax is a gram negative bacteria, belongs to the class 

Betaproteobacteria and the family Comomonadaceae among with the genus 

Acidovorax. OX0105 belongs to the Rhodoferax genus and grew on the hexane 

media used in the present study. A few species of Rhodoferax are known, 

including R. fermentans that is mainly known for its ability of anaerobic 

fermentation on sugars and pyruvate in darkness and performs glucose 

fermentation faster than any other known phototrophic bacteria. Rhodoferax 

natural environment is freshwater that is rich in organic matter (Hiraishi & 

Imhoff, 2015b). The bacteria has been under specific observation for 

dechlorinating processes because of its capability of Fe(III) reduction. A strain 

was isolated in subsurface sediments in USA, called T1 18(T), and uses Fe(III) 

as main electron acceptor and use lactate, acetate, succinate etc. as main electron 

donor. It does not ferment fructose and is not a phototroph unlike other bacteria 

belonging to the Rhodoferax genus. It can therefore be concluded that the 

Rhodoferax genus could encompass bacteria capable of dehalorespiration, as it 

has shown to be able to use compounds like Fe as main electron acceptor (Zaa, 

McLean, Dupont, Norton, & Sorensen, 2009). The Rhodoferax strain gave a 

700-800 bp. product when PCR was performed using a chloroethene reductive 

dehalogenase degenerate primer wich indicates presence of genes likely to 
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encourage dehalorespiration, since pceA or tceA genes could be present although 

the exact same sequence is still not known, similar sequences with similar 

activity seem to be present.  

In the present study one specific strain OX0627, Dechloromonas was 

expected to give some positive results. Dechloromonas is a genus of gram 

negative facultatively anaerobic bacteria, belonging to the class 

Betaporoteobacteria, well known for its ability to reduce chlorate and 

perchlorate to chloride (Achenbach, Michaelidou, Bruce, Fryman & Coates, 

2001). Although the pceA and tceA genes used in this study do not seem to be 

present in the strain belonging to the Dechloromonas genus, there is a 

possibility, and actually rather likely, that other genes making bacteria capable 

of dehalorespiration are in place. Researches have shown that Dechloromonas 

is often found under PCE-dechlorinating conditions in sediment samples 

(Kittelmann & Friedrich, 2007) and tceA genes causing dechlorination of TCE 

and PCE have been diagnosed in the bacteria. Dechloromonas has also been 

found to carry a bacterial strain responsible for PCP biodegradation in soil 

(Tong et al., 2015), but PCP or phencyclidine is a widely abused drug, that 

affects the neuron system (Olney, Labruyere & Price, 1989).  

All strains used in the study belong to the Proteobacteria phylum and were 

all, except one, isolated from the gas seepage pockmarks at Skógalón (OX) in 

Öxarfjörður, but SX0604 (Porphyrobacter) was isolateded in Skógaeyrarlón 

(SX).The results giving at least one positively tested bacteria at each site was 

contented and gives the information that dehalorespiring bacteria can be found 

in the pockmarks both at Skógalón and Skógaeyrarlón. The environmental 

samples taken from the two different sites, OXB1 and SX1 did not give any 

results in the PCR performed. The cause of that could of course be that no 

dehalorespiring bacteria were in the samples and there for no positive result, or 

that no DNA was extracted using the PowerSoil Microbial DNA Isolation Kit.  

 

4.2. Conclusions  
 Genealogically the results indicate that Proteobacteria, most desirable for use 

in bioremediation and capable of dehalorespiration, likely belongs to the class 

Alphaproteobacteria, but as mentioned the bacteria strains giving any positive 
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results belong to the three classes; Alphaproteobacteria, Betaproteobacteria and 

Gammaproteobacteria. Bacteria belonging to Alphaproteobacteria gave results 

in all three parts of this research. SX0604 (Porphyrobacter) and OX1314 

(Paracoccus) carry the pceA CE-RDase gene, SX0604 (Porphyrobacter) also 

grew on the 1,2,3-trichlorobenzene minimal media along with OX0632 

(Cereibacter) and OX1314 (Paracoccus) showed tolerance for high 

concentration of hexane. Alphaproteobacteria has shown a good qualification 

for bioremediation through anaerobic catabolisms (Carmona et al., 2009) and 

has shown to play major role during degradation (Agrawal & Dixit, 2015). 

Interestingly two of those strains, OX0632 (Cereibacter) and OX1314 

(Paracoccus) both belong to the family Rhodobacteraceae (Taxonomy 

Browser, n.d.). Betaproteobacteria and Gammaproteobacteria have also shown 

to encompass bacteria with dehalorespiration degradation possibilities (Regeard 

et al., 2004; Salamanca et al., 2015), as previously described in this study. And 

as for the strains belonging to the Rhodobacteraceae family, OX0105 

(Acidovorax) and OX0321 (Rhodoferax) both belong to the family 

Comomonadaceae belonging to Betaproteobacteria (Taxonomy Browser, n.d.). 

 Overall the study gave interesting and pleasant results. Based on the 

knowledge obtained for the strains isolated from the methane seepage 

pockmarks, they seem to have considerable utility or value for bioremediation. 

The three different primers sets for the detection of known chloroethene 

reductive dehalogenases, two designed for pceA CE-RDase gene and one for 

tceA CE-RDase gene, were all detected in some of the isolates.  Results were 

obtained from all three primer sets that indicates presence of both pceA and tceA 

proteins in the observed strains, but as mentioned pceA or PCE dehalogenase 

enzymes are the key enzymes in the reductive dechlorination reaction when 

degrading PCE to TCE, TceA is another protein expressing the TCE 

dehalogenase that dechlorinates TCE to VC, and then VC to ethane (Futagami, 

Goto & Furukawa, 2008).  

The purpose of this study has now been declared,  it has been found that 

bacteria strains belonging to the Proteobacteria phylum and were isolated and 

can be found in the methane seepage pockmarks in Öxarfjörður, carry genes 

involved in dehalorespiration. They could therefore have some utility value for 

bioremediation. Further studies would be necessary to analyze and determine 
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the possible in situ use of these strains, but those researches would incontestably 

bring the biotechnology community new knowledge and be leading to more 

competence in using bacteria to decrease halogenated aromatic compounds, the 

most persistent and prevalent pollutants in today‘s environment. 
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