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The accumulation of industrial contaminants in the natural environments have rapidly

become a serious threat for human and animal life. Fortunately, there are microorganisms

capable of degrading or transforming environmental contaminants. The present dissertation work

aimed to understand the genomic basis of microbial degradation and resistance. The focus was the

genomic study of the following bacteria:

a) Pseudomonas fluorescens NCIMB 11764, a unique bacterium with specific enzymes that allow

cyanide adaptation features. Potential cyanide degradation mechanisms found in this strain

included nit1C cluster, and CNO complex. Potential cyanide tolerance genes found included

cyanide insensitive oxidases, nitric oxide producing gene, and iron metabolism genes.

b) Cupriavidus sp. strain SK-3 and strain SK-4. The genome of both bacteria presented the bph

operon for polychlorinated biphenyl (PCB) degradation, but we found differences in the sequences

of the genes. Those differences might indicate their preferences for different PCB substrates.

c) Arsenic resistant bacterial communities observed in the Atacama Desert. Specific bacteria

were found to thrive depending on the arsenic concentration. Examples were Bacteroidetes and

Spirochaetes phyla whose proportions increased in the river with high arsenic concentrations.

Also, DNA repair and replication metabolic functions seem to be necessary for resistance to

arsenic contaminated environments. Our research give us insights on how bacteria communities,

not just individually, can adapt and become resistant to the contaminants.

The present dissertation work showed specific genes and mechanisms for degradation and

resistance of contaminants that could contribute to develop new bioremediation strategies.
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CHAPTER 1.  
INTRODUCTION 

Currently, man-made contamination is affecting an outnumber type of environments. 

Many of those contaminants are metalloids such as arsenic [1][2], chemicals such as cyanide [3] 

and polychlorinated biphenyls, or metals like selenium [4], copper [5], zinc [6] or lithium [7] that 

are only armful on high amounts [8]. All these compounds can be released as waste in several 

different human industrial activities and mining [9][8][3]. They can also affect human health 

through contamination of the drinking water and the crops [2]. Examples of contamination 

problems include the cyanide spill occurred in 2000 at Baia Mare that contaminated the water 

supply [10], the arsenic spill in Spain that contaminated crops, the river and wildlife in 1998 

[11], and the polychlorinated biphenyl spill that contaminated rice oil in Japan in 1968 and 

Taiwan in 1979 generating different health issues [12]. There are several kind of contaminants 

these days affecting human health. The present research will focus on three of them: cyanide, 

polychlorinated biphenyl (PCB) and arsenic.  

Cyanide is a chemical compound commonly used in gold mining and other industrial 

activities. However, it is a threat for human health because it is highly toxic to human, plant and 

animal life [13][14][15]. Despite its toxicity, sodium cyanide production was over 1.15 million 

tons during 2012, which demonstrates the need of remediation strategies for this compound. PCB 

is an organic chemical that cannot be obtained naturally. PCB has been banned in several 

countries since it has been observed that exposure to PCB can disrupt the pregnancy and cause 

hormone alterations [16][12]. Although PCB production is now controlled, it is highly persistent 

in the environment since no microorganisms have been observed to degrade the component at an 

appropriate rate [16][12]. Arsenic is a chemical element that can be found in the environment 
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from naturally or artificial sources [1]. Some regions in the world are subject to both natural and 

human-made arsenic contamination [1]. One example is Chile, which suffers from high levels of 

arsenic in the rivers close to the Atacama Desert. Chile is the 3rd country with the highest number 

of people affected by arsenic, which is evident by the high prevalence of cancer and other arsenic 

related diseases in the region [17][18]. Arsenic contamination affects the drinking water and can 

lead to several health effects such as cancer, pregnancy issues, and skin damage, among others 

[19][2]. 

Although these three compounds are highly toxic, there are bacteria that have naturally 

developed the capability of tolerating them in the environment. Early studies regarding microbial 

degradation and resistance to toxics had utilized biochemically essays to discover adaptation 

mechanisms [20][21][22][23][24]. Nowadays, the advances in DNA sequencing have helped in 

improving the field of genomics. Early DNA sequencing methods allowed the study of genomic 

elements responsible for degradation or resistance of contaminants that are encoded on bacterial 

genomes. For instance, Cupriavidus sp strain SK-4 bacterium, which can degrade PCBs 

contaminants [25]. Also, it allowed the discovery of bacterial communities inhabiting 

contaminated environments, such as communities at the Atacama Desert [26]. Before the 

development of next generation sequencing, Old methods for DNA sequencing utilized Sanger 

technology, which used to be a slow and costly process that only allowed a limited length of 

DNA sequencing [27]. Moreover, traditional methods to study bacteria communities relied on 

enrichment culture and single gene PCR based studies, for example the amplification of 16S 

rRNA gene after enrichment [26]. 

Currently, there have been enormous advances in genomic science and new technologies 

for DNA sequencing. Next generation sequencing technology allowed scientist to rapidly obtain 
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millions of short sequences called “reads” from a genome, which can then be used for its 

reconstruction. Some of the most used sequencing methods include Illumina GA, Illumina 

MiSeq, Roche, PacBios, and Ion Torrent among others [28]. The Illumina GA technology has 

been widely used because of the low costs and high quality of the sequences. Illumina 

technology utilizes sequencing by synthesis method, which produce paired end reads of about 50 

bp, the shorter reads among sequencers. On bacterial genome sequencing projects the Illumina 

technology has demonstrated to be sufficient for genome reconstruction [28]. Illumina MiSeq 

sequencing utilizes the same sequence by synthesis principle, but it can produce paired-end reads 

sequences of 150 base pairs [29]. It is slowly gaining popularity for the capacity of producing 

longer reads and therefore the need of less sequencing to achieve a good coverage. 

Upon the arrival of new sequencing technologies, thousands of bacterial genomes 

sequencing projects have been produced. One of the advantages of genome sequencing is the 

possibility of studying all genes in one organism and detecting which pathways or functions are 

related to biodegradation of toxic compounds. On the other hand, sequencing marker genes, such 

as 16S rRNA on bacterial communities, allow researchers to understand how the communities 

might adapt to contaminated environments, and which particular organisms are key for such 

adaptations. 

Nowadays, industrial contamination levels are becoming a serious threat for human 

health. Therefore, it is imperative to develop effective remediation methods to clean our 

environments. Currently, the most used methods utilize chemical and physical equipment to 

clean the waste. However, often those methods have high costs, and they produce secondary 

byproducts that are also contaminants [3][30]. For these reasons, bioremediation could be a good 
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strategy since it does not utilize chemical, but microorganisms capable of transforming or 

degrading these contaminant compounds. 

In order to improve bioremediation methods, it is of vital importance to understand 

microbial biodegradation and resistance. Understanding the genomic basis of biodegradation 

could lead to an improvement in bioremediation techniques. For example, degradation genes for 

a contaminant could be genetically engineered to be in one bacterium suitable for bioremediation 

methods. Therefore, the main objective of this research is to uncover the genomic fundamental 

principles of biodegradation and resistance of environmental contaminants.  
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CHAPTER 2.  
GENOME ANALYSIS OF THE CYANIDE-DEGRADING BACTERIUM, Pseudomonas 

fluorescens strain NCIMB 11764 

2.1. Introduction 

Cyanide is a well known poison that inhibits aerobic respiration by binding to the 

binuclear heme a3-CuB center of the cytochrome c oxidase [31][32]. Cyanide poisoning in 

mammals triggers hypoxia as compensation for low adenosine triphosphate production in tissues. 

Signs and symptoms of the poisoning gradually increase in severity, leading to several 

neurological failures such as loss of consciousness, seizures, coma, and the ultimately death 

[32][33]. Free cyanide or hydrogen cyanide (HCN) is highly toxic, whereas cyanide bound to 

metals varies in the toxicity depending on the strength of the association [34]. Despite its high 

toxicity, cyanide is extensively used in several industrial activities such as gold mining and 

electroplating. For example, cyanide is frequently used in a process called gold cyanidation that 

allows solubilization and recovery of gold from ore [35][36][37]. Cases have been reported 

where large-scale industrial usage of cyanide has resulted in contamination of freshwater 

effluents and groundwater and imposed serious health threat [38]. Many countries have 

legislated for the treatment of cyanide waste before it is released to the environment [39]. 

However, existing chemical methods for cyanide removal are often associated with high cost and 

production of secondary toxic byproducts (e.g., [3][40]). An alternative approach that may 

overcome the major caveats of the chemical treatment is to employ bioremediation technologies, 

taking advantage of the potential cyanide-degrading microorganisms [41]. A number of fungal 

and bacterial species expressing diverse cyanide biodegradation processes have been described 

[41]. The mechanisms of microbial enzymatic detoxification include hydrolysis, oxidation, 

reduction, and substitution/transfer reactions [41].  
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Pseudomonas fluorescens strain NCIMB 11764 (Pf11764) was isolated from cyanide-

contaminated soil and it was shown to be capable of using potassium cyanide (KCN) as the sole 

nitrogen source [20][21].  In addition to its ability to degrade cyanide, Kunz and Nagappan 

(1989) demonstrated that Pf11764 can also degrade cyanate employing an inducible cyanate-

specific cyanase that catalyzes cyanate conversion to ammonia and carbon dioxide [42]. Several 

enzymatic transformations have been described for cyanide including both oxidative and 

hydrolytic reactions. Based on a requirement for molecular oxygen and reduced pyridine it was 

proposed early on that the degradation of cyanide by Pf11764 was likely to be oxygenative in 

nature [43].  Based on the observation of intermediate metabolites such as formate, ammonia, 

and formamide during cyanide degradation, Kunz et. al. (1992) also proposed the presence of 

oxygen-independent cyanide assimilation mechanisms [44]. In addition, Wang and Kunz (1996) 

detected the presence of monoxygenase activity in the extracts of NCIMB 11764 based on the 

measurements of time-dependent cyanide degradation and the formation of 14CO2 [45]. Kunz 

and Nagappan (1989) further proposed that the potential substrate for cyanide oxygenase is 

cyanohydrins instead of free cyanide since alpha-keto acids were observed to react with cyanide 

to produce cyanohydrins [42].  Also, Kunz et. al. (2001) showed that cyanide oxygenase activity 

requires a pterin-carrier cofactor dependent hydrolase [46]. Additional biochemical 

characterization of the cyanide oxygenase enzyme revealed that four protein components might 

be involved for cyanide oxygenase activity: a peroxide-forming NADH oxidase, a NADH 

peroxidase, a nitrilase, and a carbonic anhydrase [47].  

At present none of the genes coding for any of the enzymes involved in cyanide 

degradation by Pf11764 have been identified. To overcome this obstacle and to learn more about 

the unique genetic potential of Pf11764 for cyanide bioremediation we have sequenced the 
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genome of Pf11764. Initial sequencing was performed using the Illumina sequencing platform 

[48], however, this draft genome presented several gaps. Since then a second sequencing was 

performed using PacBio® RS II single molecule to produce a complete chromosome. We now 

report for the first time the complete genome of Pf11764. In the present study, we aim at 

uncovering the genetic components underlying the cyanide metabolism in Pf11764 through the 

comparison with other Pseudomonas fluorescens genome sequences. Bacteria of the P. 

fluorescens species have similar lifestyles, and can be frequently found inhabiting soil and plant 

environments [49][50]. The genomes of five P. fluorescens strains, pf01, pf5, A506, F113 and 

SBW25, have been characterized [51][52][53]; however, none of those strains are capable of 

cyanide assimilation. Therefore, to learn more about the unique genetic potential of Pf11764 for 

adaptation to cyanide, we characterized and compared the bacterium’s genome with other strains 

of the P. fluorescens species. 

2.2. Methods 

2.2.1. Sequencing and Assembly 

P. fluorescens NCIMB 11764 (Pf11764) genome was initially sequence by using the 

Illumina Genome Analyzer IIx from paired end libraries [48]. The draft genome produced 831 

contigs by using SOAPdenovo assembly software [54] that were assembled into 145 scaffolds by 

using IMAGE software [55]. Then, we used the Pseudomonas fluorescens Pf0-1 genome as the 

reference for position and direction of scaffolds to produce a pseudochromosome. The Pf11764 

pseudochromosome sequence produced was deposited in NCBI [GeneBank: CM001560.2]. The 

second sequencing project was done at the University of Michigan DNA Sequencing Core (Ann 

Arbor, MI). The Pseudomonas fluorescens NCIMB 11764 genome was sequenced by using the 

PacBio® RS II single molecule, real-time (SMRT®) sequencing system using P5-C3 chemistry 
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(average SMRTbell library read size across 3 SMRTCells, 8,712 bp) [56].  The total number of 

filtered reads used in the genome assembly was 163,784, with a total length of 874,915,686 bp. 

Genomic DNA was sheared to an average size of 10,551 bp using Covaris g-TUBEs (Covaris, 

Inc., Woburn, MA, USA), size selected using Blue PippinTM (Beverly, MA, USA), and quality 

checked at each step by Agilent 2200 Tape Station electropherogram.  The average length of 

reads was 5,341 bp, with a good range of quality values across all bases at each position.  The 

average sequencing coverage was 100.81.  The reads were assembled using PacBio SMRT 

Analysis, version 2.3.0 (https://github.com/PacificBiosciences/DevNet/wiki/Compatible-

Software), using the standard mapping protocol with a minimum coverage threshold of 25X 

coverage.  The genome was assembled into 1 complete contig (N50 = 10,577 bp), which 

accounts for 100% of the bases called and 99.98% consensus concordance.  The genome was 

generated using the de novo assembly protocol RS_HGAP_Assembly.3 protocol in SMRT 

Analysis 

(http://files.pacb.com/software/smrtanalysis/2.2.0/doc/smrtportal/help/!SSL!/Webhelp/CS_Prot_

RS_HGAP_Assembly3.htm). The Hierarchical Genome Assembly Process (HGAP) method 

(www.pacbiodevnet.com/hgap) was used to construct a consensus sequence by using long seed 

reads (length cutoff, 6,070 bp) to map the remaining subreads and to polish the final construct 

using Quiver  

(https://github.com/PacificBiosciences/GenomicConsensus/blob/master/doc/HowToQuiver.rst).  

2.2.2. Comparative analysis 

Genome sequences of P. fluorescens SBW25 [GenBank: NC_012660], P. fluorescens 

Pf0-1 [GenBank: NC_007492], and P. fluorescens Pf-5 [GenBank: NC_004129], Pseudomonas 

fluorescens A506 [GeneBank: NC_017911], Pseudomonas fluorescens F113 [GeneBank: 
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NC_016830] were downloaded from GenBank. Protein-coding genes were identified from the 

downloaded genome sequences by using The Rapid Annotation using Subsystem Technology 

(RAST) server version 4.0 [57] and the SEED viewer version 2.0 [58]. Transfer RNAs were 

predicted using the tRNAscanSE program, version 1.3 [59]. The standalone BLAST program 

[60] was applied to compare the gene contents among five Pseudomonas fluorescens genomes. 

In addition, the following P. pseudoalcaligenes CECT5344 NitC cluster gene sequences were 

downloaded from NCBI: NitA [GenBank: AFD54053], NitB [GenBank: AFD54055], NitC 

[GenBank: AFD54054], NitD [GenBank: AFD54056], NitE [GenBank: AFD54057], NitF 

[GenBank: AFD54058], NitG [GenBank: AFD54052], and NitH [GenBank: AFD54051].  The 

human cytochrome c oxidase [GenBank: YP_003024028] and P. aeruginosa NirS cd1 

[GenBank: 1GJQ_B] protein sequences were also obtained from NCBI. To infer the evolutionary 

relationship among members of the same gene families, we used ClustalW for multiple sequence 

alignment (parameters of Blosum scoring matrix: open gap penalty 10, end gap penalty 10, 

extending gap penalty 0.05, separation gap penalty 0.05) and MEGA program version 6 [61] for 

building phylogenetic trees using the neighbor-joining algorithm. 

2.3. Results and Discussion 

2.3.1. Genome sequencing and functional comparison with other P. fluorescens strains 

Initial sequencing of P. fluorescens NCIMB 11764 (Pf11764) genome produced a draft 

genome of 145 scaffolds that were positioned into a pseudochromosome [48]. Despite all the 

efforts to improve the assembly, we encountered gaps in the Pf11764 pseudochromosome that 

could mean the loss of valuable information. Therefore, a second sequencing project was done 

with the aim of producing a single sequence with no gaps. Final assembly of the complete 

Pf11764 nucleotide sequence was accomplished using PacBio® RS II single molecule, real-time 
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(SMRT®). This produced a single chromosome of 6,997,182 bp long, with a GC content of 59%. 

In total, 6,343 protein-coding genes, and 71 tRNAs were identified in the chromosome (Figure 

2.1). 

Figure 2.1. Circular representation of the P. fluorescens NCIMB 11764 genome. Rings from the 
outside (ring 1) to the inside (ring 7). Ring 1 shows CDS (coding sequences) forward direction 
with red color. Ring 2 shows CDS reverse direction with blue color. Ring 3 shows rRNAs in 
dark purple and tRNAs in green. Ring 4 shows hypothetical proteins in pink. Ring 5 shows 
nitrate/nitrite genes in blue, phages proteins in dark orange, cyanate hydratase enzymes in green 
and nitrilase enzymes in black. Ring 6 shows the CG plot, and the ring 7 shows the GC skew. 
Genomic features are display using DNA PLOTTER software 
(https://www.sanger.ac.uk/resources/software/dnaplotter/). 
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In order to determine whether significant differences could be noted between the genome 

of Pf11764 and other strains for which the completed genomes are available (Pseudomonas 

fluorescens strains Pf0-1, Pseudomonas fluorescens Pf-5 and Pseudomonas fluorescens SBW25, 

Pseudomonas fluorescens F113, and Pseudomonas fluorescens A506), the annotated genes in 

each were compared (Figure 2.2).  

Figure 2.2. Metabolic categories of annotated protein-coding genes in P. fluorescens NCIMB 
11764, P. fluorescens strain A506, P. fluorescens strain F113, P. fluorescens strain SBW25, P. 
fluorescens strain Pf-5, and P. fluorescens strain PfO-1. Each ring represents one organism’s 
gene category distribution. From outside to the inside, ring 1 shows the P. fluorescens NCIMB 
11764, ring 2 shows the P. fluorescens strain A506, Pf0-1, ring 3 shows the P. fluorescens strain 
F113, ring 4 shows the P. fluorescens strain SBW25, ring 5 shows P. fluorescens strain Pf-5, and 
ring 6 shows P. fluorescens strain PfO-1. The colors in the rings show different functional 
categories. The most abundant categories in Pf1164 included biosynthesis and degradation of 
amino acid compounds (16.5%), carbohydrate metabolism (12.6%), and biosynthesis of 
cofactors, vitamins, prosthetic groups, and pigments (8.3%). In addition, genes related to 
RNA/DNA metabolism (7.8%), regulation (2.8), and membrane transporter proteins (4.5%) were 
observed. 
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The overall functional category distributions observed in the strain Pf11764 are highly 

similar to those observed in other P. fluorescens strains, reflecting shared adaptations to common 

soil and plant environments [51][62]. However, we observed interesting differences on specific 

functional categories. For instance, there were a higher number of sequences encoding phage tail 

proteins, phage packaging machinery, phage tail fiber proteins, phage capsid proteins, and phage 

DNA synthesis machinery in Pf11764 and strain A506 when compared with the other P. 

fluorescens genomes (Figure 2.2; Pf11764: 1% phage related genes, Pf0-1: 0%, Pf-5: 0%, 

SBW25: 0%, PfA506: 1%, and PfF113: 0%). The observed high proportion of phages genes 

indicates that Pf11764 genome might have been subjected to extensive horizontal gene transfer 

during the genome evolution of this strain since phages are efficient gene-transfer particles [63]. 

In addition, we observed a higher number of genes under the nitrogen metabolism category in 

Pf11764 and strain F113 compared with other strains (Figure 2.2; Pf11764: 2%, Pf0-1: 1%, Pf-5: 

1%, SBW25: 1%, PfA506: 1%, and PfF113: 2%). The increased proportion of nitrogen 

metabolism genes observed in Pf11764 might indicate their important roles on cyanide 

assimilation. Support for the involvement of nitrogen pathways can be also found in previous 

report showing that regulation of nitrogen assimilation occurred in the presence of cyanide [64].    

2.3.2. Identification of Putative Cyanide Degradation Genes 

Among P. fluorescens strains whose genomes have been fully characterized, Pf11764 is 

the only strain capable of utilizing cyanide as a sole nitrogen source. This implies that Pf11764 

has evolved adaptive mechanisms conferring cyanide tolerance. We aimed at identifying 

candidate genes involved in the cyanide assimilation and resistance in Pf11764. 
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2.3.2.1. nit1C Cluster. 
The nit1C cluster was initially described in P. luminescens and other beta and gamma 

protobacteria [65]. It contains the following seven enzymes: NitB (Hypothetical protein), NitC 

(Nitrilase), NitD (radical S-adenosyl methionine superfamily member), NitE (acetyltransferase), 

NitF (member of the large 5’-phosphoribosyl-5-aminoimidazole synthase-related proteins), NitG 

(Hypothetical protein), and NitH (possible flavin protein) [65]. Ghosh et al. (2009) proposed that 

the nit1C cluster was involved in the cyanide degradation based on the induction of NitB protein 

in Pf11764 cells growing on cyanide [66]. Recently, Estepa et. al. (2012) demonstrated that P. 

pseudoalcaligenes CECT5344 required the nit1C cluster for cyanide degradation and for growth 

on cyanide [67]. The nit1C cluster reported in P. pseudoalcaligenes CECT5344 contains eight 

genes encoding nitA, nitB, nitC, nitD, nitE, nitF, nitG, and nitH [67].  

The complete genome of Pf11764 produced here allowed us to find homolog genes of the 

complete nit1C cluster. The gene coding for the NitC protein on Pf11764 [GenBank: ERP45323] 

was highly similar to the NitC protein of P. pseudoalcaligenes CECT5344 [GeneBank: 

AFD54054] (Figure 2.3), which is believed to be the key enzyme for cyanide degradation [67]. 

Moreover, we observed high similarity between the genes of nit1C cluster from P. 

pseudoalcaligenes CECT5344 and Pf11764 (Appendix A). 

Phylogenetic analysis and multiple sequence alignment of the nitrilase proteins from both 

bacteria showed that the NitC protein and one additional nitrilase in the genome of Pf1174 are 

similar to those in P. pseudoalcaligenes CECT5344 (Figure 2.4). In both bacteria, the nitC gene 

is part of the nit1C cluster, and the nitrilase gene is located next to a transcriptional regulator 

AraC (data not shown). 
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Figure 2.3.  Multiple sequence alignment of the NitC protein (PpCECT5344_CMD40223) and a 
nitrilase (PpCEC5344_CDM40486) obtained from P. pseudoalcaligenes CECT5344, and two 
nitrilases obtained from P. fluorescens NCIMB 11764 predicted genes (Pf11764_ERP45323.1 
and Pf11764_ERP45521.1). Active sites are denoted with red filled circles: Glu44, Lys 125, and 
Cys160. Conserved aliphatic residues are denoted with blue filled circles: Arg123, His163, 
Glu177, and His180. Alignment was performed using ClustalW software (Open gap penalty 10, 
end gap penalty 10, extending gap penalty 0.05, and separation gap penalty 0.05). 
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Figure 2.4. Phylogenetic tree of nitrilases found in different Pseudomonas species. Names on 
tree represent the species and GeneBank ID. NP_001172021: Homo sapiens nitrilase (outgroup).  
PpCECT5344 CMD40223, PpCECT5344 CMD40499, PpCECT5344 CMD40486: 
Pseudomonas pseudoalcaligenes strain CECT5344 nitrilases. Pf11764 ERP45323, Pf11764 
ERP45521, Pf11764 ERP41395, Pf11764 ERP41573: Pseudomonas fluorescens NCIMB 11764 
nitrilases. SBW25 CAY48939, SBW25 CAY48411: Pseudomonas fluorescens strain SBW25 
nitrilases. PfO-1 ABA74312: Pseudomonas fluorescens strain Pf0-1 nitrilase. Pf-5 AAY92729, 
Pf-5 AAY92181: Pseudomonas fluorescens strain Pf-5 nitrilases.  

In addition, the nit1C cluster of Pf11764 had the same organization as P. 

pseudalcaligenes CECT5344 except for nitA (a transcription regulator), which was found 

downstream of the cluster (Figure 2.5). Pf11764 is the only bacterium within the Pseudomonas 

fluorescens available on NCBI that showed homolog genes to the nit1C cluster. 
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Figure 2.5. Schematic map of the nit1C cluster found in P. fluorescens NCIMB 11764. The eight 
cluster genes were observed in the genome of P. fluorescens NCIMB 11764. The nitC gene 
codes for an aliphatic nitrilase. Genes 1, 2, 4, 5 and 6 are hypothetical proteins, and 3 is 
methylmalonyl-CoA mutase. 

2.3.2.2. Cyanide oxygenase complex (CNO). 
Fernandez and Kunz (2004) determined that cyanide oxygenase (CNO) from P. 

fluorescens NCIMB 11764 catalyzes the pterin-dependent oxygenolytic cleavage of cyanide to 

formic acid and ammonia [68]. Biochemical evidence on their study showed that CNO is a 

protein complex consisting of four components: NADH oxidase (Nox), NADH peroxidase 

(Npx), carbonic anhydrase (CA), and a nitrilase (NitC) [47]. Despite biochemical evidence, none 

of the components have been cloned from the Pf11764 genome, and the complete protein 

sequence is only available for the NitC component. In this work we aimed to identify potential 

candidates for each component.   

We found potential candidates for the four component of the CNO enzyme complex. 

First, we identified candidate genes for the Nox component by searching against available Nox 

protein sequences at NCBI. Good alignments to the Pf11764 proteins were defined as: 80% 

identity and e-value below 1e-20 by using BLASTP.  Also, we look for proteins with molecular 
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weight close to 76-kDa, as described by Fernandez and Kunz (2005) to be the approximate 

molecular weight of Nox protein in Pf11764 [47]. As a result, three ORFs were found with 

predicted molecular weights of 75.56-kDa, 74.93-kDa, and 73.29-kDa. Those three ORFs 

matched NADH oxidases from other Pseudomonas species in NCBI database. In addition, based 

on functional annotation we found one potential candidate gene for Npx protein. It had a 

molecular weight of 46.8 kDa, which is close to the 47 kDa previously described for Npx [47], 

and the sequence is highly similar to Pseudomonas peroxidase enzymes on NCBI. Also, one 

candidate gene for CA was found with a molecular weight close to 29 kDa as previously 

described by Fernandez and Kunz (2005) [47]. The potential CA component had a molecular 

weight of 26.68 kDa, and it was a carbonic anhydrase based on the functional annotation of the 

protein sequence at the NCBI. Finally the NitC protein found on the Pf11764 genome has been 

proposed as one of the CNO component, which is thought to perform the cyanide conversion into 

ammonia and formate [47]. We believe that we have identified strong candidates for the Nox, 

Npx and CA components of the CNO complex, based on function annotation. Our analysis 

suggests that nit1C cluster degradation capacity could be enhanced when acting as part of the 

CNO complex. The Nox and Npx enzymes could produce the required substrates for the oxygen-

dependent cyanide assimilation in presence of cyanide.  

2.3.3. Identification of Putative Cyanide Resistance Genes 

We believe that Pf11764 might have developed mechanisms to overcome the inhibition 

of respiration by cyanide. In this work we aimed to find potential cyanide resistance genes in its 

genome. 
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2.3.3.1. Cyanide Insensitive Oxidases. 
We believe that Pf11764 might have developed mechanisms to overcome the inhibition 

of respiration. Cyanide inhibits the aerobic respiration in the cell by inhibition of the cytochrome 

c oxidase [69]. Cyanide insensitive oxidases (CIO) (also called cyanide-resistant cytochrome 

oxidases) are required to tolerate the toxic effects of cyanide [70]. Bacteria can tolerate the 

presence of cyanide since CIO can bind oxygen with much higher affinity than cyanide [71]. In 

P. aeruginosa, the CIO activity allows resistance to exogenous cyanide [71], which seems to be a 

natural protection against released hydrogen cyanide (HCN) produced by the bacterium [72][70]. 

In addition, CIO has been shown to be involved in both cyanide tolerance and assimilation in the 

cyanide degrading bacterium Pseudomonas pseudoalcaligenes CECT5344; therefore, its 

presence on PF11764 could indicate the same role [73]. We studied alignments of the CIO found 

in P. aeruginosa and P. pseudoalcaligenes CECT5344, and we found homologs on Pf11764. The 

CIO subunit 1 and subunit 2 of both bacteria were highly similar to those in Pf11764 (Figure 2.6, 

and Figure 2.7). Therefore, the CIO enzymes observed in Pf11764 could be the potential 

alternative respiration mechanism when the bacterium is exposed to cyanide. 
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Figure 2.6. Alignment of CIO protein, subunit 1 found in P. pseudoalcaligenes CECT5344 
(PpCECT5344_CAJ40618), P. fluorescens NCIMB 11764 (Pf11764_ERP43472) and P. 
aeruginosa PAO1 (PAO1_NP_252619). 
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Figure 2.7. Alignment of CIO protein, subunit 2 found in P. pseudoalcaligenes CECT5344 
(PpCECT5344_CAJ40619), P. fluorescens NCIMB 11764 (Pf11764_ERP43471) and P. 
aeruginosa PAO1 (PAO1_NP_252618). 

2.3.3.2. Nitric Oxide Producing Genes 
 Since an increased number of nitrogen metabolism genes were observed in Pf11764 

when compared to other Pseudomonas fluorescens strains (Figure 2.2), we have examined 

whether any nitrogen metabolism genes might be involved in cyanide resistance. In particular, 

we have noticed that nitrite reductase (nir) cluster (nirSMCFDLGHJEN) in the PF11764 

genome.  The nir cluster contains the nirS gene, which encodes the NirS protein catalyzing the 

reduction of nitrite to nitric oxide (NO), the first step of the denitrification process [72]. Potential 

involvement of denitrification pathways as a cyanide resistance mechanism has not yet been 

studied since those pathways are usually observed in bacteria that perform nitrogen-fixation in 
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legumes roots [74].  We hypothesized that the nir cluster might be involved in cyanide 

resistance. Previous research done by Kim et. al. (2011) supports this hypothesis [75]. They 

showed that copies of the nirS gene in microbial communities of waste reactors were more 

abundant when those were exposed to increased cyanide concentration of 50 mg/L [75]. In 

addition, observation in P. aeruginosa bacterium showed that cyanide can bind directly to the 

NirS protein [76]. P. aeruginosa bacterium is a well-known hydrogen cyanide producer, and thus 

can also resist to high concentration of the compound [77]. The alignment of Pf11764 NirS 

protein to the P. aeruginosa NirS protein showed that the two amino acid residues, His327 and 

His396, that are required for cyanide binding [76] were conserved in both organisms (Figure 

2.8). 
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Figure 2.8. Protein sequence alignment of NirS protein from P. aeruginosa and P. fluorescens 
NCIMB 11764. P. aeruginosa PAO1 NirS protein [Gene Bank accession: 1GJQ] and P. 
fluorescens NCIMB11764 NirS protein [Gene Bank accession: ERP45301.1]. The alignment 
showed a high similarity between the homolog proteins, and the conservation of the His327 and 
His 369 aminoacids (red dots), which have been described to be involved in substrate binding of 
cyanide.  
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Although Pf11764 utilizes CIO to tolerate the presence of cyanide, we propose that the 

presence of NirS protein might reflect additional evolutionary adaptation to cyanide by using 

NirS protein to capture cyanide and prevent its binding to the cytochrome c oxidase (COX). In 

addition, we propose that nitric oxide (NO) production could be related to the cyanide resistance 

in Pf11764 specifically through the nir operon (Figure 2.9), which might have an additional role 

for cyanide resistance.  

Figure 2.9. Schematic map of the nir operon structure observed in P. fluorecens NCIMB 11764, 
based on gene annotations. The nir operon structure in P. fluorescens NCIMB 11764 includes 
eleven genes: nirS, nirM, nirC, nirF, nirD, nirL, nirG, nirH, nirJ, nirE, and nirN. 

Cyanide is a known inhibitor of the electron transport chain when it binds to the COX, as 

first demonstrated by Otto Warburg [78], and it is a non-competitive inhibitor of COX towards 

oxygen [79][80][81][69]. There are treatments against acute cyanide poisoning that utilize 

sodium nitrite, which antidotal action can be attributed to NO generation [82]. NO can interrupt 

the binding of cyanide to the COX, and can also bind to the binuclear heme center, which 

inhibits potential cyanide binding [83]. Therefore, we study a potential connection of NO as a 

natural bacterial resistance to cyanide. In the study made by Pearce (2003), the inhibition of the 

mammalian COX enzyme by cyanide poisoning was reversed with NO [82]. Bacteria use a very 

similar kind of aerobic respiration; prokaryotic homologues of COX usually have less complex 

organization, with active metal centers [84].  The protein sequence alignment of the human 

cytochrome oxidase (COX1) and the cytochrome oxidase subunit 1 found in the genome of 
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Pf11764 showed high similarity and conservation of amino acids involved in the substrate 

binding (Figure 2.10). 

Figure 2.10. Protein sequence alignment of the human cytochrome oxidase COX1 and the 
cytochrome c oxidase subunit 1 found in the genome of P. fluorescens NCIMB 11764. 
Cytochrome c oxidase enzyme, subunit 1 in human [GeneBank accession number: P00395] and 
the homolog found in P. fluorescens NCIMB 11764 [GeneBank accession number: ERP44327]. 
All the probable aminoacids sites for binding to the copper and hemea 3 cofactors were 
conserved in the P. fluorescens NCIMB 11764 cytochrome c oxidase (shown in red dots). Amino 
acid 61 is a probable iron (heme A axial ligand) site. Amino acids 240, 244, 290, and 291 are 
probable copper B sites. Amino acid 376 is a probable iron (heme A3 axial ligand) site. Finally, 
amino acid 378 is a probable iron (heme A axial ligand) site. 
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We believe that the presence of the nir operon in the genome of pf11764 might be a 

cyanide adaptation that allows the production of NO from nitrite. In summary, the presence of 

the NirS protein might be involved in directly binding cyanide and preventing the inhibition of 

the cytochrome c oxidase. Also, the nir operon in Pf11764 might be producing NO as a cyanide 

antagonist. 

2.3.3.3. Iron Metabolism Genes 
We believe that iron metabolism genes might also be involved on cyanide tolerance. It 

has been reported that cyanide strongly binds to iron producing cyanide-iron complexes that 

inhibit metalloproteins and keeps the iron unavailable for biological processes [41]. Therefore, 

cyanide tolerant bacteria might utilize membrane proteins that increase iron uptake necessary for 

several pathways [85][86]. Iron-related genes consist of nearly 1.5% of the total annotated genes 

in Pf11764 (Figure 2.2). A previous study showed that a non-enzymatic cyanide transformation 

involved a putative siderophore in Pf11764 bacterium [87], which indicates the importance of 

iron metabolism in this strain. In Pf11764’s genome we have identified two genes related to 

ferric siderophore transport system, four siderophore sensor genes, and five siderophore receptor 

genes. Although these genes are not unique for Pf11764, it could open the possibility for iron 

uptake to potentially be involved in the ability to grown on cyanide. 

2.4. Conclusions 

P. fluorescens NCIMB 11764 strain showed metabolic capabilities and genome 

organization similar to those found in the other P. fluorescens species. However, Pf11764 also 

contains unique genomic regions not observed on the other bacteria from the same species. Some 

of these genomic regions encode proteins that have been linked to the ability to utilize cyanide. 

Specifically, we observed the presence of nit1C cluster on Pf1764 genome, and proposed 
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candidate genes for the CNO complex. Also, we found cyanide insensitive oxidases genes that 

indicate the adaptations to tolerate cyanide, and potential resistance mechanisms linked to the 

nitric oxide production and iron metabolism genes. Finally, the observation of several specific 

genes related to cyanide assimilation and resistance could be conferred to the large number of 

phage genes observed in the Pf11764 genome. These differences, we conclude, reflect possible 

genetic adaptations that could lead Pf11764 to acquire the unique capacity for cyanide 

degradation and nutritional assimilation as a nitrogen source.  
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CHAPTER 3.  
GENOME ANALYSIS OF TWO BACTERIA ISOLATED FROM PCB-CONTAMINATED 

SLUDGE: Cupriavidus sp. strain SK-3 AND Cupriavidus sp. strain SK-4. 

3.1. Introduction 

  Polychlorinated biphenyls (PCBs) are chemical compounds within a group of 209 

congeners, which have one to ten chlorine atoms attached to biphenyl [14]. They have been used 

in the industry for oil in transformers, hydraulic fluids, as lubricants for turbines, pesticides, ink 

and dyes within others because PCBs can resist high temperature and pressure [88]. Also, PCBs 

are exceptional electrical insulators and flame resistance compounds that make them great 

insulators and coolants in transformers and other electrical equipment [14]. PCBs compounds are 

known endocrine-disrupting chemicals, and they were banned from industry once it was 

determined that exposure could produce hormone dysfunctions, such as diabetes symptoms or 

thyroid malfunction, and animals could form tumors from high doses of the toxin [88] [89] [90]. 

Another side of the PCBs toxicity is the exposure to the compounds during pregnancy, which 

could lead to the disruption of pregnancy in humans [16]. In addition, PBCs are difficult to 

remove from contaminated sites due to their stability, low capacity for degradation, and 

lipophilicity that lead to their bioaccumulation in the environment [22][91]. Examples of PCB 

compounds are 4-chlorobiphenyl (4-CB), 4-chlorobenzoic acid (4-CBA), and ortho-substituted 

chlorobiphenyls. Examples of ortho-substituted PCBs are 2,2’-dichlorobiphenyl and 2,4’-

dichlorobiphenyl. 

PCB contamination caused several health and economic issues in the past. From 1940 to 

1970, there was industrial wastewater PCB contamination in New Bedford Harbor, 
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Massachusetts. It caused finfish and shellfish fisheries to be closed [92]. Also, rice bran oil 

contaminated with a heat-thermal PCB fluid spill in 1968 affected 1300 people on Nagasaki 

[93][94]. Main symptoms were severe and persistent form of acne called chloracne, fatigue, 

nausea, liver disorders, and swelling of the arms and legs [95]. 

Because of the dangerous effects of PCBs on human health and wildlife, its manufacture 

and processing has been banned in all products that are not sealed. In addition, strict regulations 

ensure the use of PCBs in some transformers that must be in protected environments, and 

provide guidance for toxicity testing and release of other chemicals [14]. 

So far, cleaning of contaminated sites included soil excavation and disposal of PCBs in 

landfills. Also, the interruption of its industrial production allowed for levels to be kept under 

control [14]. Therefore, remediation mechanisms are needed to decrease PCBs levels on the 

current contaminated environments. Microorganisms that can degrade PCBs could become a 

good alternative for bioremediation of PCB contaminated sites. Fortunately, two bacteria capable 

of PCB degradation were originally isolated from PCB-contaminated tertiary lagoon sludge. The 

Cupriavidus sp. strain SK-3 and Cupriavidus sp. strain SK-4 are unique bacteria that are capable 

of growth on different types of PCBs. The Cupriavidus sp strain SK-4 can grow on 

monochlorobiphenyls, and dichlorobiphenyls, substituted in both rings as the sole carbon and 

energy source. Likewise, the Cupriavidus sp. strain SK-3 can grow on 4-chlorobiphenyl and 4-

chlorobenzoic acid, which are volatile forms of PCBs [96]. 

Currently, several microorganisms have been found that are capable of PCB 

biodegradation, such as Burkholderia, Pseudomonas, Rhodococcus, Alcaligenes, Arthrobacter, 

Ralstonia, Acinetobacter, Achromobacter, and Enterobacter 

[97][98][99][100][101][102][103][104][105] [106]. Genetic and biochemical studies done on 
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those microorganisms revealed the operon involved on PCB metabolism. The bph operon has 

been identified and sequenced with the aim of understanding its function on different organisms 

[107][104]. The Burkholderia xenovorans strain LB400 and Pseudomonas pseudoalcaligenes 

strain KF707 have been extensively studied on terms of PCB biodegradation. Both strains show 

similar substrate specificities, but strain LB400 can degrade 2,4,2’,4’-,2,4,5,2’,3’-, and 

2,4,5,2’,4’,5’-chlorobiphenyls, which are not oxidized by strain KF707.  Also, strain KF707 is 

superior to LB400 with respect to the degradation of 4,4’-dichlorobiphenyl. These differences in 

substrate preferences are interesting since bph sequences of both strains are around 95% similar 

[105]. The differences in substrate specificity are probably because of different amino acids 

residues on the active sites of the bph operon [105]. Regarding Cupriavidus sp. strains SK4 and 

SK-3, previous studies have focused more on strain SK-4 bacterium. Interestingly, such research 

found the bph operon on the plasmid of SK-4, which indicates its important role in the evolution 

of this strain to adapt to PCB’s contaminated environments [25]. However, none other genes 

have been associated to PCB tolerance. Studying Cupriavidus sp. strain SK-3 and SK-4 genomes 

could improve the knowledge of potential genes involved on PCB degradation.  

3.2. Results and Discussion 

3.2.1. Genome Analysis of Cupriavidus sp. strain SK-4 

Cupriavidus sp. strain SK-4 is capable of growing on ortho-substituted CB congeners as a 

sole carbon source [22]. Furthermore, it can grow on all monochlorobiphenyls and also on 

dichlorobiphenyls, such as 2,2-dichlorobiphenyl and 2,4’-dichlorobiphenyl [22][108].1This is 

*Parts of this chapter have been previously published, from Vilo C, Michael J. Benedik, Matthew Ilori,
and Qunfeng Dong, Genome Announcements Journal 2(3):e00474-14, (2014). Reproduced with 
permission from the author. 
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especially important because bioremediation methods often fail because of the accumulation of 

ortho- and para-substituted PCB compounds [22]. 

We have sequenced the Cupriavidus sp. strain SK-4 genome via Eureka Genomics 

(Hercules, CA) by using the Illumina Genome Analyzer IIx from paired-end libraries, with an 

average insert size of 221 bp. The sequencing produced 8,919,674 reads with a total length of 

454,903,374 bp. Based on the estimated genome size of SK-4, the sequencing achieved about 58-

fold coverage of the genome. 2  

The sequencing reads have an average length of 51 bp with good quality scores, as 

evaluated by the FastQC program (version 0.10.0 

[http://www.bioinformatics.babraham.ac.uk/projects/fastqc/]). Assembly of the reads was 

performed with the SOAPdenovo2 software [110], using a k-mer size of 31 bp and a minimum 

scaffold length of 500 bp. The final 247 scaffolds assembled were annotated by using the Rapid 

Annotations using Subsystems Technology (RAST) server version 4.0 [57]. 

The assembled draft genome is 7,710,843 bp long. Its G+C content is 66.3%, and the 

genome contains 7,140 protein-coding genes and 49 tRNA genes. The metabolic capabilities that 

are in dominant proportions include the metabolism of amino acids (14%), carbohydrates (14%), 

cofactors (8.5%), and aromatic compounds (6.5%). Of special importance are genes related to 

the metabolism of aromatic compounds since they may include genes related to PCB 

degradation, such as those encoding aromatic dioxygenases (Furukawa et. al., 2004) (Figure 3.1). 

* Parts of this chapter have been previously published, from Vilo C, Michael J. Benedik, Matthew Ilori,
and Qunfeng Dong, Genome Announcements Journal 2(3):e00474-14, (2014). Reproduced with 
permission from the author. 
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Figure 3.1. Metabolic categories of annotated protein-coding genes in Cupriavidus sp. strain SK-
4 and Cupriavidus sp. strain SK-3.  Each ring represents one organism’s gene category 
distribution. From outside to the inside, on ring 1 shows Cupriavidus sp. strain SK-4, ring 2 
shows Cupriavidus sp. strain SK-3. The colors in the rings show different functional categories. 
The most abundant categories observed are Cofactors, vitamins, prosthetic groups and pigments; 
amino acid and derivatives; fatty acids, lipids and isoprenoids; carbohydrates. 

The main degradation route observed in PCB utilizing bacteria involves a group of 

enzymes encoded in the bph operon [117]. From the SK-4 draft genome sequence, we confirmed 

the existence of the bph operon genes, which are the same as the genes previously reported in the 

SK-4 catabolic plasmid [25]. 

The bph operon genes are almost identical in their sequence and organization to those in 

Burkholderia xenovorans LB400 [25], and they are positioned in the order bphA1-bphA2-bphA3-

bphA4-orfx5-bphB-bphC-bphK-bphH-bphJ-bphI-bphD. Both SK-4 and LB400 are among the 

few known bacterial species that can utilize di-ortho-substituted chlorobiphenyl compounds for 

growth [22][119]. In addition, the homologs of some bph genes were found elsewhere in the 
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genome, indicating possible duplications. For example, three homologs of the bphC gene 

(encoding 2,3-dihydroxybiphenyl dioxygenase) were found on different genomic loci. The SK-4 

draft genome sequence may assist in the improvement of PCB bioremediation methods.  

Nucleotide sequence accession numbers. The draft genome sequence of strain SK-4 has 

been deposited at DDBJ/EMBL/Gen-Bank under the accession no. JFJW00000000. The version 

described in this paper is the first version, JFJW01000000. 3 

3.2.2. Genome Analysis of Cupriavidus sp. strain SK-3 

The Cupriavidus sp. strain SK-3, grows on both 4-chlorobiphenyl (4-CB) and 4-

chlorobenzoic acid (4-CBA) as the sole carbon source [22][91]. However, no specific enzymes 

have been characterized for its metabolic capacity [108]. The SK-3 genome was sequenced via 

Eureka Genomics (Hercules, CA) by using the Illumina genome analyzer IIx from paired-end 

libraries with an average insert size of 221 bp and read length of 51 bp. The total number of 

reads was 10,024,280, with a total length of 511,238,280 bp (about 53-fold coverage of the 

estimated genome size). We followed an improved assembly strategy recently published by 

Soueidan et al. 2013[109]. Briefly, after adapter trimming and quality filtering with the 

TrimGalore software (Barbraham Boinformatics)

(http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/), the Mix program [109] was 

applied to combine the assembly results from three different genome assemblers, SOAPdenovo2 

[110], ABYSS [111], and MaSuRCA [112]. Mix software removes low-quality and redundant 

contigs, identifies overlapping contigs, and merges overlapping contigs into longer ones. In total, 

*Parts of this chapter have been previously published, from Vilo C, Michael J. Benedik, Matthew Ilori,
and Qunfeng Dong, Genome Announcements Journal 2(3):e00474-14, (2014). Reproduced with 
permission from the author. 
*Parts of this chapter have been previously published, from Vilo C, Michael J. Benedik, Matthew Ilori,
and Qunfeng Dong, Genome Announcements Journal 2(4):e00664-14, (2014). Reproduced with 
permission from the author. 
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this strategy produced 299 final scaffolds as our final assembly. The Rapid Annotation using 

Subsystem Technology (RAST) server version 4.0 [113] was used for genome annotation. 4 

The SK-3 assembled draft genome was 7,429,145 bp long, with a GC content of 65%, 

and had 6,834 protein-coding genes, which are similar to those of other sequenced Cupriavidus 

species [114][115][116]. Based on the RAST annotation, the SK-3 genome showed an 

enrichment of genes related to PCB degradation, such as those for biphenyl-degrading enzymes 

and dioxygenases [117] (Figure 3.1).  

Although a previous study classified SK-3 as a Burkholderia sp. based on biochemical 

results [22], our analysis based on the 16S rRNA gene phylogeny strongly showed that SK-3 

belongs to the Cupriavidus genus, as SK-3 is tightly clustered with Cupriavidus bacteria and 

clearly separated from Ralstonia and Burkholderia bacteria on the phylogenetic tree (Figure 

3.2).5

*Parts of this chapter have been previously published, from Vilo C, Michael J. Benedik, Matthew Ilori,
and Qunfeng Dong, Genome Announcements Journal 2(4):e00664-14, (2014). Reproduced with 
permission from the author. 
*Parts of this chapter have been previously published, from Vilo C, Michael J. Benedik, Matthew Ilori,
and Qunfeng Dong, Genome Announcements Journal 2(4):e00664-14, (2014). Reproduced with 
permission from the author. 
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Figure 3.2. Phylogenetic tree of 16S rRNA. Cupriavidus sp. strain SK-4 and Cupriavidus sp. 
strain SK-3 are more similar to Cupriavidus genera, and appear on a different branch compared 
to Burkholderia genera. Here we observed that SK-4 and SK-3 come from different branches. 
Neighbor joining phylogenetic tree was constructed with MEGA5 software. 
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Previous studies of several biphenyl-degrading bacteria have shown that the bph operon 

is involved in PCB degradation [108][118]. We have identified for the first time the existence of 

the bph operon genes in the SK-3 strain, which are in the order of bphI-bphJ-orfx1-orfx2-bphH-

orfx3-bphB-bphA2-bphA1-bphA3-orfx4-orfx5-bphD. Interestingly, a clear difference in the 

phylogeny of the bph operon genes exists between SK-3 and Cupriavidus sp. strain SK-4, which 

was isolated together with SK-3 from the same PCB-contaminated tertiary lagoon sludge 

[22][91][118]. Cupriavidus sp. strain SK-4 can use ortho-substituted CB congeners as a sole 

carbon source [25], and it also grows on all monochlorobiphenyls, as well as some 

dichlorobiphenyls, such as 2,2’-dichlorobiphenyl and 2,4’-dichlorobiphenyl [118]. The SK-3 bph 

genes are more similar to those in Sphingobium yanoikuyae B1, while the SK-4 bph operon 

genes are almost identical to those in Burkholderia xenovorans LB400 [25][118] (Figure 3.3, 

3.4, and 3.5). In addition, the genes in the SK-4 bph operon are in a rearranged order compared 

to those in SK-3 [25] (Figure 3.6). 

These phylogenetic differences indicate that SK-3 and SK-4 acquired their bph operons 

via independent horizontal gene transfer events and may also account for their preferences on 

different PCB substrates.

Nucleotide sequence accession numbers. The draft genome sequence of strain SK-3 

has been deposited at DDBJ/EMBL/Gen-Bank under the accession number JFJV00000000. The 

version described in this paper is the second version, JFJV02000000.6 

*Parts of this chapter have been previously published, from Vilo C, Michael J. Benedik, Matthew Ilori,
and Qunfeng Dong, Genome Announcements Journal 2(4):e00664-14, (2014). Reproduced with 
permission from the author. 
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Figure 3.3. Phylogenetic tree of bph gene A1 alpha subunit among bacteria. Sequences of bphA1 
from several bacteria were obtained from NCBI. In red squares are the bphA1 of SK-4 and SK-3. 
Here we observed that SK-4 and SK-3 come from different branches. Neighbor joining 
phylogenetic tree was constructed with MEGA5 software (http://www.megasoftware.net/). 

Figure 3.4. Phylogenetic tree of bphA1 gene beta subunit among bacteria. Sequences of bphA1 
from several bacteria were obtained from NCBI. In red squares are the bphA1 of SK-4 and SK-3. 
Here we observed that SK-4 and SK-3 come from different branches. Neighbor joining 
phylogenetic tree was constructed with MEGA5 software (http://www.megasoftware.net/). 
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Figure 3.5. Phylogenetic tree of bphB gene among bacteria. Sequences of bphB from several 
bacteria were obtained from NCBI. In red squares are bphB of SK-4 and SK-3. Here we 
observed that SK-4 and SK-3 come from different branches. Neighbor joining phylogenetic tree 
was constructed with MEGA5 software (http://www.megasoftware.net/). 

Figure 3.6. Schematic map of the bph operon structure observed in Cupriavidus sp. strain SK-4 
and Cupriavidus sp. strain SK-3, based on gene annotations. The bph operon includes eleven 
genes in strain SK-4, bphA1 is the biphenyl dioxygenase alpha subunit, bphA2 is the biphenyl 
dioxygenase beta subunit, bphA3 is the biphenyl dioxygenase alpha subunit, bphA4 is a biphenyl 
dioxygenase system ferredoxin component, orf5 is a ferredoxin reductase, bphB is a dihydrodiol 
dehydrogenase, bphC is 2,3-dihydroxybiphenyl 1,2-dioxygenase, bphK is a glutathione S-
transferase, bphH is a 4-oxalocrotonate decarboxylase, bphJ is a acetaldehyde dehydrogenase 
bphI is a 4-hydroxy-2-oxovalerate aldolase, and bphD is a 2-hydroxy-6-oxo-6-phenylhexa-2,4-
dienoate hydrolase. On strain SK3, orf1 is a Long-chain-fatty-acid--CoA ligase, orf2 is an 
alanine-binding protein, orf3 is an dioxygenases related to 2-nitropropane dioxygenase, orf4 is a 
3-carboxyethylcatechol 2,3-dioxygenase, and orf5 is an hypothetical protein. 
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3.3. Conclusions 

According to the observations on phylogenetic trees of available bph proteins, SK-4 was 

similar to Burkholderia xenovorans strain LB400 and also to Pseudomonas pseudoalcaligenes 

strain KF707 on all comparisons. Accordingly to what has been reported for strain KF707 and 

strain LB400, strain SK4 has different substrate specificities even though all three strains bph 

operon sequences share high similarity. On the other hand, SK-3 was in some comparisons 

similar to Sphingobium yanoikuyae strain B1 sequences, which has a wide substrate range. Strain 

SK-3 has been shown to degrade more specific substrates and is able to avoid accumulation of 

intermediate chlorinated compounds that are usually seen on PCB degrading bacteria. 

The differences in the sequences of the bph operon are probably related to active sites of 

the PCB degradation enzymes. Those distinctions on active sites may indicate differences in 

substrate preferences observed between PCB degrading strains. Also, it may indicate the 

different substrate preferences between strain SK-4 and strain SK-3. Even though they were 

isolated from the same environment, they have developed distinct mechanisms of PCB 

biodegradation. Therefore, these phylogenetic differences indicate that SK-3 and SK-4 might 

acquire their bph operons via independent horizontal gene transfer events and may also account 

for their preferences on different PCB substrates. 

In addition, we believe that aromatic oxygenases and aromatic metabolism genes might 

be related to PCB biodegradation since phenols are aromatic organic compounds present on 

PCBs. 
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CHAPTER 4.  
METAGENOMICS OF BACTERIAL COMMUNITIES INHABITING ARSENIC 

CONTAMINATED RIVERS IN THE ATACAMA DESERT, CHILE 

4.1. Introduction 

Arsenic is a metalloid that can be found naturally in the environment, and can 

contaminate water, air, soil, and plants. Arsenic is one of the most potent toxicants, causing acute 

and chronic adverse health effects [120][121][122][123]. This element is present in many natural 

environments, typically in the form of inorganic arsenic in combination with other elements, 

such as oxygen and sulfur [124][125]. In neutral pH water, there exist two major forms of 

inorganic arsenic: (i) the reduced form as trivalent arsenite and (ii) the oxidized form as 

pentavalent arsenate. Both the reduced and oxidized forms of arsenic are toxic, but arsenite is on 

average 100 times more toxic and mobile than arsenate [126][127]. The toxicity of arsenite is 

due to its strong binding affinity for sulfhydryl groups in proteins, thus affecting the redox status 

of the cysteine residues present on active sites of many enzymes and impairing their activities. 

Arsenite also reacts with dithiol groups of glutathione, glutaredoxin, and thioredoxin, thus 

interfering with intracellular redox homeostasis, DNA synthesis and repair, and protein folding. 

Arsenate, on the other hand, is a natural analog of the phosphate molecule, thus it can compete 

with phosphate for various biological processes [126][127]. For example, Arsenate uncouples 

oxidative phosphorylation, disrupts ATP synthesis, and impairs various ATP-dependent cellular 

processes such as transport, glycolysis, the pentose phosphate pathway, and signal transduction 

pathways [128]. Large oral doses of arsenic lead to acute symptoms such as nausea, abdominal 

pain, cramps, diarrhea, and death [129]. Chronic exposure to low doses of arsenic also leads to 

severe health problems. The International Agency for Research on Cancer, the Department of 
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Health and Human Services, and the Environmental Protection Agency have classified inorganic 

arsenic as carcinogenic to humans for increasing the risk of skin, liver, bladder, and lung cancers 

[130][131]. Other chronic adverse health effects include pulmonary diseases (e.g., chronic 

cough), cardiovascular diseases (e.g., cardiovascular abnormalities), and renal diseases (e.g., 

hematuria and proteinuria), among others [126][131][132]. 

Arsenic is released in the atmosphere, soil, and water through various natural processes 

such as land erosion and volcanic emissions as well as through anthropogenic activities such as 

mining and pesticide use [133][1134]. Arsenic-contaminated drinking water has been identified 

as a major health risk in different parts of the world including Bangladesh, Chile, China, India, 

and the U.S., affecting millions of people [130][135]. The World Health Organization (WHO) 

limit on the arsenic concentration in drinking water is 10 µg/L. However, in the U.S. for 

instance, high arsenic concentrations (up to 2,600 µg/L) have been observed in fresh waters in 

Arizona, California, Nevada, Maine, Michigan, Minnesota, South Dakota, Oklahoma, and 

Wisconsin [136]. Chile is the country with the third highest population affected by arsenic 

contamination in the world [131]. The areas near the Atacama Desert show the country’s highest 

levels of arsenic, which contaminates the drinking water supply, soil and crops. In Chile, arsenic 

contamination has become a serious health issue since exposure to this metalloid can cause 

several kinds of cancer, miscarriages and pregnancy problems [135]. Moreover, the severity of 

the exposure is evident in the affected areas by the high prevalence of cancer and other arsenic 

related diseases [135]. 

Despite arsenic toxicity, microorganisms within aquifer sediments and/or groundwater 

have been shown to affect the arsenic mobility in the environment by catalyzing redox 

transformations [137][138][139]. For example, some bacteria from the α-, β-, and γ-
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Proteobacteria, such as Desulfovibrio desulfuricans can oxidize arsenite in aqueous phase to the 

less mobile and less toxic form of arsenate [138].  This property has strong potential for 

bioremediation of arsenic contamination. All the conventional treatment processes (e.g., 

coagulation, filtration, activated alumina adsorption, and ion exchange) for removing arsenic 

from fresh water require oxidation of arsenite to arsenate [141].  However, strong chemical 

oxidants such as chlorine and hydrogen peroxide are costly and banned from use in some 

countries due to secondary pollutants [142]. Thus, biological oxidation of arsenite is a promising 

alternative to the traditional chemical oxidants. 

Although intensive research has been attempting to uncover microbial arsenic resistance 

major questions remain largely unanswered: (i) Which microorganisms can survive in Arsenic 

contaminated waters?. (ii) How does the environmental pressure (i.e., different concentrations of 

arsenic in the water) affect the microbial diversity? (ii) What are the metabolic pathways 

involved in arsenic resistance? 

4.2. Methods 

4.2.1. Sampling Sites 

The fresh waters in northern Chile are ideal environments in which to study arsenic-

resistant microbial communities because the rivers in the regions naturally contain different 

arsenic gradients concentration.  Such naturally occurring gradients of arsenic are important for 

dissecting how microbial communities respond to different concentrations of arsenic in the 

water. We expected to identify different taxonomic/phylogenetic, genetic, and functional 

diversities in the microbial communities in response to the different arsenic environments. 

There are two major rivers in northern Chile. The first one is the Camarones River 

(Figure 4.1C, mark “Camarones”), serving as the main source of drinking water for several cities 
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(e.g., Arica and Iquique) in the Arica y Parinacota region and the Tarapaca region of northern 

Chile. The arsenic concentration in the upstream of Camarones River is above 730 µg/L, which 

is 70 times higher than the WHO accepted limit of 10 µg/L [126][143].  At the upper end of the 

Camarones River, there is the Caritaya River (Figure 4.1C, mark “Caritaya”) with a high arsenic 

concentration of 1,200 µg/L (i.e., more than twice the amount of arsenic in the downstream 

Camarones River). [143][144]. On the other hand, downstream Camarones River showed a lower 

arsenic concentration of 250 µg/L. Therefore, the Camarones River, and the Caritaya River form 

an inter-connected freshwater ecosystems with different gradients of arsenic in the water. 

Samples from Camarones River were taken on the outfall, middle stream and Caritaya River. 

The other main river in the region is the Loa River. Although it is also highly 

contaminated by arsenic, it is still the main source of drinking water of the cities in the 

Antofagasta region of northern Chile. The U-shaped Loa River can be geographically divided 

into three sections [145]: (i) The Upper Loa (Figure 4.1D, mark “Upper Loa”) ,(ii) The Medium 

Loa (Figure 4.1D, mark “Medium Loa”) , and (iii) The Lower Loa (Figure 4.1D, mark “Lower 

Loa”).  Most of the arsenic in the Loa River comes from the El Tatio Geyser geothermal system 

(Figure 4.1D, mark “El Tatio Geyser”) and the El Tatio River (Figure 4.1D, mark “El Tatio”), 

with arsenic concentrations around 7,000 µg/L and 21,000 µg/L respectively [146]. The El Tatio 

River and the Salado River bring the highly contaminated water to the Medium Loa, where the 

arsenic gets diluted. The Chiquicamata copper mine (Figure 4.1D, mark “Chuquicamata”) 

contamination causes a wide range of arsenic concentrations along the Medium Loa [145]. 

Samples were taken on the Lower Loa (Loa Town), and at the medium Loa at both sides of one 

abandon Dam. On figure 4.1 C and D are marked the sampling sites. 
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Figure 4.1.  Sampling sites in the Atacama Desert. Map of Chile, red squares show the Atacama 
Desert regions of study (A). Magnification of North Chile (B). Magnification of Camarones 
River map (C), and Loa River map (D). Stars mark the sampling sites, and each site was named 
with a unique ID. Table on the right shows the Arsenic concentrations measured on each site. 

Overall, the Loa River and its interconnected waters contain varying degrees of arsenic 

concentrations. Together with the above Camarones River and its interconnected waters, 

microbial communities can be investigated in the freshwater ecosystems with a wide range of 

arsenic concentrations. Table 4.1 shows arsenic concentrations from sampling taken at 

Camarones River and Loa River. 
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ID River/lake As concentration (mg/L) 

D6 Upper Camarones 1.2 
D7 Medium Camarones 0.730 

D8 Camarones outfall 0.250 

D1 Loa up dam 4.4 
D2 Loa down dam 4.3 
D3 Loa town 3.6 

Table 4.1. Arsenic concentrations measured on sampling sites. 

4.2.2. Sampling and Sequencing 

  Three sediment samples were taken from Loa River, and Camarones River by using 

polycarbonate cores (tubes) previously sterilized to extract sediment from the river basin, at 

approximately 5-10 cm from the surface. Sterilized bottles were used for collecting water. 

Immediately after collection, samples were maintained at 4 °C in a cool, dry, and dark 

environment using a Field Cooling System. The transportation to the laboratory took one 

day, and upon arrival they were stored at 4 °C refrigeration until they were analyzed. 

Samples were transported to the microbiology laboratory at the Universidad de Concepcion 

for DNA extractions, which was made with PowerSoilR DNA Isolation Kit. Arsenic 

measurements were determined by using ion-pair chromatography (IP-HPLC) combined with 

hydride generation (HG) and inductively coupled atomic absorption spectrometry 

(HPLC/HG/QAAS) at University of Concepcion. DNA samples were sent for 16S rRNA 

sequencing, at the The Greehey Children’s Cancer Research Institute (Greehey CCRI) Next 

Generation Sequencing (NGS) facility, at the UT Health Science Center, San Antonio. 

Sequencing was done with Illumina MiSeq technology with pair end reads, targeting V1-V2 

region of 16S rRNA with primers 27F/355R [147]. Forward primer: 5’- AGA GTT TGA 

TCM TGG CTC AG, reverse primer:  5’– GCT GCC TCC CGT AGG AGT. Additionally, 
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whole genome sequencing was done on all samples by using illumina HiSeq2000 technology 

with pair end reads, which gave reads of about 100 bp long. 

4.2.3. Bioinformatics and Statistical Analysis 

Mothur software, v.1.33.3 [148] was used for the preprocessing of the sequencing data. 

The first step on preprocessing was to merge the pair end reads into contigs. Scores for pair end 

reads alignment construction were: same base score of 1.0, mistmatch penalty score of -1.0, 

opening a gap in an alignment penalty score of -2.0, extending gap in an alignment penalty score 

of -1.0. The following preprocessing steps included: quality check, removal of duplicates, 

alignments to SILVA database, denoising, and chimera removal. Then, mothur was used for 

distances calculation and clustering of the sequences into OTUs with a distance of 0.03. For 

taxonomic assignment we used RDP classifier version 2.7 [149] and SILVA database with a 

threshold of 0.8. For statistical analysis, heatmap and NMDS figures, we used R statistical 

software version 3.1.0. Picrust software [150] was used to assign genes and functions to 16S 

rRNA sequences based on taxonomic classifications available on NCBI. We showed Picrust final 

results on higher collapsed categories from KEGG pathways by using the 

“categorize_by_function.py” program included on the software. To study whole genome 

sequencing data we utilize HumanN software [151], which allows assignment of KEGG 

pathways to the sequences reads based on BLAST alignments. 

4.3. Results and Discussion 

4.3.1. 16S rRNA Sequencing, Rarefaction Curves and Preprocessing 

After all preprocessing and chimera check, we obtained 2,059,272 sequences in total. 

Sequences were first studied in terms of their power to capture the true bacterial communities on 
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each sample (Figure 4.2). Sample D1 showed the highest number of OTUs per reads sequenced, 

following by D3 and D2. All three were samples from Loa River. On the other hand, sample D7 

had the lower number of OTUs per read sequenced.  Rarefaction curves were produced to 

estimate sample size since the sequencing effort can have an effect on the estimation on the 

number of OTUs (Figure 4.2). The shape of the curve indicates how many different 

microorganisms the sampling could take. It is thought that when more 16S rRNA is sequenced, 

then more OTUs should be found. At the beginning of the curve, the increase of OTUs is 

exponential to the number of reads, but then the number becomes less and less as rare taxa are 

added until it reaches a plateau, which is called saturation. If the number cannot increase any 

more regardless of the sequencing, then we said that the sample has all member of the 

community represented. However, the latter is rather an ideal situation, far from reality of 

sampling. Usually, what can be observed are curves that are no longer exponential but either 

with a plateau, as in our case. 

Figure 4.2. Rarefaction curves on 16S rRNA sequencing. On X axis are number of sequences, 
and Y axis shows number of OTUs. Curves shows the number of OTUs found per number of 
sequences on each sample. 
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4.3.2. Taxonomic Classifications 

Arsenic-resistant prokaryotic microorganisms have been detected in many different 

environments, including different bodies of water such as lagoons and rivers (e.g., 

[152][153][154][155][156][157][158][159]). Current studies made in one of the Chilean arsenic-

contaminated rivers, the Camarones River, have isolated 50 bacteria species using selective 

culture-based methods [152][154]. The list of arsenic-resistant bacteria represents a diverse 

group, covering 21 genera, 14 families, 10 orders, 5 classes, and 2 phyla. The results clearly 

showed the presence of arsenic-resistant bacteria in northern Chilean rivers. However, those 

studies heavily relied on culture-based methods to identify the arsenic bacteria on growth 

medium. Since it was estimated that >99% of bacteria observable in nature typically cannot be 

cultivated using standard techniques [160][161][162]. In the present study, we applied 16S rRNA 

metagenomic shotgun sequencing to comprehensively survey prokaryotic microorganisms in 

arsenic-contaminated fresh waters in northern Chile. Surprisingly, thirty four different phyla 

were identified on the sediment samples from the Atacama Desert (Figure 4.3), which greatly 

improves the knowledge from previous studies on arsenic contaminated environment.  

Predominant Phyla observed in both rivers were Proteobacteria followed by Firmicutes. 

Interestingly, we observed proportions of phyla and genera that were different on each river. 

Examples of the difference in bacterial communities are Bacteroidetes and Acidobacteria phyla. 

Bacteroidetes showed increased proportion of abundance in the Loa River samples (D1, D2, D3), 

whereas Acidobacteria was more abundant on the Camarones River samples (D6, D7, D8) 

(Figure 4.4). 
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Figure 4.3. Heatmap for Phyla relative abundances on each sample. Each square in the heatmap 
represents phyla relative abundances transformed using asin and square root before heatmap 
creation. Dendograms indicate similarities between annotation vectors among samples at the x 
axis. 
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Figure 4.4. Relative Abundance differences in Phylum. T-test were performed on each phyla to 
determine significant difference on samples taken on Loa River or Camarones River. Graph bars 
show average, and error bars show 1 standard deviation. 

In addition, we observed more than 1500 different genera, which is greatly higher than 

the twenty one genera found by traditional methods. We also observed differences on genus 

abundances by rivers. Differences were statistically significant with a p-value below 0.05 (t-test) 

(Figure 4.5). To know specific bacteria phyla and genera might help to focus the research on key 

microorganism more suitable for arsenic-rich environments for its study on more details. For 

instances, bacteria from Spirochaete or Haliscomenobacter genera. Additional analysis using 

NMDS allowed us to study whether there are distinct communities depending on arsenic levels. 

Differences were observed at phylum and genus level (Figure 4.6 and Figure 4.7). Altogether, 

our analysis indicated that the microorganisms on Camarones River might have adapted to low 
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arsenic conditions (arsenic concentrations below 1.2 mg/L). Also, it indicated that bacteria in 

Loa River might have adapted better to arsenic-rich environments (Arsenic concentration above 

3.6 mg/L). 

Figure 4.5. Relative Abundance differences in Genus. T-test were performed on each genera to 
determine significant difference on samples taken on Loa River or Camarones River. Graph bar 
show average, and error bars show 1 standard deviation. 
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Figure 4.6. Bray-Curtis dissimilarity based non-metric multidimensional scaling. Differences in 
the microbial communities at the phylum level of Loa River and Camarones River samples were 
observed with the non-metric multidimensional scaling (NMDS) analysis using Bray-Curtis 
dissimilarity. The samples cluster together by river, which points out differences in their 
microbial community assemblies. Wilcoxon p-value: 0.02104 

Wilcoxon: p-value = 0.02104 
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Figure 4.7. Bray-Curtis dissimilarity based non-metric multidimensional scaling. Differences in 
the microbial communities at the genus level of Loa River and Camarones River samples were 
observed with the non-metric multidimensional scaling (NMDS) analysis using Bray-Curtis 
dissimilarity. The samples cluster together by river, which points out differences in their 
microbial community assemblies. Wilcoxon p value: < 2.2e-16.   

Altogether, these observations may help to identify key bacteria in the community that 

contain specific resistance genes to high arsenic levels. They might help on developing new 

bioremediation technologies by using microorganisms. 
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4.3.3. Functional Characterization based on 16S rRNA taxonomic assignments 

Previous research on arsenic contaminated environments have focus more on specific 

genes known to reduce or oxidase arsenic forms. However, there have not been studies regarding 

metabolic pathways involved on arsenic contaminated environments. On this research we aimed 

to discover such functions. We utilize Picrust software to determine metabolic pathways by 

assigning gene functions and categories to 16S rRNA taxonomic assignments. Such gene 

functions were determined and are available on NCBI. Picrust software collects the gene 

information on different levels of KEGG pathways (Figure 4.8).  

Figure 4.8. KEGG pathways observed on each river sample. Colors represent the KEGG 
pathways observed proportion. Each ring represents a sample site. Graph shows KEGG pathways 
on level two. 
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The most abundant KEGG pathways at level two of functions observed in all sites were: 

amino acid metabolism (10% - 11%), Carbohydrate metabolism (9% - 10%) and membrane 

transport (10% - 12%). Interesting, membrane metabolism could be an important feature on 

contaminated environments since it would help microorganism to expulse metalloid and avoid 

toxicity. In addition, the replication and repair (7%) pathway stands as an important feature for 

the need of DNA repair in high arsenic contaminated environments. Xenobiotic biodegradation 

and metabolism (2-3%) could also be related to the capacity of microorganisms to survive on 

heavy metal and chemical contamination observed in the Atacama Desert (Figure 4.8). 

In addition, differences in KEGG pathways proportions were observed by river (Figure 

4.9). 

Figure 4.9. Relative proportions differences of KEGG pathways by river by using Picrust 
software. T-tests were performed on each KEGG pathway to determine significant difference on 
samples taken on Loa River or Camarones River. Graph bar show average, and error bars show 1 
standard deviation 
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In Loa River we observed higher proportion of translation, replication and repair, and 

nucleotide metabolism genes that might indicate the need of more DNA repair mechanisms 

compared to Camarones River. The differences are interesting since Loa River has higher arsenic 

concentration, and arsenic is a dangerous compound that interferes with DNA synthesis and 

repair. On the other hand, Camarones River showed lower arsenic concentrations, and it showed 

a significantly increase on xenobiotic metabolism, and membrane transport genes, which could 

indicate microorganisms more focused on contaminants expulsion and degradation rather than 

DNA repair. 

A principal component analysis was done to compare metabolic functions obtained with 

Picrust on river samples (Figure 4.10). According to the taxonomic classification of the 

microbial communities, the PCA showed that samples cluster together by river. The observed 

results indicate that differences in taxonomy accounts for metabolic adaptations to different 

arsenic concentrations.   

Figure 4.10. PCA of KEGGs functions from all samples. Differences in the metabolic pathways 
were observed between the samples of Loa River and Camarones River. The samples cluster 
together by river and more separated to the samples of the other river, which points out 
differences in their metabolism. PCA was constructed by using STAMP software 
(http://kiwi.cs.dal.ca/Software/STAMP). 
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4.3.4. Arsenic Resistance Genes 

Previous studies in this field largely relied on isolating individual arsenic-resistant 

bacteria (i.e., identifying which bacteria could be grown in arsenic-containing medium). Then, 

each individual bacteria isolate could be characterized with genetic and biochemical assays (e.g., 

identification of mutant genes and characterization of encoded proteins) [160][161][162][163]. 

These approaches have identified some arsenic resistance mechanisms in bacteria. In particular, 

bacteria can transform arsenic via reduction, oxidation, and respiration reactions [164][165]. The 

reduction reactions involve the ars operon consisting of either three genes (arsRBC) or five genes 

(arsRDABC) [164]. The arsC gene mediates the reduction of arsenate to arsenite, and the arsAB 

genes encode a transmembrane ejection pump that removes arsenite from the bacterial cell. The 

genes arsD and arsR encode operon regulatory proteins, controlling expression levels of the ars 

operon. One additional gene, arsH, has not known function, but it is thought to the required for 

resistance in some bacteria [164][166][167]. Besides reduction, bacteria can also oxidize arsenite 

to arsenate as a detoxification mechanism, since arsenate is 100 times less toxic than arsenite. 

Oxidation genes aoxA and aoxB have been identified in different bacteria species. These genes 

encode the small subunit and the large subunit of the arsenite oxidase [159][168][169][170] 

[171][172]. Arsenic respiration utilizes the reduction of arsenate in the anaerobic respiratory 

chain. The reductase protein has two subunits encoded in the genes arrA and arrB. The gene 

arrA produces the catalytic large subunit protein that binds to arsenate. The arrB gene encodes 

the small subunit that allows the coupling of the reaction to the respiratory chain ([162], [167]. 

Additional variants of the arr gene have been found on Alkalilimnicola ehrlichii Strain MLHE-1 

bacterium, which are called arx genes. The cluster of genes on this bacterium includes arxE, 

arxD, arxC, arxB, arxA, and regulators genes arxS and arxR that perform anaerobic oxidation of 
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arsenite [173]. However, as discussed above, culture-based methods would fail to detect the vast 

majority of arsenic-resistant bacteria. Instead, we propose a culture-independent metagenomics 

approach that may uncover novel genes and pathways in arsenic-resistant microbial 

communities. 

Regarding genes and pathways related to arsenic resistance, the previous studies in this 

field largely relied on PCR-based detection. That is, they used universal primers to target certain 

marker genes (e.g., arsA, arsB, arsC, and aox genes) and amplified the genes from microbial 

communities. For example, Saltikov et al. [174] studied the frequency and variety of the ars 

genes in samples taken from wastewater and arsenic-contaminated waters based on the universal 

primers designed for the genes arsA, arsB, and arsC according to the E. coli operon. However, 

the design of the PCR primers relied on known gene sequences, thus the true genetic diversity 

remains unknown as divergent sequences would fail to be amplified in the PCR reactions. On the 

contrary, the metagenomic whole genome shotgun sequencing approach proposed in this study 

will sample all the genetic material in the samples without bias, thus uncovering the true genetic 

diversity.  

We searched for all known arsenic resistance genes on the samples D1, D2, D3, D6, D7, 

and D8. Known sequences of ars, arr and aox genes from previous PCR experiments and 

sequences available from NCBI were used to construct customized databases. BLAST results of 

our customized database of ars genes against sequences reads are summarized on table 4.2. Loa 

River and Camarones River samples showed sequence reads that were similar to the arsenate 

reductase genes arsA, arsB, arsC, arsR, and arsH. We observed some differences in the genera 

from our database found on both rivers, such as Veillonella and Burkholderia. It might indicate 
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additional taxonomic differences between the samples that were not observed by 16S rRNA 

sequencing. 

River Genera Gene Hits average 
Loa Veillonella arsA, arsB 2 

Burkholderia arsA 7 

Cupriavidus arsA 1 
Acinetobacter arsA 2 
Brevibacterium arsA 1 

Bacillus arsA, arsC 3 
Sporomusa arsA, arsB 1 
Pseudomonas arsB, arsC 5 
E. coli arsA, arsD 4 

Acidithiobacillus arsH 1 
Xanthomonas arsR 2 
Enterocytozoon arsR 1 

Trichinella arsR 1 
Camarones Burkholderia arsA 7 

Acinetobacter arsA 1 

Cupriavidus arsA 1 
Brevibacterium arsA 1 
Bacillus arsA, arsC 3 
Pseudomonas arsB, arsC 5 

Sporomusa arsA 1 
E. coli arsA, arsD 4 
Acidithiobacillus arsH 1 

Enterocytozoon arsR 1 

Table 4.2. Homolog sequences from Loa River and Camarones River to ars genes. Searches 
were performed by using BLAST software with e-value of 1e-10 as threshold. The first column 
indicates the river in which the samples were taken. The second column shows the genera to 
which the found genes belong, according to NCBI. Third column shows the genes used on the 
database for the corresponding genera. The fourth column shows the average number of hits for 
the corresponding genera, between the samples for each river.  
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In the case of arsenate respiratory reductases, we observed a total higher number of 

average hits to arsenate respiratory genes in Loa River. In addition, we found homolog reads 

sequences to the genes of the operon arx from Alkalilimnicola bacterium on Loa River and 

Camarones River (Table 4.3). Interestingly, it was a higher average number of hits to 

Alkalilimnicola bacterium in Loa River, which might indicate a higher proportion of this 

bacterium on the river and thus an increased anaerobic oxidation of arsenite. Also, arxC gene 

was missing in Camarones River. The arxC gene codes for a membrane protein that is thought to 

be involved in redox interactions with quinones [173]. On the other hand, arxD gene was not 

found on Loa River. The arxD gene is a TorD-like protein, which functions as a chaperone found 

on the cytoplasm that protects molybdoenzymes from degradation until a molybdenum cofactor 

is added [173]. 

River Genera Gene Hits average 

Loa 
Alkalilimnicola arxA, arxB, arxC, 

arxX, arxR, arxS 
565 

Shewanella arrA 16 
Halorhodospira arrA 9 
Thioalkalivibrio arrA, arrB 9 

Camarones 
Alkalilimnicola arxA, arxB, arxX, 

arxR, arxS, arxD 
116 

Halorhodospira arrA 2 
Shewanella arrA 1 
Thioalkalivibrio arrA, arrB 1 

Table 4.3. Homolog sequences from Loa River and Camarones River to arr and arx genes. 
Searches were performed by using BLAST software with e-value of 1e-10 as threshold. The first 
column indicates the river in which the samples were taken. The second column shows the 
genera to which the found genes belong, according to NCBI. Third column shows the genes used 
on the database for the corresponding genera. The fourth column shows the average number of 
hits for the corresponding genera, between the samples for each river. 
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Homolog sequence reads to the aoxB and aoxA genes were found on Loa River and 

Camarones River samples. For the search we utilized known genes available on NCBI from 

Roseobacter litoralis, Thiomonas arsenivorans strain DSM 16361, and Pseudomonas 

arsenicooxydans. Interestingly, P. arsenicooxydans is a unique species found only at the 

Atacama Desert, and contains a unique variant of aox gene [175]. The gene aoxB from P. 

arsenicooxydans was found on both rivers, indicating that it is necessary for arsenic resistance on 

the Atacama Desert water systems. However, Camarones River showed a higher number of hits 

for P. arsenicooxydans, which might indicate more arsenite oxidation through this unique 

enzyme.  

River Genera Gene Hits average 

Loa 
Roseobacter aoxA, aoxB 16 
Thiomonas aoxA, aoxB 9 
Pseudomonas aoxB 3 

Camarones 
Roseobacter aoxA, aoxB 9 

Thiomonas aoxA, aoxB 4 
Pseudomonas aoxB 7 

Table 4.4. Homolog sequences from Loa River and Camarones River to aoxA and aoxB genes. 
Searches were performed by using BLAST software with e-value of 1e-10 as threshold. The first 
column indicates the river in which the samples were taken. The second column shows the 
genera to which the found genes belong, according to NCBI. Third column shows the genes used 
on the database for the corresponding genera. The fourth column shows the average number of 
hits for the corresponding genera, between the samples for each river. 

4.3.5. Metabolic Pathways 

Besides the study of metabolic pathways through the taxonomic assignments, we 

utilized HumanN software on whole genome sequencing to determine genes and pathways 

present on all river samples. HumanN software uses alignments of the sequences reads to the 
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KEGG database. Then, the software determines metabolic capabilities and collapse the function 

into higher categories based on KEGG pathways (Figure 4.11). 

Figure 4.11. Relative proportions differences of KEGG pathways by river determined by 
HumanN software. T-test were performed on each KEGG pathway to determine significant 
difference on samples taken on Loa River or Camarones River. Graph bar show average, and 
error bars show 1 standard deviation. A: Amino acid metabolism; G: Glycan biosynthesis and 
metabolism; R: Replication and repair; C: Carbohydrate metabolism; X: Xenobiotics 
biodegradation and metabolism; V: Metabolism of cofactors and vitamins; E: Excretory system; 
I: infection; L: Lipid metabolism; T: Metabolism of terpenoids and polyketides. 

Results confirmed main findings observed on metabolic pathways obtained by using 

taxonomic assignments. For instance, xenobiotics biodegradation genes showed higher 

proportions on Camarones River, which indicates the capacity for more degradation of toxic in 

the environment. Besides, other gene pathways related to DNA repair such as: mismatch repair, 

DNA replication, homologous recombination, nucleotide sugar metabolism, and fructose 
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metabolism were on higher proportions on Loa River. It agreed with the previous results that 

indicated a necessity for more DNA repair systems when more arsenic concentration are in the 

environment. However, it is interesting that Loa River also showed higher proportions of genes 

under the category of glycan biosynthesis since they are involved on structural integrity of the 

bacteria, and also protect the membrane against external toxics (Figure 4.11). 

4.4. Conclusions 

Identification of bacteria inhabiting the Loa River and Camarones River at the Atacama 

Desert improved from two known phyla to thirty four phyla. In addition, we discovered 

differences in community assemblages on both rivers, indicating that such differences might be 

due to different arsenic concentrations. Our results also showed specific phyla and genera that 

were significantly more abundant on low or high arsenic concentrations. Examples are 

Bacteroidetes and Spirochaetes phyla that were in higher proportions on higher arsenic river 

(Loa River). Also, Acidobacteria and Nitrospira phyla were in higher proportions on lower 

arsenic river (Camarones River). To know these specific bacteria could help to focus the research 

on them, and to study their adaptations to arsenic conditions.   

In addition, metabolic pathways of arsenic contaminated environments were unveiled. 

Main metabolic pathways on all samples include amino acid metabolism, membrane transport, 

and carbohydrate metabolism. Differential metabolic pathways depending on arsenic 

concentrations were also observed. Examples were replication, DNA repair, and nucleotide 

metabolism that were in higher proportions at the Loa River. This indicated a potential necessity 

of more DNA repair systems since arsenic is a mutagenic compound. Also, xenobiotic 

metabolism, and membrane transport were in higher proportions at the Camarones River 

compared to Loa River. The Camarones River might not be subject to the same DNA damage as 
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in Loa River. Therefore, bacteria inhabiting Camarones River could focus more on arsenic 

transformation and toxics degradation that are present in the environment. Known arsenic genes 

were also surveyed in all river samples. We found genes for reduction and oxidation that give 

insights into how these bacterial communities resist arsenic contamination.   

Understanding the genomic basis of arsenic resistance could lead to an improvement in 

bioremediation techniques. For example, a combination of microbial and chemical remediation 

strategies can be utilized. Arsenic can be easily removed by physical/chemical methods if 

microbes first transform arsenic to a less soluble form.  
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CHAPTER 5. 
DISCUSION 

The accumulation of industrial contaminants in the natural environments has rapidly 

become a serious threat for human and animal life. Currently, efforts have been made to 

overcome the contamination, but cleaning strategies are far from restoration of the environment 

without side effects. 

Therefore, it is imperative to look for new ways of cleaning our environments. 

Fortunately, there are microorganisms capable of degrading or transforming environmental 

contaminants. These microorganisms open the gates for new technologies that can utilize such 

organisms, for example: bioremediation strategies. The first step towards developing 

bioremediation strategies implies knowing how these microorganisms can survive and utilize 

those contaminants. Previous research has focused on finding these microorganisms in 

contaminated environments. Then, biochemical/enzymatic characterization demonstrates the 

presence of specific elements that allow contaminants degradation capacities. Nowadays, the 

genomics field has improved enormously, giving rise to new genome sequencing technologies. 

Those technologies have facilitated the study of genomic elements involved in the utilization of 

contaminants.  

In the present dissertation work we aimed to understand the genomic basis of microbial 

degradation of environmental contaminants. The focus is the bacterial genomes involved in three 

examples of degradation and resistance to contaminants: 

a) Cyanide degradation by Pseudomonas fluorescens NCIMB 11764

b) Polychlorinated biphenyl degradation by Cupriavidus sp. strain SK-3 and strain SK-4

c) Arsenic resistance observed on bacterial communities found in the Atacama Desert
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 The first two focused on traditional genome analysis to find specific genes involved in 

such capacities whereas in the third example we studied bacterial communities that are 

resistant to contaminants. The present work took advantage of the new sequencing 

technologies that allowed fast and robust sequencing of complete bacterial genomes and 

marker genes for bacterial community analysis. 

5.1. Cyanide degradation by Pseudomonas fluorescens strain NCIMB 11764 

 Our results indicated that strain NCIMB 11764 have several specific enzymes that allow 

cyanide tolerance and degradation. Cyanide degradation candidate genes were found on this 

research, which included nit1C cluster, and CNO complex. The CNO complex has been 

shown to be only in Pf11764, and we were able to find candidates for all its components. 

Candidate genes found in this research included cyanide insensitive oxidases observed in 

other cyanide resistance bacteria. Also, we hypothesized that nitric oxide producing genes is 

also involved in cyanide resistance since nitric oxide is a cyanide antagonist and is used as an 

antidote in some cases of human cyanide poisoning. In addition, iron metabolism genes could 

also be involved on improving resistance to cyanide because iron uptake could be increased 

to compensate cyanide–iron complexes formation. Some of those enzymes were not found in 

other bacteria from the same species, but are found across different genera. One example is 

the nit1C cluster, which is thought to give strain NCIMB 11764 the capacity of cyanide 

degradation. The cluster can be observed in bacteria ranging from alpha and beta 

proteobacteria to Cyanobacteria. These results suggest that the acquisition of cyanide 

degradation genes might have happened by horizontal gene transfer in the latest stages of 

speciation. Therefore, strain NCIMB 11764 is unique bacterium that has adapted to tolerate 

cyanide contamination.  
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5.2. Polychlorinated biphenyl degradation by Cupriavidus sp. strain SK-3 and strain SK-4 

 Polychlorinated biphenyls are currently affecting several lagoons and soil environments. 

In one of those lagoons, two bacteria were found to survive such contamination. 

Interestingly, both bacteria, named strain SK-3 and SK-4, belong to the same species 

Cupriavidus sp. However, previous studies showed that they have different PCB substrates 

for degradation. We found the presence of the bph operon in both bacteria, which has been 

proven in other bacteria to be required for PCB biodegradation. The bph operon coding 

sequences from strain SK-3 and SK-4 seem to cluster far from each other, but together with 

bacteria that use the same substrate for degradation. This implies that changes (mutations) 

occurred in specific sites, presumable active sites of the bph degrading enzymes. Such 

changes might have allowed the evolution of specialized degradation mechanisms for the 

different PCB compounds. In the case of strain SK-3 and SK-4 it is of particular interest 

since both bacteria belong to the same species, but they have very different substrates. The 

environmental pressures in this contaminated environment might have led to such 

specializations. 

5.3. Arsenic resistance observed on bacterial communities found in the Atacama Desert 

The bacterial communities studied showed that specific bacteria thrive depending on the 

arsenic concentration. Examples are Bacteroidetes and Spirochaetes phyla that were in higher 

proportions on higher arsenic concentrations. Interestingly, we also observed differences in the 

metabolic functions depending on arsenic concentrations, which might indicate that there are key 

bacteria on these communities that allow surviving of such extreme conditions. In addition, some 

specific metabolic functions seem to be necessary for resistance in higher contaminated 

environments, which includes DNA repair and replication. Regarding specific known resistance 
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genes, we did not found a great differences between rivers, which might indicate that regulations 

may exist at the expression level. Our research gives us insights into how bacteria communities, 

not just individually, can adapt and become resistant to the contaminants. Moreover, we could 

get an idea about the plasticity of bacterial communities to change on a gradient of arsenic.  

5.4. Closing 

Our research allowed us to understand the diversity, plasticity and adaptability of bacteria 

to contaminated environments, and how they can acquire such capacities. In summary, the results 

from this dissertation indicated that degrading/resistance bacteria can obtain their genomic 

elements from diverse sources, and evolutionary forces play a role in shaping bacterial genomes 

ability to adapt. The present dissertation work looks forward to contributing in the hard task of 

understanding microbial mechanisms of degradation and resistance for future development of 

bioremediation strategies. 
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APPENDIX A. 

Alignment of each nit1C cluster component from PpCECT5344 found in Pf11764. 

A.- Alignment of nitA protein found in P. pseudoalcaligenes CECT5344 (AFD54053) and P. 
fluorescens NCIMB 11764 (ERP41744). 
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B.- Alignment of nitB protein found in P. pseudoalcaligenes CECT5344 (AFD54055) and P. 
fluorescens NCIMB 11764 (ERP45322). 

C.- Alignment of nitD protein found in P. pseudoalcaligenes CECT5344 (AFD54056) and P. 
fluorescens NCIMB 11764 (ERP45324). 
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D.- Alignment of nitE protein found in P. pseudoalcaligenes CECT5344 (AFD54057) and P. 
fluorescens NCIMB 11764 (ERP45325).  

E.- Alignment of nitF protein found in P. pseudoalcaligenes CECT5344 (AFD54058) and P. 
fluorescens NCIMB 11764 (ERP45326).  
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F.- Alignment of nitG protein found in P. pseudoalcaligenes CECT5344 (AFD54052) and P. 
fluorescens NCIMB 11764 (ERP45327). 

G.- Alignment of nitH protein found in P. pseudoalcaligenes CECT5344 (AFD54051) and P. 
fluorescens NCIMB 11764 (ERP45328).  
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