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ABSTRACT 

Metagenomics is an emerging discipline to explore microbial diversity in clinical samples, 

independent of the limitations of cell cultures. This method is widely accepted as a modern 

technique to detect novel viruses in clinical and environmental samples and has the potential to 

contribute to the identification of unknown etiological agents causing diseases. This thesis utilizes 

the combined assembly approach on deep sequencing data in search for novel viral populations in 

clinical samples of patients diagnosed with inflammatory bowel disease (IBD) and primary 

sclerosing cholangitis (PSC), which is an extraintestinal manifestation of IBD. In this study, 

twelve mammalian viral sequences and other plant, bird and insect viral sequences were found. 

Among the viral sequences, we have detected many sequences of African swine fever like virus 

(ASFLV) in the IBD and PSC patients after the combined assembly approach but not in the initial 

metagenomics data sets of the assembly from the individual patient. Interestingly, the ASFLV 

sequences showed similarity to thirty-nine genes along the ASFV genome, but only 38-62% 

identity at the amino acid level, suggesting that they are related by distinct sequences. 

Phylogenetic analyses positioned the ASFLV sequences in a clade different from those clustering 

ASFV and that was consistent for the topoisomerase, capsid and helicase genes. Furthermore, 

nested PCR confirmed the presence of ASFLV sequences in one ulcerative colitis and PSC 

patients for multiple loci including the capsid, helicase and origin binding proteins. Thus, we 

report for the first time the presence of ASFLV sequences in human clinical samples in North 

America. This study also investigates the suitability of several viral enrichment methods to isolate 

viruses from clinical samples before performing metagenomics. The detection of ASFLV 

sequences was possible only after adopting the combined assembly approach, which enabled the 

identification of a novel virus sequences and improved the overall identification of viruses in the 

metagenomic libraries.   
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CHAPTER 1: INTRODUCTION 

1.1.  VIRAL METAGENOMICS TO DISCOVER NOVEL VIRUS 

The method incorporating virus culture in vitro using a cell culture system and virus neutralization 

assay were traditionally used for virus discovery [1]. This option has the limitations of lacking the 

appropriate cell culture system for some viruses and unavailability of antibodies for the 

neutralization assay that present a great challenge for viral discovery and further viral research 

[2]. New molecular identification methods such as PCR have been applied to overcome these 

obstacles to the study of unculturable and nonisolated viruses. However, the application of PCR 

is not without potential flaws; the sequence information of a targeted new virus genome has to be 

known or inferred in order for viral sequences to be amplified. Moreover, to identify a virus as a 

pathogen, an individual analytical test for each pathogen must be performed [3]. These limitations 

associated with such techniques make it challenging to identify unknown viruses. In addition, 

sequencing of the 16S fragment of the small subunit of the ribosomal RNA (rRNA) is a proven 

technique for the detection of novel or known microbes [4-10]. However, this technique cannot 

be applied to viral discovery as viruses do not possess this gene and do not share any common 

genes that is so highly conserved [10].  

To overcome all hindrances involved in virus discovery, metagenomics offers an alternative 

culture-independent and sequence-independent technique. Unlike sequencing of 16S fragments 

for bacterial discovery, in viral metagenomics, researchers need not to have prior knowledge of a 

common particular gene of the target virus. This technique was first used to analyze the genetic 

content of environmental samples, to determine its metabolic traits, to characterize it, and to 

identify new enzymes and antibodies [11-15]. Later the scope of metagenomics was expanded to 
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the field related to marine environmental research, plant and agricultural biotechnology, human 

genetics and the diagnosis of human diseases [16].  

One of the promising areas of metagenomics is its use in detecting viral pathogens in clinical 

samples. The viral metagenomics technique allows the identifications of co-infections, which 

some diagnostic tests may overlook after identifying the initial infectious agent [17]. The 

application of viral metagenomics to virus discovery has been explored by many researchers [18, 

19]. Viral pathogen outbreaks can also be detected using viral metagenomics [20-23]. One of a 

successful use of viral metagenomics was during influenza outbreaks in which a rapid 

determination of the viral subtype was achieved [24]. On a different note, a gene can be inserted 

into a virus (transposons), and this could lead to the virus becoming a more infectious agent; it 

could also help the virus to escape detection by traditional diagnostic tests [25]. The novel wild 

type ebola virus, for example, has not been detected in any traditional tests, but the metagenomic 

approach identified it in all clinical cases [26]. Metagenomic studies of diarrhoea of unknown 

etiology helped researchers to find novel and potentially pathogenic human-associated viruses like 

cosavirus [27, 28] and klassevirus [29]. The list of new types of human viruses being discovered 

through the use of viral metagenomics is still expanding; it includes rhinovirus [30], a novel 

bocavirus [31], a novel arenavirus [32] and a novel parechovirus [33] etc. 

Human pathogens are very diverse and approximately two hundreds viral pathogens have been 

identified to date, with a rate of two being discovered each year [34]. Most of these viruses 

discovered are found in acute diseases. For instance, parvovirus and coronavirus in lower 

respiratory tract infection [35], polyomavirus in human merkel cell carcinoma [36], astrovirus, 

torque teno virus, norovirus, picobirnavirus, enterovirus and nodavirus in diarrhea patients [37], 

arenavirus in hemorrhagic fever [38], bocavirus, picornaviruses, circovirus, nodavirus and 
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dicistroviruses in acute flaccid paralysis [39], astrovirus in encephalitis [40] and circovirus in 

tropical febrile illness[41] were discovered by using metagenomics approach. Mostly, if not all, 

these new viruses were discovered in acute diseases. Chronic diseases, on the other hand, were 

not studied much using viral metagenomics for viral screening often which leads low viral load 

except in immune suppressed condition due to the induction of drugs.    

For viruses, the mutation rate is higher in comparison to other microbes, and this dynamic ability 

renders them able to jump between species, as is the case in avian [42] and swine [43] influenza 

epidemics, and to overcome the effectiveness of drugs. The viral species are unique in their 

infection type, mode of transport and characteristics. It is therefore important to identify them 

rapidly as pathogens and to know and identify the novel mutant subtypes for the purpose of 

treatment to control viral diseases. Given all the advantages of metagenomics, this technique have 

been used in this study to detect the viruses present in inflammatory bowel disease (IBD) and 

primary sclerosing cholangitis (PSC) faecal samples with the aim to investigate the presence of 

novel virus in human clinical samples of patients with chronic diseases. 

1.2.  ASSEMBLY APPROACH FOR VIRAL METAGENOMICS 

Assembly is a process by which overlapping short sequences are joined together to form longer 

sequences. Since most high throughput sequencing platforms generate short sequences, alignment 

of these latter to reference databases frequently leads to ambiguous results; therefore, assembly of 

read (short sequences of ~150 bp length) into contigs/scaffolds (longer than reads) is often 

implemented prior to alignment. There are two strategies employed for assembling the 

metagenomic data; namely, reference based assembly and de novo assembly. To date, the de novo 

assembly approach has been used in most studies. The advantage of de novo is that it is suitable 

for the analysis of next generation sequencing data where the reference genome of targeted species 
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could be unavailable and still using de novo approach in NGS data can recover the whole genome 

or lager sequence fragments to recognise the origin of these sequences.  

The SOAPdenovo-trans package [44] was used in this study to assemble short reads into longer 

sequences in order to recover the genome of uncultured virus or at least some of its coding 

sequences for subsequent characterization. SOAPdenovo-trans utilizes de novo assembly  based 

on the De Bruijn graph (DBG) approach, which was specifically created to handle very large 

amounts of data [45, 46]. During the assembly process, the similar sequences are joined using the 

DBG approach, and longer sequences, called contigs. Reads are decomposed into k-mers 

(fragments of k nucleotides); these fragments become nodes of the De Bruijn graph. Overlapping 

k - 1 bases are then used to elongate the consecutive sequences to find contigs. The end pairs of 

two related contigs are used to link to a longer non-contiguous DNA sequence to form a scaffold 

[47]. 

Sequence assembly is an important computational aspect of the metagenomics process because 

with the assembly approach more data are used for the analysis whereas without the assembly 

many single-sequenced reads would remain unused and unidentified in the metagenomic data. 

However, the assembly process is still in its early stage, and typically there are no references 

against which we can compare results. Another advantageous aspect of assembly is the generation 

of sequences that are generally longer than the unassembled reads, which in turn leads to more 

accurate taxonomic classification. Taxonomic classification of unassembled sequences is often 

ambiguous. Ideally, assembly provides full-length coding sequences for subsequent analyses and 

produces less data than unassembled sequences, reducing the processing time as well. With all 

these advantages of assembly approach a virus with higher titre in a patient sample would be 

detected but the non-abundance viruses may remain undetected from NGS data.  
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For this study we also used combined assembly, a process whereby reads from different samples 

were run together in a single assembly to generate longer sequences through contigs and scaffold 

formation. During the process, sequences were tagged with a short unique sequence for each 

metagenomics library so that after sequencing the origin of the fragment could be traced back after 

assembly had completed and the relative contribution of each sample to the resulting scaffolds 

could be determined. Combined assembly was performed to increase the use of additional data 

that were found to be unknown in similarity searches of the metagenomes of individual patients.   

1.3.  INFLAMMATORY BOWEL DISEASE (IBD) 

Idiopathic inflammatory bowel disease (IBD) is an illness including a range of chronic, non-

communicable and diarrheal diseases such as ulcerative colitis (UC) and crohn’s disease (CD) 

[48]. IBD is characterized mainly by ulcerations in the gut wall which can result in excessive 

bleeding, anaemia, perforation with abscesses and consequent fibrosis in the intestine. Although 

IBD affects the intestines, it sometimes leads to extraintestinal manifestations such as disorders 

of joint, biliary tract, lungs, skin and eye [49, 50]. UC and CD are distinguishable based on clinical 

and pathological outcome; however, because many similarities are shared, diagnosis is difficult in 

10% of cases. Due to this difficulty, it remains elusive whether UC and CD share a common or 

different etiology [51]. 

The etiology of IBD is not yet clear; however, it is thought to be caused by a combination of 

genetic composition of individual, different immunological factors, environmental factors and gut 

microflora [52-55]. The most widely accepted account of the pathogenesis of IBD considers it a 

condition in which T-cell responses occur against gut microflora in genetically and 

environmentally susceptible hosts. The increasing prevalence and the complexity in the etiology 
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have made IBD a disease of concern. Figure 1 shows the complexity of the pathogenesis of IBD 

and the factors involved.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Possible etiology of inflammatory bowel disease (IBD). IBD is thought to be caused 

by a complex interaction between the genetics and immunity of the host and environmental factors 

 

1.4.  PRIMARY SCLEROSING CHOLANGITIS (PSC)  

PSC is a rare liver disorder which is characterized by inflammation and fibrosis of the bile ducts 

present in liver; both the intrahepatic and extrahepatic bile ducts are affected [56, 57].  As in the 

case of IBD, the pathogenesis of PSC is not yet known, but is thought to be associated with 

complex interactions between genetic composition, environmental factors, and an imbalance in 
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the gut microbiome, resulting in auto immunological responses in the host [58]. The susceptible 

genes thought to be involved in PSC pathogenesis are HLA B8 and HLA DR3 [59, 60]. PSC is a 

progressive disorder which leads to other diseases such as liver cirrhosis and portal hypertension 

[61]. PSC is considered to be one of the extraintestinal manifestations of IBD; approximately 70% 

to 80% of PSC patients are found to have IBD [62-64]. In addition, studies have found that PSC 

develops in 2% to 7.5 % of UC patients [65, 66].  

1.5.  VIRUSES IN AUTOIMMUNE DISEASES  

Role of viruses in autoimmune diseases are not known. Attempts have been made to detect a 

particular virus contributing to IBD using the traditional technique of tissue culture based 

detection [67-69] and more recent molecular-based methods of virus screening [70, 71], but none 

have so far been successful or conclusive. Evidence of the presence of bacteriophages in the 

mucosa of CD patients has been reported by microscopy [72]. In addition, the potential role of 

viruses like herpes, measles and rubella as causative agents of IBD has interested some 

researchers; they found that the viruses were present in many occasions in the serum and tissues 

of a host, but did not find clear evidence of their relationship with IBD [73, 74]. IBD has also been 

associated with the presence of cytomegalovirus, which was found to play a role in causing colitis 

and superimposed disease in the context of immunosuppressive therapy [75, 76].  

Further strong evidence of a relationship between viruses and IBD has been reported in studies 

using a mouse model [77, 78]. Cadwell et al. showed that CD-like pathologies were observed in 

norovirus-infected mice in which a CD-susceptible gene, Atg16L1, had been previously mutated 

[77]. This study demonstrated that a viral infection within mice carrying a mutated CD-susceptible 

gene, in combination with environmental factors and commensal bacterial, can cause an IBD-like 

phenotype. Hubbard and Cadwell later reported on the host-pathogen interaction that can develop 
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IBD by studying the three-way relationship between viruses, autophagy genes and IBD [78]. Since 

the presence of viruses was reported in IBD patients from many researchers, but the viral 

metagenomics have not been yet performed on IBD or PSC samples. We chose faecal samples 

from IBD and PSC patients for performing viral metagenomics to know the viruses harboured in 

the gut of the patients with these diseases.  

1.6.  HYPOTHESIS AND SPECIFIC AIMS 

We assumed that samples from patients affected by similar diseases contain similar types of viral 

species. Thus, if all libraries from patients with related pathologies are considered as one for the 

purpose of sequence assembly, sequences from similar viruses from different patients could be 

joined together to form longer sequences and consequently the chances of achieving viral 

sequence recognition would be much higher. This strategy was utilized in this study for virus 

discovery in clinical samples from chronic disease patients. Since the patients with chronic 

diseases have an active immune system which may diminish viral burden, the combined assembly 

would be the ideal technique to detect those viruses residing in the gut by enabling getting longer 

sequences through joining the short reads together. This study aims at discovering novel viruses 

in stool samples from patients suffering from several similar types of autoimmune diseases.   

1.6.1. Hypothesis 

Combined assembly will increase the sensitivity of virus detection in stool metagenomic samples 

derived from patients affected by IBD or PSC 

To address this hypothesis, this thesis has three specific aims. 

1.6.1.1. To profile virus populations in fecal samples from IBD or PSC patients using viral 

metagenomics 

1.6.1.2. To assess the efficiency of several virus enrichment protocols in clinical fecal samples 
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1.6.1.3. To implement the combined assembly approach for virus identification in 

metagenomics libraries 
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CHAPTER 2: MATERIALS AND METHODS 

 

2.1.  ETHICS APPROVAL 

The Human Research Ethics Board at the University of Alberta have reviewed and approved the 

sample collection and handling procedures. All fecal samples were collected after obtaining a 

patient’s consent form that had been read and signed by the patients. 

2.2.  DESCRIPTION OF PATIENTS 

Faecal samples were obtained from a total of nine IBD (five UC and four CD) patients, one with 

PSC, two controls (who suffered from diarrhoea; designated as CON1 and CON2), and one with 

an unknown diagnosis (designated as UNK). All patients were coded (see the Appendix 1.1). For 

the comparisons of viral enrichment methods, three CD patients (CD1, CD2 and CD3), one UC 

patient (UC1) and the sole PSC patient’s faecal samples were processed by Tangential flow 

filtration (TFF), Glass milk and the Ultrafree MC microfiltration method. DNA and RNA were 

extracted from all purified viral preparations, and metagenomic libraries were constructed.  

Libraries were also constructed for the rest of the samples either viruses enriched using TFF, glass 

milk or ultrafree mc microfiltration method (CD4, CD5, UC2, UC3, UC4, CON1, CON2 and 

UNK). Data analysis for individual metagenomes was conducted using the bioinformatics pipeline 

described in Section 2.5 and Section 2.6. All the reads from individual libraries were used for the 

combined assembly analysis.     
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2.3.  VIRAL PURIFICATION FROM FAECAL SAMPLES 

2.3.1. Tangential flow filtration (TFF) Method  

First, the amount of starting material from either patients or control subjects was determined. 

Liquid samples of about 5 to 10 ml were mixed with five volumes of TN Buffer (0.1 M Tris, pH 

7.6; 0.1 M NaCl). The solution was transferred into the appropriate MidJet containers that had 

been washed and UV treated before use. For solid stools, 10 g of stool were mixed in 100 ml of 

TN. The solution was homogenized by being stirred briefly in TN buffer until the faeces fully 

dissolved under the fume hood. The solution was transferred to 50 ml tubes and was centrifuged 

at 300 x g for 5 min at room temperature (RT). Then the mixed solution was transferred into the 

appropriate MidJet container that had been washed and UV treated before use.  

Next, the solution was filtered through a 0.45 μm MidJet column (GE Healthcare) at 40C, and then 

concentrated through a 300 KDa MidJet column at 40C. This filtration step is intended to remove 

bacterial and human cells. The final volume of the filtrated sample was about 4-6 ml. Half of the 

concentrated sample was treated with 50 U/ml or 100 U/ml of Benzonase (Sigma) in 2 mM MgCl2 

at 210C for 1.5 hours. The reminder of the final concentrated sample was kept at -800C.  

The DNA was extracted from 2 ml of nuclease-treated filtrate using multiple columns from the 

DNeasy Blood & Tissue Kit (Qiagen), as described in the Purification from Animal and Blood or 

Cells Protocol.  RNAse A (100 mg/ml) was used to get rid of the RNA present in the solution. 

DNA was eluted by sequentially passing 70μl of AE buffer through all columns used for each 

preparation (the final elution volume was ~ 40-50 μl). RNA was extracted using 2 ml of nuclease-

treated filtrate with the QIAamp Viral RNA Mini Kit (Qiagen) according to the manufacturer’s 

protocol. RNA was eluted in AVE buffers described for DNA. Subsequently DNAse I was used 
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in the Qiagen RNeasy Mini Kit as recommended in the RNA clean up protocol to eliminate the 

DNA. 

2.3.2. Ultrafree MC (microcentrifugation) method  

Faecal samples were suspended in TN Buffer as described above. A microcentrifugal tube 

(Ultrafree-MC 0.45μm non-sterile filter, Millipore, UFC3 0HV 25) was first sterilized with 

ethanol by adding 500 μl ethanol into the tube and spinning it at 12,000 x g for 5 min. Then 500 

μl of suspended solution was loaded into the microcentrifugal tube and centrifuged at 12,000 x g 

for five min. Once samples were passed through these filters, they were concentrated using 30 

KDa Centriprep Filters. For 1 ml of suspended solution, 20 μl Turbo DNAse, 40 μl 10X Turbo 

buffer, 20 μl Baseline Zero DNAse, 20 μl Benzonase, and 20 μl RNAse A were added and 

incubated at 370C for 1.5 hours. The DNA and RNA were extracted following the same procedure 

employed in the TFF method of virus purification (see above).  

2.3.3. Glass milk/ Silicon dioxide method 

For the preparation of the glass milk solution, 5 g of Silicon dioxide (Sigma-Aldrich S-5631) were 

washed in 45 ml of PBS overnight. The solution was left overnight to settle and the wash repeated 

twice. The mixture was transferred to a glass bottle and was sterilized by autoclaving. The glass 

milk was cleaned up by adding 525 μl of 95 mM NaAc (pH 4.5) onto 725 μl of glass milk in a 

microcentrifuge tube. After mixing by inversion, the tubes were incubated at RT for 10 min (the 

tubes were inverted to mix properly every few minutes). The tubes were centrifuged at 5000 x g 

for 5 min. Supernatant was removed and 500 μl of water was added, and the solution was heated 

at 55˚C for 5 min. This process of adding water and centrifugation step was repeated for two or 

three more times. Finally the glass milk pellet was resuspended with water to obtain 1 ml of final 

“clean” glass milk. To purify the virus particles from the sample, each ml of sample was 
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supplemented with 50 μl 2M NaAc (pH 4.5) and mixed properly. 1.45 ml of “clean” glass milk 

solution was added and mixed. The solution was incubated at RT for 10 min (the solution tubes 

were inverted to mix properly every few minutes). The sample tube was centrifuged at 5000 x g 

for 5 min. The supernatant from the centrifugation steps were transferred to a clean sterile tube 

without disturbing the glass milk pellet at the bottom. The DNA and RNA were extracted 

following the procedure described above for DNA and RNA extraction in the TFF method of virus 

purification.      

2.4.  CONSTRUCTION OF LIBRARY USING TRUSEQ KIT 

The extracted RNA and DNA from the virus enrichment procedures needed to be preprocessed 

prior to construction of metagenomic libraries. RNA was reverse transcribed into cDNA. For 

DNA the genomes of viruses were too long to start the library construction. Hence, these DNAs 

were fragmented by shearing. After those steps, all prepared double stranded cDNA and 

fragmented DNA were used and a common procedure was followed to construct metagenomics 

library.   

2.4.1. Pre-processing of RNA: steps prior to the construction of metagenomic 

libraries from RNA 

The sequencer cannot sequence single stranded nucleic acids like RNA. Therefore, it is needed to 

make cDNA from RNA prior to the construction of a metagenomic library. cDNA synthesis was 

performed using a two-step procedure. Six samples were processed in each batch. In 0.5 μl PCR 

tubes, 1μl random primers (Invitrogen) were added to 11.2 μl RNA for first-strand synthesis. 

Then, the tubes were incubated at 65˚C for 5 min in a thermal cycler, and then quickly chilled on 

ice. Next, 4 μl of 5X first strand buffer, 2 μl 100 mM DDT, 0.4 μl 25 mM dNTPs mix and 0.5μl 

RNAseOUT (Invitrogen) were added to each tube, and the tubes were incubated in a thermal 
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cycler at 25˚C for 2 min. 1 μl of SuperScript-II (Invitrogen) was added in each tube and incubated 

under the following conditions: 25˚C for 10 min, 42˚C for 50 min, 70˚C for 2 min, and 4˚C on 

hold; the tubes were put on ice afterwards. For the second strand cDNA synthesis, the following 

components were added to the first strand cDNA synthesis mix: 75 μl second strand buffer (56.8 

μl H2O, 10 μl 500 mM Tris, pH 7.8, 5 μl 100 mM MgCl2, 1.2 μl 25 mM dNTPs, 1 μl 100 mM 

DTT, and 1 μl RNaseH [2 μ/μl]) (Invitrogen) and 5 μl DNA Pol I (Invitrogen). After mixing well 

those tubes were incubated at 16°C for 2.5 h. The synthesized cDNA was purified using the 

QIAquick PCR purification kit (Qiagen) and eluted in 45 μl elution buffer (Qiagen).  

2.4.2. Preprocessing of DNA: steps prior to the construction of metagenomic 

libraries from DNA  

The viral genomic DNA extracted after the virus enrichment procedures needed to be fragmented 

into small pieces of DNA. DNA was sheared in a Covaris S2 instrument in 6x16 mm AFA fiber 

snap-cap microtubes (Covaris) under recommended conditions to generate the target pick of 300 

bp (duty cycle: 10%, intensity: 4; cycles per bust: 200; treatment time: 80 sec; water bath 

temperature: 7°C). 
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Figure 2.1:  Schematics of the metagenomic library construction process and data analysis 
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2.4.3. Common steps for metagenomic libraries construction  

Twelve samples per batch were processed for library construction (six cDNA samples and six 

sheared DNA samples). Samples were end repaired to make both ends of DNA molecules blunt. 

42.5 μl of cDNA or fragmented genomic DNA were supplemented with 2.5 μl of End Repair 

Enzyme Mix (NEB) and 5 μl of 10x NEBNext End Repair Reaction Buffer (NEB), mixed and 

incubated in a thermal cycler at 20˚C for 30 min. The reaction was purified using the QIAquick 

PCR purification kit (Qiagen) and eluted in 45 μl elution buffer. Next, a dA-tailing step that creates 

a 3’ dA overhang at the ends of the DNA molecules was performed. To perform this step 42 μl of 

end-repaired DNA, 5μl of 10X NEBNext dA-Tailing Reaction Buffer (NEB) and 3 μl of Klenow 

Fragment (NEB) (3’  5’ exo) were mixed and incubated in a thermal cycler at 37˚C for 30 min.  

The reactions were purified using the QIAquick PCR purification kit (Qiagen) and eluted in 27 μl 

elution buffer. The next step in library construction is the ligation of pair-end (PE) adapters (which 

have a 3’ dT overhang). To conduct this step, 25μl of dA-tailed DNA, 10μl of NEBNext Quick 

Ligation Reaction Buffer (NEB) (5X), 1μl of PE adapters (Illumina) and 5 μl of Quick T4 DNA 

ligase (NEB) were mixed in the tubes and were incubated in a thermal cycler at 20˚C for 15 min. 

After the incubation period, 1.5 μl of USER enzyme (NEB) was added to each of the reaction 

tubes, and again all the tubes were incubated in a thermal cycler at 37˚C for 30 min. The reactions 

were purified using the QIAquick PCR purification kit (Qiagen) and eluted in 27 μl elution buffer. 

In the next step, the size selection of ligated product was performed by running ligated DNA 

molecules on an E-Gel® EX Agarose Gel (2% agarose gel). The samples were loaded and were 

run according to the manufacturer’s protocols. The gel area between 250 and 400 bp was cut and 

the DNA was extracted using a MinElute Gel Extraction Kit (Qiagen) and eluted in 40 μl of elution 

buffer. Libraries were then indexed and amplified by PCR using Pfx DNA polymerase.  The PCR 
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reaction was mixed under the hood: 10.4 μl Ultra-pure water, 5 μl HF buffer [10X], 2 μl Mg2+ (50 

mM), 1 μl InPE 1.0 [25 μM], 1 μl InPE 2.0 [0.5 μM], 0.8 μl dNTP [25 mM], 0.8 μl Plat Pfx DNA 

polymerase [50 U/μl], 1 μl Primer Index [25 μM] and 28 μl of DNA from the previous step were 

added on the bench, and the PCR was run for 19 cycles using the Pfx recommended reaction 

conditions.   

1 μl of resuspended PCR product from each library was run on the BioAnalyzer (Agilent) for 

titration of the amplification using a DNA-specific chip (Agilent DNA-1000) following the 

manufacturer’s instructions. Additional PCR cycles were added as deemed necessary. The 

formation of amplified adaptor dimers were inevitable for some of the samples, these were 

removed using Agencourt AMPure magnetic beads (Beckmann Coulter). The libraries were size 

selected using 2% agarose gel on an E-Gel® EX Agarose Gel. Except for one sample that was 

sequenced at BGI-Shenzhen (China) on a Genome Analyzer II instrument, the rest of the libraries 

were sequenced at The Applied Genomic Centre at the University of Alberta on an Illumina Miseq 

instrument. The schematics of the metagenomic library construction process outlined in the Figure 

2.1.  

2.5.  DATA ANALYSIS OF INDIVIDUALLY SEQUENCED METAGENOMIC 

LIBRARIES 

Individual metagenomic data were analyzed according to the procedure described  elsewhere [79], 

and summarized in Figure 2.2 (figure modified from Law et al. [79]). In short, the metagenomes 

were analyzed using the developed pipeline, which consisted of a sequential and multitier 

algorithm performed using a combination of the Basic Local Alignment Search Tool (BLAST) 

[80] and Short Oligonucleotides Analysis Program (SOAP) [81]. In the first step, low quality 

sequences, primer and adapter sequences were eliminated. The simple repeat sequences, 
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ribosomal, mitochondrial and sequences were removed using the SOAPaligner [81] and  

RepeatMasker [82] programs, using the metagenome data to align against the NCBI nt/nr and 

RepBase (version 16.04) (http://www.girinst.org/ [date last accessed 26 Sep 2011]) databases 

respectively. The taxonomic classification or binning of sequences according to taxon were 

performed in a two-step process. Since the BLAST algorithm is a time-consuming step, it was 

important to feed this algorithm with as few sequences as possible. Therefore, SOAPaligner was 

used to align high-quality reads against the human, bacteria and virus database and to bin the 

matched sequences according to the taxon they aligned against. SOAPaligner is a stringent 

program which consumes less memory than the BLAST program. The unaligned remaining read 

ends were aligned with the NCBI nt/nr database using a BLASTn [80] search (using E value 1e-

05 as the cut off). For both programs, the human database sequences were obtained from 

GRCh37/hg19 (Feb, 2009) and all human transcript were obtained from refseq at genbank 

database. The bacteria and virus database were constructed using taxon ID deposited in the NCBI 

nt/nr. A sequence was regarded as ambiguous when a sequence could not be defined and 

differentiated from human to bacteria or virus to with three base pairs variations existed within 

the matched region of reference sequence. The unknown sequences category contained those 

which did not match any of the human, bacteria or virus datasets.  

De novo assembly was performed with SOAPdenovo-Trans [44] using default parameters. The 

SOAPdenovo-Trans assembler in contrast to the SOAPdenovo [47] considers transcript sequences 

and gene expression levels of allelic variants and gene fusion for sequence analysis on NGS data 

by reconstructing the full length transcript and alternative splicing forms of mRNA from very 

short reads. To assemble sequences: virus, phage, and HERV, a subset of ambiguous sequences 

which had a viral end at one end and an unknown at the other end and unknown sequences (read 

ends) from previous steps were submitted to the program and subsequently all reads were broken 
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into k-mers to construct De Bruijn k-mer graphs. The software uses this De Bruijn graph (DBG) 

to build reads into contigs. Then the program discarded the DBG graph and used the presence of 

read ends on different contigs to join them together to form scaffolds. It uses overlapping reads to 

reduce or close the gaps between two sequence regions of a scaffold. The sequences were then 

aligned against the NCBI nr database, which includes archaea, bacteria, HERV, fungi, plant, 

human, invertebrate, mammal, phage, vertebrate, protista, and virus sequences, using the BLASTx 

program (the E value cut off was 1e-05 and the top hit was deemed as the similar taxon of the 

assembled sequences) (Figure 2.2).          

Figure 2.2: Schematics of the bioinformatics pipeline for analysis of individual 

metagenomic libraries 
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2.6.  USING COMBINED ASSEMBLY FOR THE ANALYSIS OF ALL 

METAGENOMIC LIBRARIES FROM DIFFERENT SAMPLES  

Reads from RNA and DNA metagenomic libraries from different samples were first trimmed 

using a quality score of 15 and a window size of 5, which will trim bases off an end if the average 

quality of the last 5 bases is below 15. Primers and adapters sequences were trimmed off in the 

same step. The high quality read ends were then run through the assembly software, SOAPdenovo-

Trans [44]. This software generated contigs and scaffolds in a process described in Section 2.5. 

The reads that take part in the formation of a contig or scaffold were traceable as each reads had 

unique short-sequences tags for each of the metagenomics library. The assembled sequences were 

then searched against the NCBI nt/nr database using the BLASTn algorithm. The cut-off value of 

E was determined as 1e-05. The sequences were then binned into different taxa according to their 

E value. The remaining unmatched sequences from BLASTn were then searched against the NCBI 

nr database which includes archaea, bacteria, HERV, fungi, plant, human, invertebrate, mammal, 

phage, vertebrate, protista, and virus sequences using the BLASTx program. The E value of 1e-

05 was taken as cut off and all hits below this threshold were binned as significant matches. The 

left over sequences which had no sequence similarity to the database sequences were binned as 

unknown sequences category. The bioinformatics pipeline summarizing the process is given in 

Figure 2.3.  
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Figure 2.3: Schematics of the bioinformatics pipeline for the combined assembly of 

different metagenomics libraries 

 

2.7.  APPLICATION OF OTHER SOFTWARE  

The phylogenetic analysis was performed with the Molecular Evolutionary Genetic Analysis 

software version 6.0. (MEGA6) [83]. MeV 4.8.1 was used to generate hierarchical clustering for 

the viruses detected in the RNA and DNA metagenomics libraries of individual patients. 
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2.8. VERIFICATION OF VIRUS PRESENCE: NESTED PCR PROCEDURE 

DNA from virus enrichments (Section 2.3) was used as template for PCR. Platinum Taq High 

Fidelity polymerase (Invitrogen) and the buffer that came along with the box were used. The 

primers were added at a concentration of 10 µM each. The primer sets used for the amplification 

of capsid, helicase and origin binding protein of ASFLV sequences are given in Appendix 12.  For 

each round of PCR, 35X cycles were applied in a thermal cycler and the PCR conditions were 

followed according to the polymerase manufacturer’s instructions.  
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CHAPTER 3: ANALYSIS OF INDIVIDUAL 

METAGENOMICS LIBRARIES 

3.1.  INTRODUCTION 

Sequencing technology is an extensively studied area due to its potential to bring together the 

interests of scientists in the fields of comparative genomics, evolution, diagnostics, metagenomics 

and epidemiology. New sequencing technologies are being developed widely to overcome the 

expensive, labor intensive, and time consuming nature of the present ones. Among them, the 

Illumina/Solexa sequencing platform is the most successful and widely accepted next-generation 

sequencing technology for genome sequencing. 

The Illumina/Solexa sequencing platform works on the principle of ‘sequencing by synthesis’ and 

is capable of generating hundreds of megabases of sequence data in a single run. It detects a single 

base when an individual base is incorporated to complement the DNA. DNA fragments that are 

intended to be sequenced are first immobilized on a surface. Then these fragments are PCR 

amplified so that they can be copied. Sequencing is then executed through a synthesis process: a 

mixture of four fluorescently labelled reversible chain terminators and DNA polymerase is used 

to sequence the clustered DNA [84].  The detection of the fluorescent signal is done for each 

template. The chain terminators and enzyme mix are added to start the next cycle, and the process 

is continued until the run ends [85].  

The low sequencing cost and the amount of data generated are two prime advantages of this 

method. Because all four chain terminators are present in the reaction, the risk of misincorporation 

is lower in the Illumina/Solexa platform, which gives it greater accuracy and limits systematic 

errors [85].  However, the datasets from this process have been shown to have high error rates at 
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the tail end of the reads [86]. To eliminate the errors in bad datasets, clipping the reads is one 

proven solution. Also, using higher sequence quality values could be a good strategy to detect bad 

sequences.  

Among the instruments using the Illumina/Solexa platform, the 16 channel Illumina/Solexa HiSeq 

2000 sequencer generates 60 Gbp on each channel and requires approximately 10 days of 

instrument time. In this study, faster runtime was achieved using the Illumina MiSeq instrument. 

However, it has higher costs per Gbp of sequencing data. Most of the data in this study were 

generated using the Illumina MiSeq platform.   

3.1.1. Taxonomic identification of viral sequences in the metagenomics library 

from CD, UC and PSC stool samples  

Taxonomic identification, i.e. assigning each sequence to the corresponding genome with the 

highest similarity, is one of the main goals of metagenomics. Due to the short length of the reads, 

the annotation of sequences is often a very challenging and tedious work, as the short sequences 

are less informative.   

After the removal of low-quality data, the remaining high-quality sequence data were annotated 

using an approach called the sequence similarity-based method. This is the approach most 

commonly used to classify the taxonomy profile of metagenomics data; it is usually based on 

sorting the sequences using the BLAST search algorithm [80]. There is a number of challenges to 

deal with when BLAST is used to perform the annotation step, as the public database does not 

contain all the sequences of all species and it is not a true representation of the diversity among 

the living organisms [87]. This is particularly true in case of viruses, so the sequences generated 

in viral metagenomics remain unknown; and as a result, the classification of the sequence by 
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sequence similarity method is elusive [88].  Moreover, novel viral sequences of unknown origin 

which have high genetic diversity from known virus sequences are difficult to classify. Therefore, 

finding sequence similarity using a BLASTx search increase the sensitivity of the sequence 

annotation step than solely using BLASTn for the classification of viral metagenomics data [89]. 

The advantage of BLASTx is that it can recognize and classify more related sequences based on 

similarities in amino acid coding codons, despite the existence of the differences in the 

synonymous codons in the sequences nucleotide fragments. However, one should keep in 

consideration that achieving more recognition of NGS data using rigorous and aggressive 

BLASTx search takes longer processing-time than BLASTn search.    

3.2.  RESULTS 

3.2.1. Detection of viral sequences by BLASTn search 

The reads were aligned against the sequences from the virus in the NCBI database using a 

BLASTn (nt/nr) search. These reads were recognized from individual metagenomics libraries 

were classified according to their similarity with the top hit of viral species. The majority of viral 

sequences (reads) were similar to the sequences from plant viruses that mainly infect edible fruits 

or crops and most likely ingested by vegetables consumption. Table 3.1 summarizes the list of 

major viruses detected and the distribution of the viral reads across the individual metagenomic 

libraries.  

All the virus names detected similar to the reads in metagenomics libraries across the samples are 

listed in the Appendix 2. Since all of the libraries of CD, UC and PSC patients typically consisted 

of similar types of viruses, the virus sequence distribution of one typical patient (patient CD1) is 

discussed here as a representative of the rest. Patient CD1’s RNA library consisted of a mixture 
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of viral populations including eight viral families. Out of the eight families, the majority of 

sequences belonged to the viral family Virgaviridae. This family includes positive sense single-

stranded RNA viruses like the pepper mild mottle virus, paprika mild mottle virus, tobacco mild 

green mosaic virus, cucumber green mottle mosaic virus, etc. Moreover, the major mammalian 

viral family included Adenoviridae, Herpesviridae and Polyomaviridae. The number of the virus 

sequences (read counts) similar to the virus sequences in NCBI database and the name of the 

corresponding viruses from patient CD1 RNA libraries are depicted in the Table 3.2.  
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Table 3.1: The distribution of the total viral read counts based on the sequence similarity 

search with NCBI virus database using BLASTn (nt/nr) in metagenomics libraries of faecal 

samples from different patients. The value in each boxes represents the number of total read 

counts for a virus and the value in the parentheses represents the number of positive patient(s) for 

the corresponding detected virus. The cut-off value was E=1e-5. CD: Crohn’s Disease, UC: 

Ulcerative Colitis and PSC: Primary Sclerosing Cholangitis. n= Number of patients.  

Viruses sequences 

identified by BLASTn 

Genome CD (n=5) UC (n=4) PSC (n=1) Control 

(n=2) 

Autographa californica 

nucleopolyhedrovirus 

DNA 190 (3) 13 (2)  34 (1) 0 

Pepper mild mottle virus RNA 184,143 (3) 272 (2) 44 (1)  0 

Paprika mild mottle virus RNA 19,755 (4) 11 (1) 0 0 

Paramecium bursaria 

chlorella virus  

DNA 2014 (3) 75 (2) 154 (1) 10 (1) 

Tobacco mild green 

mosaic virus 

RNA 1660 (1) 79 (1) 0 0 

Cucumber green mottle 

mosaic virus 

RNA 814 (1) 0 4 (1) 0 

Tomato mosaic virus RNA 352 (3) 1 (1) 44 (1) 0 

Bell pepper mottle virus RNA 296 (1) 17 (1) 0 0 

Plutella xylostella multiple 

nucleopolyhedrovirus 

DNA 167 (2) 10 (1) 26 (1) 0 

Cafeteria roenbergensis 

virus  

DNA 15 (3) 40 (2) 104 (1) 0 

Emiliania huxleyi virus  DNA 0 27 (2) 14 (1) 1 (1) 

Tobacco mosaic virus RNA 102 (2) 26 (1) 0 0 

Herpesvirus DNA 766 (4) 695 (3) 45 (1) 438 (1) 

Poxvirus DNA 6 (2) 66 (2) 44 (1) 9 (1) 

Wiseana iridescent virus DNA 14 (2) 47 (2) 24 (1) 8 (1) 

human papillomavirus DNA 4 (1) 0 37 (1) 0 

Torque teno virus DNA 0 0 22 (1) 0 

Lumpy skin disease virus  DNA 5 (1) 2 (1) 2 (1) 0 
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Table 3.2: List of the name of the detected viruses, the number of the virus sequences (total 

read counts) similar to the virus sequences in NCBI database, the genome coverage of the 

corresponding virus by the reads from patient CD1 RNA metagenomics library  

Viral sequences identified by BLASTn Virus family Read 

counts 

Genome 

coverage (%) 

Pepper mild mottle virus Virgaviridae 172,184 99.69% 

Paprika mild mottle virus Virgaviridae 19,599 97.95% 

Tobacco mild green mosaic virus Virgaviridae 1,558 94.48% 

Cucumber green mottle mosaic virus Virgaviridae 616 69.72% 

Tomato mosaic virus Virgaviridae 335 65.38% 

Bell pepper mottle tobamovirus Virgaviridae 294 27.34% 

Tobacco mosaic virus Virgaviridae 92 9.76% 

Simian virus 40 Polyomaviridae 91 7.23% 

Rehmannia mosaic virus Virgaviridae 83 9.44% 

Tobacco vein clearing virus Caulimoviridae 68 2.77% 

Broad bean wilt virus 2 RNA1 Secoviridae 31 12.13% 

Cucumber mosaic virus RNA 3 Virgaviridae 10 13.63% 

Autographa californica nucleopolyhedrovirus Baculoviridae 6 0.41% 

Plutella xylostella multiple 

nucleopolyhedrovirus 

Baculoviridae 5 0.30% 

Human adenovirus type 1 Adenoviridae 2 0.42% 

Human adenovirus C Adenoviridae 2 0.42% 

Human adenovirus 2 Adenoviridae 2 0.42% 

Garlic latent virus Carlavirus 2 3.18% 

Human adenovirus 5 Adenoviridae 2 0.42% 

Broad bean wilt virus 2 RNA2 Secoviridae 1 4.19% 

Human herpesvirus 5 Herpesviridae 1 0.06% 

3.2.2. Detection of viral sequences by BLASTx search 

After the SOAPdenovo assembly was run to generate longer sequences in individual 

metagenomics libraries, a BLASTx search at a cut-off value of 1e-5 was executed on the 

assembled longer sequences for the accurate more annotation of NGS data. A typical list of virus 

species, identified from the annotated sequences of patient CD1, are presented in Table 3.3. The 

longest viral sequence assembled using this method was longer than 6000 bp and it aligned best 
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to the paprika mild mottle virus genome. The longest mammalian virus sequence, a capsid coding 

gene of picobirnavirus, was 2040 bp long. Along with many plant virus sequences, various 

mammalian virus sequences, including picobirnavirus sequences, were assembled through 

BLASTx search. 

Table 3.3: List of sequences from patient CD1 that had similarity with the protein sequences 

of NCBI virus database after BLASTx search 

Assembled 

Sequences 

Length 

(Bp) 

Matched 

bases 

Similarity 

(BP) 

Protein Virus 

scaffold9 1,602 519 32.20% Replicase protein 
Pepper mild mottle 

virus 

scaffold7 997 268 16.66% p183 KDa protein 
Tobacco mild 

green mosaic virus 

scaffold30 6,237 899 55.63% 183kDa protein 
Paprika mild 

mottle virus) 

C15175 347 115 43.56% 
30 KDa movement 

protein 

Tomato mosaic 

virus 

C15167 318 105 0.397727 Transport protein 

Cucumber green 

mottle mosaic 

virus 

scaffold13 1,033 201 78.21% Transport protein 
Pepper mild mottle 

virus 

scaffold28 615 63 22.66% 183 kDa protein 
Pepper mild mottle 

virus 

scaffold49 2,040 345 65.71% Capsid Picobirnavirus 

scaffold2 330 119 7.22% RNA replicase 

Cucumber green 

mottle mosaic 

virus 

scaffold5 362 120 7.43% 183 kD protein 
Tomato mosaic 

virus 

scaffold17 363 78 7.02% p126 kDa protein 
Tobacco mild 

green mosaic virus 

C15193 402 133 11.63% 129K replicase protein 

Cucumber green 

mottle mosaic 

virus 

scaffold21 941 274 17.03% 
RNA-directed RNA 

polymerase 

Tobacco mild 

green mosaic virus 

scaffold40 457 62 38.99% Coat protein 
Tobacco mild 

green mosaic virus 

C15255 1,646 534 100.00% 
RNA dependent RNA 

polymerase 

Human 

picobirnavirus 
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3.3.  KEY FINDINGS 

 After the alignment of short reads to the sequence of NCBI nt/nr database using 

BLASTn program, most of the reads due to its short sequence length remained 

ambiguous.  

 Short contigs/scaffold using de novo assembly from individual samples remained 

unrecognized even after using more aggressive protein level searches. 

 Therefore, there was a need for adopting a more efficient technique(s) to increase the 

sequence length to improve the identification of the NGS data.  
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CHAPTER 4: COMBINED ASSEMBLY IN THE 

IDENTIFICATION OF VIRUSES IN IBD AND PSC 

PATIENTS 

 

4.1.  INTRODUCTION 

Metagenomics is a cost-effective, reliable and high throughput method to obtain the sequence 

information of collective genomes from all the microbes in a particular environment [90]. 

However, researchers have encountered the problem of recognizing the sequences because of the 

generation of short reads from NGS data which makes the interpretation of metagenomic data 

more challenging. Moreover, up to 60 to 99 % of the sequences from metagenomics samples may 

not be recognized [16, 22, 91, 92] due to the incomplete reference genomes in the databases and 

due to the lack of similarities between protein coding sequences from NGS data and the database 

sequences that caused by high relative mutation rates [93].  

In this study, we obtained the dominant distribution of phage and plant viral sequences in the 

metagenomic data of the patients' stool samples; however, the major proportion of the short read 

sequences were not recognized. Thus, the strategy of combined assembly was adopted to 

maximize the coverage of the data and improve the overall sequence recognition. We assumed if 

a novel virus is present in multiple autoimmune diseases of similar kinds regardless of abundance 

of this unknown virus, the virus sequences from different samples will be joined by combined 

assembly to form longer sequences. In result the recognition of these sequences will then be 

improved so does the identification of viral species in the NGS data [94, 95].     
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4.2.  COMBINED ASSEMBLY GENERATES LONGER SCAFFOLDS 

 

Figure 4.1: Combined assembly generates longer sequences when compared to the assembly 

of reads from individual libraries. An assembled sequence after combined assembly which was 

similar to the origin binding protein of an African swine fever like virus sequence of 1939 BP is 

taken as an example. Illustrated in the figure is the assembled sequence from multiple 

metagenomics libraries after performing the combined assembly approach to all reads from the 

metagenomics libraries and overlapping sequences joined in to form a long sequence. The longest 

assembled sequence of ASFLV were chosen to show how combined assembly benefits annotation 

of sequence after providing longer sequences than reads which otherwise might remained 

unrecognized. BP: base pairs 
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Combined assembly can generate sequences longer than the reads in a process described in Section 

2.6. This ensures the use of more metagenome data from cross samples to increase the length of 

sequences and thus, more interpretation of sequencing data is achieved [96]. Figure 4.1 is an 

example from the real NGS data that shows, how many sequences (reads) from metagenomics 

libraries can join to form a longer sequence. When reads from individual libraries were aligned 

with BLAST, the short reads remained unrecognizable due to the length of sequences. But when 

these reads from different samples were assembled using the combined assembly approach, the 

reads appeared to originated from a virus that existed in samples of several patients and joined to 

form a longer sequence (contig/scaffold). This phenomenon is exactly illustrated in Figure 4.1 

showing the overlapping reads joined into one long sequence after the combined assembly. 

Whereas without combined assembly these reads would remain as short fragments of DNA. In 

this example, reads from two different patients, UC1 and PSC, were obtained using the three viral 

enrichment methods. Reads of UC1D and UC1F, for instance, were originated from the nucleic 

acids, enriched by using two different methods of virus enrichment in a patient’s sample (patient 

UC1). Likewise, reads of PSC B, PSC D and PSC F were obtained from the nucleic acids of a 

PSC patient’s sample using three different methods. Each color represents the reads were 

originated from the same metagenomics library. Upon combined assembly these short reads were 

stitched into a sequence of 1939 bp in length.  

4.3.  TAXONOMIC CLASSIFICATION OF SEQUENCED DATA 

A total of 159,342,088 reads were assembled using SOAPdenovo-Trans [144] assembly to give 

rise to 2,721,912 long sequences (contigs/scaffolds). The assembled contigs or scaffolds were 

searched for sequence similarity search using BLASTn algorithm [97]. This search of non-

redundant nucleotide databases using assembled sequences as query sequences led to the 
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recognition of a total of 877,821 contigs/scaffolds. These were annotated, and the sequences were 

binned as human, animal, algal, fungal, protozoan, bacterial, viral and phage sequences. However, 

1,844,091 contigs/scaffolds were not recognized by the BLASTn search, which indicated that 

these sequences did not have any sequence similarity at the nucleotide-based alignment with the 

database sequences. Hence, these were tagged as un-annotated scaffolds. Furthermore, these un-

annotated scaffolds were searched against the protein database using a translated nucleotide query 

(BLASTx) which led to the further annotation of 503,508 scaffolds that matched the protein 

coding ORFs from human and non-human sources. After BLASTx, total of 1,341,033 (49%) 

assembled contigs/scaffolds had no sequence similarity even after the protein coding ORF search 

of the assembled sequences. These sequences were tagged as unknown contigs/scaffolds. The 

bioinformatics pipeline used for combined assembly is shown in Figure 4.2. 

 

Figure 4.2: Bioinformatics approach to perform the combined assembly of metagenomics 

datasets and sequence annotation of the assembled contigs/scaffolds  
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After the search for similarities in the nucleotide sequences and protein homologies was 

completed, the sequences were classified into different taxa based on the search results (figure 4.3 

and Appendix 13). Of these contigs/scaffolds, over a million sequences (37.65 % to total 

contigs/scaffolds) were categorized as bacterial sequences. The longest of assembled bacterial 

sequences was 145,465 bp in length. The second most abundant sequences belonged to the human 

taxon; it constituted 9.27% of the total number of sequences. 1.6 million reads were formed into 

2,492 assembled viral sequences. The proportion of the viral assembled sequences was 0.1%. The 

longest virus sequence length was 6397 bp. 49% of contigs/scaffolds were remained unknown. 

 

Figure 4.3: Classification of contigs/scaffolds based on the taxonomy of the assembled 

sequences (contigs/scaffolds) after running all the reads from metagenomics libraries 

through the SOAPdenovo-trans package [44]  
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4.4.  DETECTED SEQUENCES OF VIRUS IN THE METAGENOMICS 

LIBRARIES AFTER COMBINED ASSEMBLY  

About 2500 virus contigs/scaffolds were detected, and each one was classified into different viral 

species according to their top sequence match with sequences in database for the both nucleotides 

(BLASTn) and protein homology (BLASTx) searches. A total of twelve different types of viral 

sequences were identified using BLAST algorithms. They included: picobirnavirus, African swine 

fever like virus (ASFLV), herpesvirus, poxvirus, human papillomavirus (HPV), retrovirus and 

circovirus (Table 4.1). In result of combined assembly short viral reads were formed into longer 

sequences (contigs/scaffolds) that were used for further downstream analyses. Besides these 

mammalian virus sequences identified, some other assembled sequences was similar to the 

sequence from plant, fish, bird and insect viral sequences (Table 4.2).  

Table 4.1: List of sequences similar to the sequence of mammalian viruses identified across 

the metagenomics libraries after BLASTn and BLASTx search on the assembled sequences 

from combined assembly approach. Name of the mammalian viruses with which assembled 

sequences showed similarity, the number of contigs/ scaffolds and the number of reads assembled 

into the contigs/scaffolds corresponding to each type of viruses, are shown 

Mammalian virus sequences identified by BLASTn 

and BLASTx 

Contigs/ 

Scaffolds 

Number of 

reads 

Human picobirnavirus 8 10215 

African swine fever virus-like 96 576 

Herpesviruses 12 134 

Poxviruses 6 62 

Human papillomavirus 11 68 

Retroviruses 3 12 

Torque teno virus 10 61 

Circovirus like viruses 8 72 

Hepatitis E virus 1 16 

Rodent stool-associated circular genome virus 7 112 

Cotia virus 1 26 

Lumpy skin disease virus 1 7 
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Table 4.2: List of sequences similar to the sequence of plant and other (insect, bird and fish) 

viruses identified across the metagenomics libraries after BLASTn and BLASTx search on 

the assembled sequences from combined assembly approach. Name of the major plant and 

other viruses with which assembled sequences showed similarity, the number of contigs/ scaffolds 

and the number of reads assembled the contigs/scaffolds corresponding to each type of viruses, 

are shown 

Plant  and other virus sequences identified 

by BLASTn and BLASTx 

Contigs/ Scaffolds Number of reads 

Pepper mild mottle virus 20 925,162 

Paprika mild mottle virus 4 189,982 

Tobacco mild green mosaic virus 15 15,099 

Cucumber green mottle mosaic virus 10 4,045 

Tomato mosaic virus 14 3,286 

Bell pepper mottle virus 11 975 

Broad bean wilt virus 3 520 

Garlic common latent virus 5 416 

Wheat rosette stunt virus 5 891 

Tropical soda apple mosaic virus 1 154 

Infectious pancreatic necrosis virus 1 106 

Lymphocystis disease virus 1 12 65 

Kadipiro virus 1 24 

Rotifer birnavirus strain Palavas 2 20 

Beak and feather disease virus 1 4 

Tiger frog virus 1 2 

Those virus like assembled sequences, identified after BLASTn and BLASTx, were searched once 

again by BLASTn and BLASTx one by one to gain more insights about those contigs/scaffolds. 

Following are the summary of the finding. 

The picobirnavirus sequences were detected in mainly in patient CD1 RNA library among the 

metagenomics libraries. The picobirnavirus is commonly found in patient with diarrhoea. The 

capsid coding gene was aligned with the reference sequence of this virus and its identity was 40% 

at the amino acid-level. This distant relation implies picobirnavirus capsid protein present in the 

patient CD1 may be a new genotype of picobirnavirus.  
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ASFLV sequences were not reported to be found in patients with chronic diseases like IBD and 

PSC before. We also have not seen these viral sequences in individual metagenomics libraries 

even before adopting combined assembly approach. Therefore, we have analyzed further about 

this virus sequences which will be discussed later sections in this chapter.  

A total of twelve assembled sequences in IBD and PSC patients were similar to the sequences 

from different types of herpesviruses of NCBI database. These sequences were ambiguous in 

nature as all of these sequences were similar not only to different types of herpesviruses but also 

were matched with human, bacteria and marine species (e.g., species belongs to Cnidaria and 

Chordata phylum). The results of BLASTn and BLASTx search of these sequences are listed in 

the Appendix 3.1. 

A total of six assembled sequences in IBD and PSC patients were similar to the sequences from 

poxvirus of NCBI database. Except two of these assembled sequences (C4880850 and C7235113), 

rest of the sequences were similar to other species and rather these sequences fall under ambiguous 

category, having showed less similarity to the sequences from poxvirus after checking those 

sequences manually. The contig C4880850 was similar to the sequence of ribonucleotide 

reductase protein of variola virus with identity of 57% at the amino acid-level (E value was 5e-

10) and the contig C7235113 was similar to the sequence of structural protein of Molluscum 

contagiosum (a DNA pox virus) with identity of 37% at the amino acid level, the E value was 4e-

09 (see appendix 3.2).  

There were three assembled sequences (contig C7407449 in PSC, C4274868 in CD2 and 

C6591025 in UC1) that showed similarity to the sequences from retroviruses after BLASTx 

search. Only the contig C7407449 was similar to the sequence of conserved reverse transcriptase-
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like protein of retrovirus with the identity of 40% at the amino acid-level, the E value was 8e-09 

(see Appendix 3.3). The remainder two contigs, C4274868, and C6591025 were aligned with 

trimeric dUTP diphosphatase protein superfamily the E-values were 6e-12 and 4e-10 respectively. 

However, trimeric dUTP diphosphatases are the most common family of dUTPase that is found 

in bacteria, eukaryotes, and archaea. 

4.5.  DISTRIBUTION OF VIRAL READS IN IBD AND PSC PATIENTS 

After combined assembly, the assembled sequences that showed similarity with some virus 

sequences from the NCBI database were reported to be associated with autoimmune diseases like 

IBD and also there were some assembled sequences that matched with other virus sequences from 

the NCBI database that were not found in IBD or PSC patients before. However, among the total 

read counts, the proportion of viral read counts after combined assembly ranged from 0 to 25.53% 

among the metagenomics libraries and the proportion of average viral read counts among the fifty-

two metagenomics libraries was 0.6% of total read counts. The lower number of viral reads 

forming these assembled sequences among the metagenomics libraries suggested that the matched 

viruses were not abundant in any of the disease type and the distribution of viral reads did not 

show higher viral load to any particular disease types.  Also in this study, we had a small sample 

size to perform a meaningful comparison of patients with different diagnosis. Hence we have not 

been able to perform any statistical analysis to associate the presence of any of these viruses with 

IBD or PSC.  

A number of virus sequences were common in the samples from all of the patients. The human 

picobirnavirus sequences were detected in three CD patients, one of the four UC patients and the 

sole PSC patient. However, Majority of this virus sequences (98.48%) were detected in patient 
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CD1 (using TFF method). African swine fever virus-like sequences were detected in two of the 

CD (patient CD1 and CD2) and UC (patient UC1 and UC3) patients and in the PSC patient as 

well. Herpesviruses, which were previously reported as being associated with IBD [76, 98-102], 

were also detected different types of herpesvirus-like sequences in at least one of each types of 

IBD (CD and UC) and PSC patients. Assembled sequence similar to human papillomavirus type 

8 was found in one CD patient (patient CD2) and assembled sequences similar to the sequences 

from HPV type 4, HPV type 24, HPV type 36, HPV type 123 and HPV type 155 were identified 

in the PSC patient. The retroviral sequences were observed in one of each the CD (feline 

immunodeficiency virus in patient CD2), UC (Feline immunodeficiency virus in patient UC1) and 

PSC (simian immunodeficiency virus) patients as well. Table 4.3 shows the virus distribution 

across the metagenomics libraries of differently diagnosed patients. In addition to mammalian and 

other viruses, plant viruses were also widely distributed among metagenomic libraries. Pepper 

mild mottle virus is the predominant plant virus found in the CD and UC patients. Wheat rosette 

stunt virus is the most common virus and is ubiquitously found in all the patients including in 

control libraries. Although we have seen a handful sequences from mammalian virus we have 

found the presence of african swine fever like virus (ASFLV) interesting and performed additional 

analyses on the sequences of ASFLV. The detection of the sequences of ASFLV in IBD and PSC 

was interesting because, this virus sequences were not detected from assembly of individual 

patients and upon combined assembly ninety six of the contigs/scaffolds were detected in multiple 

patients of IBD and PSC.  
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Table 4.3: The distribution of the total viral read counts based on the sequence similarity 

search with NCBI virus database using BLASTn and BLASTx on the combined assembled 

sequences in metagenomics libraries of faecal samples from different patients. The value in 

each boxes represents the number of total read counts for a virus and the value in the parentheses 

represents the number of positive patient(s) for the corresponding detected virus. The cut-off value 

was E=1e-5 for both BLASTn and BLASTx search. CD: Crohn’s Disease, UC: Ulcerative Colitis 

and PSC: Primary Sclerosing Cholangitis. n= Number of patients for a particular diagnosis 

Virus name CD (n=5) UC (n=4) PSC (n=1) Control 

(n=2) 

References 

Human picobirnavirus  10,207 (3)  6 (1) 2 (1) 0  Not reported 

African swine fever 

virus 

27 (2) 294 (2) 235 (1) 20 (2) Not reported 

Herpesviruses 7 (1) 38 (2) 70 (1) 19 (2) Kandiel et al. [76] 

Kim et al. [103], 

Lawlor et al. [104] 

Spieker et al. [101] 

Poxviruses 4 (1) 44 (1) 12 (1) 2 (1) Not reported  

Human papillomavirus 6 (1) 0  62 (1) 0  Greenberg et al. [105] 

Kong et al. [106] 

Retroviruses  6 (1) 2 (1) 4 (1) 0 Vicente et al. [107] 

Hepatitis E virus 0 0 6 (1) 0 Not reported 

Lumpy skin disease 

virus 

7 (1) 0 0 0 Not reported 

Circovirus like virus 4 (1) 33 (1) 74 (1) 32 (1) Not reported 

Rodent stool-associated 

circular genome virus 

2 (1) 26 (1) 73 (1) 11 (2) Not reported  

Cotia virus 22 (1) 4 (1) 0  0 Not reported 

Infectious pancreatic 

necrosis virus 

0 0 106 (1) 0 Not reported  

Kadipiro virus 0 24 (1) 0 0 Not reported 

Rotifer birnavirus strain 

Palavas 

0 0 20 (1) 0 Nor reported  

Lymphocystis disease 

virus 1 

8 (2) 31 (2) 30 (1) 2 (1) Not reported 
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4.6.  EXAMPLES OF THE FULL OR PARTIAL ALIGNMENT OF 

CONTIGS/SCAFFOLDS WITH VIRAL REFERENCE GENOMES  

The assembled contigs/scaffolds were utilized to align them against the reference genome as to 

observe if combined assembly help improving the genome coverage. Three examples of plant and 

mammalian virus genome coverage using the assembled sequences are given in Figure 4.4, 4.5 

and 4.6.   

Figure 4.4: The alignment of sequences similar to the sequences of pepper mild mottle virus 

(PMMV) with PMMV reference genome (NCBI GenBank ID, gi: 20177424) 
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Figure 4.5: The alignment of assembled sequences (contigs/scaffolds) similar to the 

sequences of human picobirnavirus against the reference genome of human picobirnavirus 

from NCBI database. A) ‘Segment 1’ of the reference genome for human picobirnavirus (GI: 

66391744) was used to align the contigs/scaffolds matched as human picobirnavirus capsid. Due 

to the sequence variability of the virus, the contigs/scaffolds were matched partially with its 

reference genome. The other region was highly variable and remained unmatched. B) ‘Segment 

2’ of the reference genome for human picobirnavirus (gi:66391747) was used to align the 

contigs/scaffolds matched as human picobirnavirus, RNA-dependent RNA polymerase, and those 

sequences had coverage of 95% of the sequence of ‘segment 2’ the virus genome 
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Figure 4.6: Alignment of ASFLV assembled sequences (contigs/scaffolds) against the 

reference genome of ASFV, BA71V (GI: 9628113). Sequences of the ASFLV were aligned 

against a total of thirty-nine protein-coding genes of reference genome of ASFV with coverage 

11.2% of ASFV reference genome 

4.7.  PRESENCE OF MULTIPLE GENOTYPES OF A VIRUS IN IBD AND 

PSC SAMPLES 

4.7.1. Multiple strains of picobirnavirus  

To investigate the genetic diversity of assembled sequences that matched as picobirnavirus 

sequences, overlapping assembled sequences of RNA dependent RNA polymerase (RdRp) gene 

were taken for the phylogenetic analysis. the code name for a contig were presented here as start 

with an identifier C that is preceded by an integer number which was followed by the code name 

of the origin of the sequence among the metagenomics libraries, and for the assembled scaffolds 

that are represented here as with the identifier word “scaffold” preceded by an integer number and 

followed by the code name of the origin of the sequence among the metagenomics libraries. These 
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sequences, along with the RdRp gene coding sequences from the NCBI database, were used to 

construct the tree. The constructed phylogenetic tree showed that the contigs or scaffolds were not 

clustered in a same clade; rather these assembled sequences were clustered together in different 

clades with different species according to their evolutionary relationship. The contig, C8033813 

sequence was more related to mouse picobirnavirus RdRp than to human picobirnavirus RdRp. 

The topology also suggested that C3610560 and C6969679 were closer to the origin of porcine 

and feline picobirnavirus RdRp than to that of other human picobirnavirus RdRp. Scaffold172055, 

scaffold172056 and scaffold82127 remained in the clade with other RdRp of human 

picobirnavirus originating in the United States of America (USA) (Figure 4.7). 
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Figure 4.7: Phylogenetic analysis of assembled sequences of picobirnavirus RNA dependent 

RNA polymerase found in CD patients. Overlapping assembled sequences of RdRp from 

combined assembly of metagenomics libraries and the corresponding protein coding sequences of 

related picobirnavirus strains (human picobirnavirus RdRp US sequence 1-6, human 

picobirnavirus Pakistan, mouse picobirnavirus US, fox picobirnavirus Netherland, microtus 

picobirnavirus US, porcine picobirnavirus Italy, turkey picobirnavirus US sequence, porcine 

picobirnavirus China 1-3, and feline picobirnavirus Portugal) from NCBI were aligned for 

multiple alignment using ClustalW. MEGA 6 was used to generate a phylogenetic tree using a 

neighbor-joining (NJ) method with 1000 replication. Similarly colored, shaped circles and squares 

represents same origin of assembled sequences. Sequence names and respective Genebank IDs 

are given in the appendix 5.  
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4.7.2. Multiple strains of human papilloma virus   

 

Figure 4.8: Phylogenetic analysis of assembled sequences of HPV capsid protein and 

transcription regulatory protein (E1) found in CD and PSC patients. Assembled sequences 

of capsid protein and transcription regulatory protein (E1) coding genes from two patients (patient 

CD2 and Patient PSC) and the equivalent protein coding nucleotide sequences of different HPV 

types were aligned in ClustalW, and a tree was constructed with MEGA 6 software using the NJ 

method with 1000 replication. Similarly colored, shaped circles and triangles represent same 

origin of assembled sequences. Sequence names and respective Genebank IDs are given in the 

appendix 6.1 and 6.2. 

 

Overlapping assembled sequences similar to the sequence of capsid protein of HPV from patient 

PSC and patient CD2 were chosen to perform phylogenetic study of human papilloma virus (HPV) 

(Figure 4.8 A). The topology of the generated tree suggested that two contigs from a CD patient 

(patient CD2) were closely related to HPV type 36 and that the contig from patient PSC 

(C7186916) was more closely related to HPV type 5. The same procedure was followed to study 

the diversity of HPV transcription regulatory protein (E1) gene (Figure 4.8 B). Two sequences 
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from the PSC samples were closer to sequence of HPV type 4 than to other types of HPV 

sequences. Scaffold 113591 from the patient PSC showed relatedness to HPV types 53, 58 and 

59, and was distantly related with HPV type 4 virus.   

4.7.3. Phylogenetic analysis of ASFLV sequence suggests distant relation from 

ASFV genes and the  presence of multiple strains in the metagenomic libraries 

To determine the diversity of the of ASFLV sequences, genes that code similar to ASFV-like 

proteins, namely- capsid, topoisomerase and helicase were used for phylogenetic analysis. Capsid 

protein coding (both the nucleotide and amino acid) sequences from 13 ASFV from reference 

genome, along with overlapping assembled sequences similar to the sequences of ASFV capsid 

protein from metagenomics libraries of patients, were used to construct phylogenetic trees. The 

two trees shared an almost identical topology, in which all of the ASFV-like capsid coding 

sequences resided in a cluster separate from the reference capsid protein cluster. The contigs, 

C6773767 and C8031519 clustered together in a clade, and the scaffold, Scaffold68529 and the 

contig, C5671736 were clustered together, in separate clade. These two clades merged with the 

ASFV reference sequences (Figure 4.9 A). The amino acid-based tree showed the same topology 

(Figure 4.9 B).       

Trees that were based on topoisomerase coding sequences, whether nucleotide or amino acid-

based, showed a topology similar to that observed in the case of capsid protein—i.e., the 

sequenced gene of the ASFV-like virus topoisomerase clustered in a clade separate from that of 

the reference genes of  the ASFV. As was expected, the two topoisomerase coding assembled 

sequences, C7483237 and scaffold152037, were in the same branch, merging with that of the 

contig C5979116 (Figure 4.9 C and D).  
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The phylogenetic analysis of helicase gene of ASFLV assembled sequences and ASFV reference 

gene sequences showed similar topology as observed in the previous two genes phylogenetic tree 

analyses. In this case, two contigs C6430553 and C6522131, from patient PSC and patient UC1 

respectively, showed relatedness with the contig C7223994 from patient PSC, which remained 

distantly related to the reference ASFV gene sequences. Both the amino acid and nucleotide based 

sequences showed the same topology in the phylogenetic tree (Figure 4.9 E and F).  
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Figure 4.9: Phylogenetic analysis of assembled sequences of ASFLV capsid, topoisomerase 

and helicase protein found in IBD and PSC patients. The left panel shows the nucleotide-based 

phylogenetic tree, whereas the right panel depicts the amino acid-based trees which were 

constructed using the assembled sequences from the datasets of all the metagenomics libraries 

after performing the combined assembly. Overlapping assembled sequences and translated amino 

acid of respective genes were used for the phylogenetic analysis along with the ASVF capsid, 
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topoisomerase and helicase genes from the NCBI database for multiple alignments using 

ClustalW. MEGA 6 [83] was used to generate a phylogenetic tree using NJ with 1000 replications. 

(A) and (B) indicate the nucleotide and amino acid-based capsid protein phylogenetic trees 

respectively. (C) and (D) represent the nucleotide and amino acid-based topoisomerase 

phylogenetic trees respectively. (E) and (F) represent the nucleotide and amino acid-based 

helicase protein phylogenetic trees respectively. Similar colored, shaped squares, circles and 

triangles represent same origin of assembled sequences. Sequence names and respective 

Genebank IDs are given in the appendix 7. 

 

 

4.8.  SIMILARITY BETWEEN THE ASSEMBLED ASFLV 

CONTIGS/SCAFFOLDS AND THE SEQUENCES OF ASFLV FROM 

HUMAN AND SEWAGE SAMPLES AT THE NCBI DATABASE 

A total of ninety six assembled sequences showed similar to thirty-nine genes of ASFV from 

NCBI database. Hence, these sequences were considered and annotated as ASFLV sequences. 

These contigs and scaffolds of varying length matched with different proteins of ASFV with 

identity level were ranging between 38% and 62% at amino acid-based levels (Appendix 8).    

ASFLV sequences were reported to be found in human serum and sewage samples before. To 

determine the relationship between the assembled metagenomic sequence data and reported ASFV 

like sequences [108], both sets of sequences were aligned using the BLASTx algorithm. The 

results are presented in Table 4.4. The identity varied among different protein coding genes. The 

identity level ranges between 25.56 and 70.83 %, with most of the sequences identity ranged from 

40 to 55%.  
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Table 4.4: Assembled sequences (contigs/scaffolds) of ASFLV protein coding genes are 

distantly related with previously reported ASFV-like sequences found in human and sewage 

samples 

Contigs/scaffolds Database Length 

of 

Sequence 

(BP) 

Match 

(AA) 

Identity 

at amino 

acid level 

(%) 

Protein 

scaffold127139 gi270342034 488 54 57.41 Putative DNA primase 

C5695234 gi270342037 219 64 26.56 DNA-directed RNA 

polymerase 

C5744036 gi270342033 221 70 38.57 Putative helicase 

C6200256 gi270342041 237 28 60.71 Transcription factor 

C6428863 gi270342031 244 61 45.9 RNA helicase 

C6430553 gi270342033 244 74 40.54 putative helicase  

C6522131 gi270342030 246 63 46.03 genomic DNA 

C6601827 gi270342017 249 62 41.94 RNApol2 

C6653524 gi270342041 251 19 63.16 ATP- or GTP-binding 

motif 

C6762348 gi270342020 258 24 70.83 origin binding protein 

C6786441 gi270342041 259 57 40.35 Transcription factor 

C6929668 gi270342017 269 67 49.25 RNApol2 

C6995270 gi270342042 273 49 51.02 Alpha-NAC binding 

C7163504 gi270342030 285 33 51.52 RNA helicase 

C7318908 gi270342010 301 53 49.06 RNApol1 

C7456564 gi270342030 318 28 53.57 RNA helicase 

C7483237 gi270342012 322 64 40.62 topoisomerase homolog 

C7735476 gi270342028 367 39 43.59 polymerase 

C8031519 gi270342029 489 26 53.85 major structural protein 

p72 
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4.9.  ASFLV SEQUENCE VARIANCE AMONG IBD AND PSC PATIENTS 

Major structural protein p72 (gi: 210647), which encodes the capsid protein of ASFV, is a 2416 

bp long sequence. This sequence was chosen since multiple assembled sequences (contigs) from 

metagenomics libraries showed best aligned with this capsid coding sequences. In the next step, 

all the sequences of ASFLV coding capsid protein from metagenomics libraries were aligned with 

the database capsid coding sequence. This alignment suggested that despite their similar 

functional prediction at amino acid level, at the nucleotide level they possessed a significant 

variation. All of the scaffolds matched only partially with the reference one. These variations in 

the sequences suggests that there may be more than one ASFLV genotypes present among the 

IBD and PSC libraries (Table 4.5).   

Table 4.5: Alignment of African swine fever virus like capsid protein with capsid protein of 

ASFV from the reference genome  

 

 

 

 

 

 

4.10. VALIDATION OF COMBINED ASSEMBLY RESULTS USING 

NESTED PCR 

The combined assembly result was validated using nested PCR. Assembled sequences of four 

genes of ASFV having ten reads per million (TPM) for these genes present in at least one patient 

were chosen for the nested PCR amplification. Concentrated DNA from virus enriched stool 

samples from each of two CD patients (patient CD1 and CD2), UC patients (patient UC1 and 

Sample code of 

the source 

Contigs ID Identity 

(AA)  

Start End 

PSC B C8031519 96 1 201 

PSC D C6721688 46 593 646 

PSC F C4156102 38 414 464 

UC1C C7230138 36 600 646 

UC1E C6098262 41 412 475 

UC3B C4155466 32 67 113 
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UC3) and the patient PSC were tested by nested PCR experiment for the validation of our findings.  

Since the ASFV-like virus was not highly abundant in our samples, nested PCR was used to 

amplify the target. The amplification was confirmed by running chips in Bioanlyzer or, QIAxcel 

run (Appendix 9). Three out of four test genes were positive in two of our five test samples (Table 

4.6). Based on this result, we concluded that samples that have undergone viral enrichment can be 

detected by nested PCR, and that the threshold for such detection level is >= 30 reads/million. 

Also, the presence of multiple genotypes of this virus (which was evidenced from phylogenetic 

analysis) might be the reason that this virus was not detectable across all the positive samples from 

NGS datasets. The amplified fragments were Sanger sequenced. The sequenced fragments were 

then aligned with the assembled sequences of metagenomics data (Figure 4.10).    

Table 4.6: A summary of the PCR experiment for the confirmation of the presence of 

ASFV sequences in patients' stools. (NC= negative control) 

Patients  Origin 

Binding 

Protein 

Capsid Helicase Reads/million 

UC1 

T
es

t 
S

am
p
le

 + + + 51.64 

PSC  + + - 29.01 

CD2 - - - 10.56 

UC3 - - - 10.22 

CD1 - - - 3.33 

Water 

N
C

*
 

- - - 0 
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Figure 4.10: Alignment of PCR amplified sequences with assembled sequences from the 

combined assembly of metagenomics datasets. Amplified segments of capsid protein from 

nested PCR were sequenced by Sanger sequencing, and the verification of the amplified segment 

was done by aligning the sequence data with previously sequenced Miseq data. A) Sequenced 

PCR product was matched with assembled sequences. The red color key indicates highly matched 

alignment. B) Pairwise alignment between PCR product and combined assembled sequenced data.  

 

A 

B 
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The nested PCR experiments were also performed using a pair of capsid primers to detect this 

virus in the different samples (plasma, white blood cells, lymph nodes, liver and colon tissue) of 

patients UC1 and PSC (Appendix 10). Only plasma from patient PSC was positive for this virus. 

The PCR result was positive when 25 ng/μL of extracted DNA from the plasma sample was used 

to detect capsid protein. Besides, test for the ASFV-like sequences in other patients was performed 

using DNA from colon samples, extracted from each of five Crohn’s disease and ulcerative colitis 

patients to perform nested PCR. The PCR experiment was negative for all the samples (see 

Appendix 11).  In this study, evidence for the presence of multiple genotypes of ASFLV in a viral 

population in some of the patients was observed after the data analysis and we have also observed 

that the primers in the PCR experiment only be able to amplify the targeted sequence in a sample 

but failed to amplify the sequence from other patient. This observation suggests the presence of 

multiple genotypes of ASFLV which has distant relation among its genotypes. Therefore, we 

concluded that the primers are specific for each genotypes of this putative virus like sequences. 

Conserved sequences are yet to be identified to detect the presence of this virus like sequences 

regardless of the genotypes present in host. 

4.11.  KEY FINDINGS 

 Combined assembly is a promising approach to improve the identification of viruses 

with longer contigs/scaffolds. 

 Different genotypes of mammalian viruses were identified from clinical samples based 

on phylogenetic analysis. The same protein coding sequences were distantly related to 

each other.    
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 Such sequences were amplified and verified by Sanger’s sequencing. Using concentrated 

DNA from five positives patients for ASFLV sequences, two patients (Patient UC1 and 

Patient PSC) were positive for ASFLV by nested PCR.  

 As it was clear from phylogenetic analysis that there is a presence of distantly related 

multiple genotypes of ASFLV in a sample, specific PCR primers were required to amplify 

for the targeted viral sequences to be amplified.  

 We also have found none of the samples from different body-part of same patient except 

plasma from PSC were positive for ASFLV capsid by nested PCR which suggested that 

this virus may have specificity to a certain body part where it harboured more than others. 

 It was observed that virus sequence with >30 reads per million in a sample from next 

generation sequencing data were required to amplify and verify by nested PCR and Sanger 

sequencing 
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CHAPTER 5: COMPARISON OF DIFFERENT VIRAL 

ENRICHMENT METHODS 
 

5.1.  INTRODUCTION 

Success in viral metagenomics depends on molecular methods like PCR and on sequencing 

techniques, for both of which viral nucleic acid is the target. Therefore, focus on the methods of 

extraction and purification of viral nucleic acid is the priority. Depending on the nature of starting 

material, need for purity and quality of DNA or RNA from the sample and that of the viral nucleic 

acid collected after sample preparation, the enrichment procedure of viral nucleic acid is 

determined [109]. 

Viruses are difficult to study due to its small size, their nature to evolve rapidly, and the genomic 

flexibility of the viral nucleic acids [110]. The majority of viruses are difficult to culture in 

laboratory conditions due to the lack of a proper host system. In addition, viruses lack a single 

phylogenetic marker (e.g., conserved 16sRNA sequence of bacteria) to be used for studying their 

diversity and evolutionary pathways. Thus, it has become a necessity to adopt alternative 

technique(s) to study the virome [111, 112]. Viral metagenomics in corporation with 

bioinformatics and genome assembly are techniques that could be applied to study viruses in a 

manner in which a viral culture method is avoidable. However, for applying the techniques of 

high-throughput sequencing and analysis, enrichment of viruses from the samples needs to be 

done. There is a notable fact about our study sample i.e., clinical samples contain low viral loads 

and have high bacterial concentration as observed by the previous bacterial metagenomic studies 

on faecal samples. Thus, one of the principle aim for this study was to get rid of this unwanted 

background noise so that low abundant virus sequences can be detectable after the NGS data 
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analysis. As the viruses have viral capsids providing them with the stiffness required to go through 

the concentration and purification steps, and given the small genome size of viruses [113], it is 

important to determine the potential method for viral enrichment prior to metagenomic library 

construction.  

The aim of viral enrichment is to concentrate the isolated viral nucleic acid from the clinical 

samples and to get rid of any remaining host cells, nuclei and free nucleic acids in the resultant 

sample preparation. In the clinical sample, particularly in the stool samples, it is possible that a 

larger size and quantity of bacterial and eukaryotic genome than that of the target viral genome 

present. These unwanted sequences would show up as contaminants upon high-throughput 

sequencing, which would be time consuming and costly and could ruin the purpose of the 

experiment (to identify viruses). Thus, attempts should be made to overcome this masking of viral 

sequences by contaminant microbial and eukaryotic nucleic acids. Different viral preparation 

methods are effective in the enrichment of viral nucleic acids and the clearance of unwanted 

sequences. Among the viral preparation methods, tangential flow filtration (TFF), glass milk 

(silicon dioxide) particles and ultrafree MC microfiltration methods are most commonly adopted, 

depending on the nature of samples [31, 39, 114-117]. These three methods have their own 

advantages and disadvantages; as a result, it is important to compare their use in viral preparation 

from clinical faecal samples in order to determine the best method for viral enrichment in case of 

our sample before high-throughput next generation sequencing. 
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5.1.1. Advantages and disadvantages of each approach for viral preparation of 

stool samples for next generation sequencing 

 

5.1.1.1.  Tangential flow filtration (TFF) 

TFF is an ultrafiltration membrane based method which is widely used to harvest viruses from 

natural water samples [114, 115, 118, 119]. TFF allows researchers to process a wide range of 

sample volumes, ranging from tens of millilitres to thousands of litres, by scaling the system 

components. This filtration approach is advantageous in many respects. For example, in the TFF 

method there is no preconditioning required; hence it is possible to recover a wide range of viruses 

including bacteriophages [120]. The large surface area of the filter allows filtrate to pass through 

rapidly in large volume. Moreover, tangential flow helps to prevent the retentate from clogging 

up the system. However there are some drawbacks to this method. Firstly, the cost and complexity 

of the equipment permits only one sample to be processed at a time, making the process costly 

and tedious. Secondly, significant losses of viruses occur due to the adsorption of the virus into 

the membrane. Particularly, the sensitivity of enveloped viruses to modifications occurring during 

the different TFF steps may cause this type of virus to be lost. Thirdly, although the majority of 

the viruses extracted from the filters are small, the large viruses (~720 nm particle) along with 

some filamentous viruses (2nm in length) cannot be extracted through the filters and will be lost 

in the TFF method [121, 122]. Finally in TFF method, a large volume of starting material is 

preferred to concentrate viruses than small volume of sample to start with the process of virus 

enrichment.  
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5.1.1.2.  Glass milk (silicon dioxide) particles method 

Several studies have adopted the glass milk (silicon dioxide) particles method for the extraction 

of nucleic acids [116, 117, 123, 124] where glass milk beads are used to which bind virus particles 

and pull down the viruses from the sample to settle at the bottom of the microcentrifuge tube. It 

has been reported to be particularly efficient in extracting viral RNA by RT-PCR from fecal 

materials [125, 126]. The major advantage of this method is that it is less labour intensive and a 

more rapid procedure than the TFF method. The method is simple, requiring only a single reaction 

tube and not involving any filtration membrane. Thus, the chance of losing virus particles is low 

in this method. However, due to requirement of careful pipetting and handling, there is up to a 

50% increase in the risk of losing the RNA material [117].  

5.1.1.3.  Ultrafree MC microfiltration method 

Ultrafree MC microfiltration method relies mainly on the hydrophobic polytetrafluoroethylene 

(PTFE) membrane and is an easy and fast microfiltration technique for the removal of prokaryotic 

and eukaryotic cells, leaving behind the virus particles in aqueous filtrate solution [31, 127-130]. 

This method is faster and less likely to be contaminated, since only a single tube is used to process 

per sample. There can be clogging of the PTFE membrane as the turbid fecal specimen passes 

through it, but this is avoidable if it is centrifuged at 12000 rpm for 2 minutes before the 

supernatant is filtered through the centrifugal filter units [31]. This method is much more efficient 

than the other methods, and it reduces the loss of virus particles due to its simple procedure 

requiring only one step. However, a number of enzymes need to be used to chew up nucleic acids, 

which may have an inhibitory effect in the process of metagenomic library construction. 
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5.2. COMPARISON OF DIFFERENT METHODS FOR VIRUS PARTICLE 

PURIFICATION FOR THE CONSTRUCTION OF METAGENOMIC LIBRARY 

The above three methods were adopted for the enrichment of viral particle in the faecal samples 

of three CD, each of one UC and PSC patient to determine the best method to be applied in 

metagenomes. After that, the nucleic acids from these preparations were used to construct a 

metagenomic library. Sequencing was done, and high quality sequences were searched for 

sequence similarity to public databases using BLASTn and BLASTx searches and binned 

according to taxon (see Section 2.6 for the method of analysing metagenomic datasets). Because 

the focus was on viruses only, the sequences generated from different methods classified as 

viruses were then compared at the virus species level to determine the distribution of viral species 

in the metagenomes.   

 

5.2.1. Based on the taxonomic classification   

The number of reads, similar to the sequences of bacteria, human and phage taxa generated from 

different virus enrichment methods, did not greatly varied among the metagenomic libraries. The 

generation of sequences similar to virus from different methods also varied from sample to sample 

both in DNA and RNA metagenomics libraries.  
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Figure 5.1: Comparison of assembled sequences matched as bacteria, human, phage and 

virus from faecal samples of three CD, one UC and one PSC patients using the three viral 

enrichment methods. The isolation and purification of virus from faecal samples of three CD 

patients (CD1, CD2 and CD3), one UC patient (UC1) and one PSC patient were done using 

tangential flow filtration, glass milk and ultrafree MC (microfiltration) methods simultaneously. 

DNA and RNA were extracted from each viral preparation and subjected to sequencing. The 

sequences were assembled using combined assembly and BLASTn and BLASTx were used to 

annotate those assembled sequences to determine the presence of sequences belonging to different 

taxa, and the three methods are compared for their ability to isolate the variety of taxa from 

samples. The read counts per million are shown for RNA and DNA library in a log scale for each 

of the taxa from sequences from different patients. CD1: First Crohn's Disease patient, CD2: 

Second Crohn's Disease patient, CD3: Third Crohn's Disease patient, UC: Ulcerative Colitis, PSC: 

Primary Sclerosis Cholangitis. 
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5.2.2. Based on the distribution of viruses found among the metagenomes  

Again, not a single type of virus enrichment method outperformed the other two methods. The 

number of viral sequences detected by different methods varied greatly. One virus sequence found 

using one method was not necessarily found in the two libraries generated by the other two 

methods for the same patient. Considering the variability in virus species identification by 

different methods, in all CD and PSC DNA libraries, silicon di-oxide viral preparation method 

performed better than TFF or ultrafree MC (Microfiltration).  However, for the UC patient, it was 

TFF that worked better to detect more viral species (Figure 5.2). 
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Figure 5.2: Comparison of three viral preparation methods on the basis of the viral 

sequences detected among the metagenomic libraries of the patients. The isolation and 

purification of viruses from stool samples of  three CD patients (CD1,CD2 and CD3), one UC 

patient (UC1) and one PSC patient were done using tangential flow filtration, silicon dioxide and 

ultrafree MC (microfiltration) methods simultaneously. DNA and RNA were extracted from each 

viral preparation and subjected to sequencing. The sequences were assembled to determine the 

presence of viral sequences, and the three methods are compared for their ability to isolate the 

variety of viruses in the samples. The read counts per million are shown for the RNA and DNA 

library for each virus detected in the samples from different patients. CD1: First Crohn's Disease 

patient, CD2: Second Crohn's Disease patient, CD3: Third Crohn's Disease patient, UC: 

Ulcerative Colitis patient, PSC: Primary Sclerosis Cholangitis patient. 
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5.2.3. Based on number of viral sequences obtained from different viral 

preparations methods in various patients 

When the total numbers of all viral sequences found in three CD, UC and PSC patients using the 

three methods of viral preparation were calculated, the results suggested that the TFF and silicon 

dioxide methods performed almost similarly in CD and UC patients’ libraries, whereas the 

ultrafree MC (Microfiltration) method shows a higher viral sequence number with lower viral 

variation at the species level (Table 5.1).  

Table 5.1: The distribution of sequences (total reads) that showed similarity to sequences at 

the NCBI virus database and distribution of virus species identified based on the sequence 

similarity search using combined assembly datasets. The values are shown as total viral read 

counts/number of viral species. #: number 

 

Based on the sequencing datasets we found that there were cases when TFF method was better 

than other two methods (glass milk and Ultrafree MC microfiltration) for virus enrichment process 

prior to the construction of metagenomics library and there were cases where glass milk method 

was better choice over other two methods. The small sample size was a limitation for making a 

concrete choice of virus enrichment procedure. Roughly if the aim is to pick the viruses of various 

kind (diversity) then our result showed glass milk will be the appropriate choice. Whereas when 

the aim is to generate more viral sequences regardless of the number of different virus types then 

TFF method should be chosen. We also found TFF may be a good option for detecting RNA 

Diagnosis 

 

Tangential flow 

filtration 

(# read counts/ # 

viral species) 

Silicon di-oxide 

(# read counts/ # 

viral species) 

Ultrafree MC 

(microfiltration) 

(# read counts/ # viral 

species) 

CD (3 patients) 10069/5 284/5 22/4 

UC (1 patient) 264/6 189/6 2/1 

PSC (1 patient) 95/7 172/8 206/6 
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viruses. In our data, one RNA virus (human picobirnavirus) was detected in the RNA libraries in 

abundance whereas other two methods did not help concentrating this virus from the same patient 

or in a similar abundance from other patients.  

5.3.  KEY FINDINGS 

 Not a single virus enrichment method was constantly stand-alone choice for isolating viral 

sequences and providing greater variability of viruses from the clinical samples 

 In addition, there was variation on the virus detection quantity on the individual patient. The 

best method for one type of patient was not as good for other patients.  

 The small sample size prevented us from making a conclusive statement regarding the 

appropriate method for viral enrichment.  

 In conclusion, the viral preparation method has to be chosen carefully considering factors that 

include the diagnosis of patients from whom samples are collected, the origin of viral 

preparation (DNA or RNA), and the nature of samples.  
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CHAPTER 6: DISCUSSION 
 

6.1.  OVERVIEW 

We have constructed the metagenomics libraries, sequenced them, and adopted the combined 

assembly approach to facilitate the use of more data than that available in individual metagenomic 

libraries in a cross sample analysis for the identification of viruses in faecal samples of IBD and 

PSC patients. The combined assembly approach, adopted in this study to improve the overall 

usage of metagenomics data, did indeed help to improve annotation and sequence recognition, 

and ultimately improved virus identification, in the clinical samples. Before obtaining raw 

sequencing data from samples for combined assembly in order to identify the viral content, the 

samples were enriched with virus particles through the use of various virus isolation and 

purification techniques. The comparison of viral data generated using different viral preparations 

methods was made afterwards to see the correlation of viral enrichment methods and the 

identification of viral content in the sample. After being sequenced, NGS data were run through 

the BLAST algorithms to analyze them for similarity to sequences in the known databases. Viral 

matches were compared so that known or unknown virus-like sequences were sorted. Finally, to 

utilize the unknown data, all of the reads from different samples were combined through de novo 

assembly process. The sequences were sorted according to the taxa. Overall virus identification 

was improved after adopting the combined assembly approach. Moreover, new virus-like 

sequences, including many genes having some relatedness to the ASFV genes, were detected in 

the stool samples of IBD and PSC patients. The longer sequences generated from the combined 

assembly approach were used in further downstream analysis for the interpretation and 

characterization of metagenomes in faecal samples, which showed that the combined assembly 
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approach can be efficient in identifying virus sequences which otherwise might remain 

undetected. The sequences of virus detected in this thesis have opened a gateway to study the 

relation of this putative virus (if any) with autoimmune diseases like IBD and PSC. PCR 

experiments also verified the presence of ASFLV sequences in the clinical samples. 

6.2.  COMBINED ASSEMBLY IMPROVES THE IDENTIFICATION OF 

VIRUS IN NGS DATA THAN THE VIRUS IDENTIFIED BEFOREHAND 

USING ASSEMBLY OF INDIVIDUAL METAGENOMIC LIBRARY  

Before adopting the combined assembly approach many of the short reads remained ambiguous 

owing to the short length of sequences generated from individual metagenomics libraries. Even 

after the assembly approach on individual libraries, the detection of notable mammalian viruses 

was not possible, rather a handful sequences of plant virus were obtained. Still many reads did not 

match with known sequences of NCBI database and hence, these reads remained un-annotated; 

and were categorized as unknown. Other groups also have performed viral metagenomics to 

explore and characterize the role of virome in a non-pathological state in humans and reported to 

detect most of them as phage and plant viruses [91, 131-136]. In 2003, Breitbart et al. found that 

in the faeces of a healthy adult, 59% of their sequences were unknown, with a majority of 

recognized sequences being identified as phages [135]. Reyes et al. and Minot et al. found 81% 

and 98% of sequences to be unknown in a virome dominated by phages [133, 136].  

Since through the assembly of individual metagenomes, very few sequences similar to the 

sequences of mammalian viruses were found in this study, a comparative metagenomics study 

based on combined assembly approach was performed to increase the virus identification. Since 

the incomplete nature of the reference virus database creates a biased conclusion about unknown 

sequences of individual libraries after a sequence homology search, combined assembly was 
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adopted so that more data could be utilized. Combined assembly uses the de novo assembly 

approach; thus, no reference genome sequence of a virus is required [44]. The approach takes the 

advantage of the presence of unique identifiers for each of the reads from all the metagenomics 

libraries to be combined [96]. In combined assembly, it was expected that the sequences derived 

from the same biological source would link up together with the assembly process owing to an 

existing sequence relationship within the genome.  

In this study, the proportion of unknown sequences in the individual metagenomics DNA libraries 

ranged from 47 to 86 % whereas the unknown proportion for the RNA libraries ranged from 16 

to 55 %. After performing the combined assembly, overall, identification of viral sequences in 

metagenomics libraries was seen to be much improved and only 49% of total assembled sequences 

remained as unknown categories. The assembled sequences from combined assembly approach 

showed similarity to the sequences of twelve mammalian virus sequences and six virus sequences 

from avian, insects and fishes were detected. A new virus-like sequence containing thirty-nine 

genes closest to the virus family Asfarviridae was found in UC, CD and PSC patients. The 

existence of variant sequences from the same virus particles suggested the presence of viral quasi 

species. Moreover, a nested PCR experiment validated the result of the metagenomics virus 

detection in the stool samples of the IBD and PSC patients. All in all, combined assembly has 

shown to be better for assembly of the reads from individual patients' data, and more viruses were 

effectively identified. 

6.3.  DETECTION OF VIRAL SEQUENCES IN THE CLINICAL SAMPLES  

In the case of autoimmune diseases like IBD, viruses may possibly act directly on the host 

epithelium and immune system to induce inflammation, or they may induce dysbiosis in balanced 

commensal microbiota [137]. The presence of Epstein Barr virus (EBV) has been reported in a 
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case-control-based IBD study [100-102]. This virus was found to be virulent to lymphocyte in 

intestines of UC patients and in a lesser level in CD patients [98, 99]. Lawlor et al. found that 79% 

of his IBD patients had cytomegalovirus (CMV) [104]. He found that upon inactivation of CMV 

it goes into a latent state, and under an immunosuppressed or stressed condition, it is reactivated, 

inducing colitis disease with few symptoms of IBD. We also found assembled sequences similar 

to herpesvirus sequences in faecal samples of IBD patients, with sequence variation from the 

existing public database. Similarly, some assembled sequences were similar to the gene coding 

sequences of human papillomavirus (HPV) in the metagenomics libraries of CD and PSC patients. 

This virus has been previously reported to be associated with squamous cell carcinoma in IBD 

patients [105, 106, 138]. However, further investigation is required to confirm that HPV may have 

an effect in autoimmune diseases such as IBD.  

Detection of ASFLV sequences had been reported in human serum and sewage samples [108]. 

We have detected ninty-six contigs/scaffolds (including 39 encoding proteins) of the ASFLV in 

two UC, two CD and one PSC patients. Sequences of ASFLV were aligned with 11.2% (~19,041 

BP) of the ASFV reference genome. The african swine fever virus (ASFV), sole member to the 

Asfarviridae family, causes hemorrhagic virema leading to death in domesticated and wild pigs; 

it is characterized by fever, hyperaemia of the skin, and haemorrhages of the internal organs, and 

carries a high mortality rate [139]. Although the structure or full genome information of this 

putative ASFLV is yet to be revealed, no threat to humans has been reported. However, in one 

metagenome-based study, ASFLV sequences were also detected in serum of patients who had 

febrile illness cases (with dengue-like symptoms) but tested negative for the dengue virus [140]. 

It is a possibility that the patients included in our study might have consumed ASFV infected pork 

due to which ASFV like sequences were found in the stool samples. Further investigation is 

needed to get insight into this possibility. Although no risk to humans of this putative virus 
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infection has been reported so far, a virus may become pathogenic by gene mutation or insertion 

of gene (transposons) on its genome and may lead to significant health, economic and 

environmental problems. Therefore, further investigation of this putative ASFLV is required to 

understand its transmission and role of this virus (if any) in human. 

The protein coding sequences of ASFLV in IBD and PSC patients were 38 to 62% identical with 

ASFV genes from NCBI that was isolated from pig at the amino acid levels in our study, whereas 

Loh et al. showed that identity levels between African swine fever-like virus (ASFLV) sequences 

isolated from human serum and sewage samples and ASFV sequences isolated from pig ranged 

from 27 to 64% [108]. ASFLV is most likely a new member in the family Asfarviridae, as the 

sequences of the virus found in this study have 25.56 to 70.83 % sequence similarities with 

ASFLV sequences detected in human serum and sewage samples [108]. The phylogenetic analysis 

of different protein from ASFLV suggested not only that these sequences are distantly related with 

ASFV virus sequences, but also that multiple genotypes of ASFLV might be present in patients 

with IBD and PSC.  

Finally, the PCR amplification of detected nucleic acids is a widely accepted way to validate the 

annotated data of metagenomes [141-145]. In our sample, we have been able to amplify capsid, 

helicase and origin binding protein regions in the fecal DNA extracts from UC and PSC patients 

using nested PCR. The PCR detection of genes is correlated with the total numbers of reads per 

million (TPM) for individual samples. So far it is only possible to detect if a sequence has a 

representation of >30 reads/million in a sample. Part of the capsid gene of ASFLV has also been 

found in the plasma sample of the same PSC patient. This was an indication that the virus was 

transported to other parts of the body (via the bloodstream) from the gut. Moreover, the presence 

of multiple ASFLV genotypes evidenced from the NGS data. Therefore, we did not attempt to 
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recover the unknown middle sequence region of the two genes through a PCR experiment. Also 

Wan et al., suggested that the gene order of ASFLV is not similar to the ASFV [144]. Hence, their 

attempt for amplifying the linking sequences between two genes was failed.   

6.4.  COMPARISON OF VIRAL ENRICHMENT METHODS 

The comparison of different virus enrichment methods was performed to evaluate the efficiency 

of virus enrichment method on faecal samples prior to the construction of metagenomic libraries. 

Enrichment of virus particles in the sample prior to sequencing is a very crucial step for viral 

detection in samples; it leads to efficient viral nucleic acid extraction and removes the 

contamination of non-viral cells, resulting in the maximum number of viral sequences [23, 146, 

147]. In this study, we found that the method of viral enrichment of samples is dependent on the 

nature of nucleic acid to be isolated. The glass milk method was found to be effective in generating 

more viral reads in the case of DNA preparation, whereas the tangential flow filtration (TFF) 

method was better for the enrichment of virus particles for RNA preparation from samples. It has 

been reported that the efficiency of the TFF method can be increased by the process described by 

Wommack et al. by using a large volume of 10 litres as the starting material. However, for most 

clinical samples, this is nearly impossible, as the volume of starting material is far less than 

required. Hale et al., 1996 found the glass milk method to be sensitive enough to enrich RNA 

viruses to a detectable level [124, 148]. In addition, Boom et al. found this method to work well 

in purifying RNA from human serum and urine samples [116].  

Although ultrafree MC (Millipore) microfiltration method is a widely practised method of virus 

enrichment prior to the construction of metagenomes [131, 146, 149-151], its use on the libraries 

of the stool samples from all of the patients in this study, except that of the PSC patients, showed 

low efficiency in detecting virus sequences. This might be due to the detrimental effects of 
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freezing and thawing sample, and harsh treatment with a mix of nuclease enzymes involved in the 

method, which might have led to physical damage to some of the viruses [152]. A study has been 

performed in which different methods of virus enrichment, either based on centrifugation, syringe-

based filtration, nuclease base treatment or a combination of these were used. However, only the 

combination strategy led to an effective increase in the abundance of targeted viral particles and 

no substantial increase in the relative abundance of viruses in the metagenomics datasets with 

varying number of reads from bacteria and human host cells using either of the methods had been 

found [153]. However, the proportion of viral sequences they gained was only 1% of total 

metagenomics datasets, which is consistent with the results obtained in this study. Based on this 

study, it can be suggested that when viral enrichment methods need to be chosen to perform a 

viral metagenomics project, the method should not be adopted arbitrarily based on the previously 

published results; rather a method should be chosen based on the nature of the starting material 

and required end point purity of the nucleic acids. Another consideration to take before choosing 

virus enrichment methods is the genome of the targeted virus (i.e., DNA or RNA). However this 

consideration may not be applicable in viral metagenomics study aiming to discover a new virus 

as prior knowledge of what sort of virus are to be detected is lacking.  

6.5.  FUTURE DIRECTION  

A major proportion of sequences from most of the clinical and the environmental metagenomics 

in the previous studies was remained unrecognized [16, 22, 88, 91, 92]. In our study after the 

combined assembly approach, 49% of total assembled sequences remained as unknown 

categories. Thus, an amino acid sequence similarity based approach (i.e., a conserved protein 

domain search) can be adopted to characterize the unknown sequences. Evolutionally related 

proteins from the same family member have more conserved sequences than their primary 
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sequences [154, 155]. Many bioinformatics tools, including Pfam, CDD, SMART, and TIGRFAM 

have been developed to find these remote sequence similarities among the proteins and to identify 

them from their raw sequences [156-159]. More in silico tools are needed to be developed in order 

to characterize the unknown sequences in metagenomes. Secondly, we have detected some 

sequences of virus in the clinical samples with autoimmune diseases. We can perform, in future, 

case-control study based on the viral species detected in this thesis. Furthermore, to confirm the 

presence of ASFLV in the IBD patients and to investigate whether their entry into patient’s body 

is via infected pork or the virus is associated with IBD, antibody detection specific to ASFLV in 

blood serum could be done using enzyme-linked immunosorbent assay (ELISA).   

LIMITATIONS OF THE STUDY 

One of the limitations of the study was that the sequence data from Illumina/Solexa technology 

generated were limited-length reads which could not be annotated using sequence similarity from 

the public database. As a result, the metagenomics data from individual samples remained 

unassembled given that the short sequences could not be related to each other [95]. The assembly 

approach was adopted to eliminate this limitation.  

Secondly, availability of starting materials for performing viral metagenomics was limited; this 

was especially true of the material required to analyze the metagenomes of RNA libraries. For the 

isolation of 50 to 100 ng of yield viral RNA, 500 g of feces is required, whereas for isolation of 

the same amount of DNA only 1 g of human feces is sufficient [132, 160]. Given the lack of 

sufficient materials, we may not have obtained enough representative viruses in the gut virome of 

these patients. In addition, the number of subjects in the study from whom the samples were 

collected were only patients with nine IBD (five CD and four UC patients) and one PSC and two 
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were normal controls. Due to the low sample size we have not been able to come to a conclusive 

evidence regarding virus involvement with IBD or PSC. 

Another important limitation in this study was the bias created in the amplification step of library 

construction. Since the extracted nucleic acid material was not adequate to start the construction 

of metagenomes, there was a need for a nucleic acid amplification step before sequencing. 

Amplification steps  introduce many biases in sequencing results: an adapter will ligate only to 

the dsDNA and will not bind to the ssDNA, and some ssDNA viruses will not be amplified and 

will be left out from a metagenomic library [161]. In addition, chimeras (reads from more than 

one species) can be generated and the process may introduce quantitative biases [162].  

Contaminating nucleic acid material exists even after the nuclease treatment is applied to digest 

all of the unprotected DNA/RNA; nucleic acid remains protected inside the viral capsid. Most of 

the viral nucleic acids extracted in this study were apparently cleared from contaminant ribosomal 

and human mitochondrial DNA tested by PCR using 16S and 18S and human mitochondrial 

primers. However, a sample treated with DNase cannot completely eliminate free DNA [127]. 

Therefore, it is impossible to get rid of all the host genetic material from a viral concentration. 

Also, the introduction of nucleic acids can happen during the steps of the construction of 

metagenomic library or from the reagents and kits. However, we took enough precautions to keep 

the contamination level minimal. 
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Appendices 
 

1.1.  The patients’ information and code  

Sample Sample 

Name 

Lab. ID Code DNA/RNA Viral enrichment method  

RV630 

CD Stool 

CD1 CDS01 CD1A RNA Tangential flow filtration (June 

15, 2010) 

  CDS01D CD1B DNA Tangential flow filtration (June 

15, 2010) 

  CDS02 CD1C RNA Tangential flow filtration (April 

30, 2012) 

  CDS02D CD1D DNA Tangential flow filtration (April 

30, 2012) 

  CDS03 CD1E RNA Silicon di-oxide 

  CD03D CD1F DNA Silicon di-oxide 

  CDS07 CD1G RNA Ultrafree MC (microfiltration)  

  CDS07D CD1H DNA Ultrafree MC (microfiltration)  

RV37 

CD Stool 

CD2 CDS04 CD2A RNA Tangential flow filtration 

  CDS04D CD2B DNA Tangential flow filtration 

  CDS05 CD2C RNA Silicon di-oxide 

  CDS05D CD2D DNA Silicon di-oxide 

  CDS06 CD2E RNA Ultrafree MC (microfiltration)  

  CDS06D CD2F DNA Ultrafree MC (microfiltration)  

S.R. CD 

Stool 

sample  

CD3 CDS10 CD3A RNA Tangential flow filtration 

  CDS10D CD3B DNA Tangential flow filtration 

  CDS11 CD3C RNA Ultrafree MC (microfiltration)  

  CDS11D CD3D DNA Ultrafree MC (microfiltration)  

  CDS12 CD3E RNA Silicon di-oxide 

  CDS12D CD3F DNA Silicon di-oxide 

RV 616 

CD stool 

CD4 CDS08 CD4A RNA Ultrafree MC (microfiltration)  

  CDS08D CD4B DNA Ultrafree MC (microfiltration)  

RV 624 

CD stool 

CD5 CDS09 CD5A RNA Ultrafree MC (microfiltration)  

  CDS09D CD5B DNA Ultrafree MC (microfiltration)  

UC 12 

stool 

UC1 UCS06 UC1A RNA Ultrafree MC (microfiltration)  

  UCS06D UC1B DNA Ultrafree MC (microfiltration)  
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Sample Sample 

code 

ID Code DNA/RNA viral prep  

  UCS07 UC1C RNA Tangential flow filtration 

  UCS07D UC1D DNA Tangential flow filtration 

  UCS08 UC1E RNA Silicon di-oxide 

  UCS08D UC1F DNA Silicon di-oxide 

RV575 

UC stool 

UC2 UCS01 UC2A RNA Tangential flow filtration 

  UCS01D UC2B DNA Tangential flow filtration 

  UCS04 UC2C RNA Ultrafree MC (microfiltration)  

  UCS04D UC2D DNA Ultrafree MC (microfiltration)  

RV712 

UC Stool 

UC3 UCS02 UC3A RNA Tangential flow filtration 

  UCS02D UC3B DNA Tangential flow filtration 

  UCS03 UC3C RNA Silicon di-oxide 

  UCS03D UC3D DNA Silicon di-oxide 

RV641 

UC stool 

UC4 UCS05 UC4A RNA Ultrafree MC (microfiltration)  

  UCS05D UC4B DNA Ultrafree MC (microfiltration)  

RV914 

PSC 

stool 

PSC PSCS01 PSC A RNA Tangential flow filtration 

  PSCS01D PSC B DNA Tangential flow filtration 

  PSCS02 PSC C RNA Silicon di-oxide 

  PSCS02D PSC D DNA Silicon di-oxide 

  PSCS03 PSC E RNA Ultrafree MC (microfiltration)  

  PSCS03D PSC F DNA Ultrafree MC (microfiltration)  

RV543 

control 

stool 

CON1 CONS01 CON1A RNA Tangential flow filtration 

  CONS01D CON1B DNA Tangential flow filtration 

RV620 

control 

stool 

CON2 CONS02 CON2A RNA Ultrafree MC (microfiltration)  

  CONS02D CON2B DNA Ultrafree MC (microfiltration)  
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1.2.  Colon biopsies of UC and CD patients for prevalence of ASFLV study 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ID Code 

CD06 CDC06 

CD10 CDC10 

CD12 CDC12 

CD19 CDC19 

UC01 UCC01 

UC04 UCC04 

UC06 UCC06 

UC07 UCC07 

UC13 UCC13 
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2. Distribution of total viral read counts similar to the sequences of NCBI virus 

database and list of corresponding virus detected across the metagenomics 

libraries 
 

 

 

Viruses CD1A CD1B CD1C CD1D CD1E CD1F CD1G CD1H CD2A CD2B

Autographa californica nucleopolyhedrovirus 128 0 6 0 126 0 0 0 0 0

Pepper mild mottle virus 514318 0 172184 34 11668 17 0 0 140 20

Paprika mild mottle virus 48430 0 19599 2 144 4 0 0 0 2

Paramecium bursaria chlorella virus 27 1 0 0 6 7 0 0 0 1

Tobacco mild green mosaic virus 6810 0 1558 0 102 0 0 0 0 0

Cucumber green mottle mosaic virus 2130 616 0 198 0 0 0 0 0

Tomato mosaic virus 2015 335 0 0 0 0 0 2 0

Bell pepper mottle virus 0 0 294 0 0 0 0 0 0 0

Plutella xylostella multiple nucleopolyhedrovirus 128 0 5 0 110 0 0 0 0 0

Cafeteria roenbergensis virus 0 0 0 0 0 2 0 6 0 0

Emiliania huxleyi virus 0 1 0 0 0 0 0 0 0 0

Tobacco mosaic virus 109 0 92 0 0 0 0 0 0 0

Herpesvirus 0 20 1 7 22 138 12 0 1 10

Poxvirus 0 0 0 0 5 0 0 0 0 0

Wiseana iridescent virus 0 0 0 0 2 0 0 0 0 0

human papillomavirus 0 0 0 0 0 0 0 0 0 0

Torque teno virus 0 0 0 0 0 0 0 0 0 0

Lumpy skin disease virus 0 1 0 0 0 5 0 0 0 0

Viruses CD2C CD2D CD2E CD2F CD3A CD3B CD3C CD3D CD3E CD3F

Autographa californica nucleopolyhedrovirus 8 0 44 0 0 0 2 0 0 0

Pepper mild mottle virus 32 18 0 0 0 0 0 0 30 0

Paprika mild mottle virus 2 0 0 0 0 0 0 0 2 0

Paramecium bursaria chlorella virus 0 10 0 0 0 0 0 0 0 0

Tobacco mild green mosaic virus 0 0 0 0 0 0 0 0 0 0

Cucumber green mottle mosaic virus 0 0 0 0 0 0 0 0 0 0

Tomato mosaic virus 0 0 0 0 7 0 8 0 0 0

Bell pepper mottle virus 0 0 0 0 0 0 0 0 2 0

Plutella xylostella multiple nucleopolyhedrovirus 8 0 44 0 0 0 0 0 0 0

Cafeteria roenbergensis virus 1 0 0 0 0 0 0 0 0 0

Emiliania huxleyi virus 0 0 0 0 0 0 0 0 0 0

Tobacco mosaic virus 0 0 0 0 0 0 0 0 10 0

Herpesvirus 0 570 0 0 0 1 0 0 2 0

Poxvirus 0 1 0 0 0 0 0 0 0 0

Wiseana iridescent virus 12 0 0 0 0 0 0 0 0 0

human papillomavirus 0 0 0 0 0 0 0 0 0 0

Torque teno virus 0 0 0 0 0 0 0 0 0 0

Lumpy skin disease virus 0 0 0 0 0 0 0 0 0 0
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Viruses CD4A CD4B CD5A CD5B UC1A UC1B UC1C UC1D UC1E UC1F

Autographa californica nucleopolyhedrovirus 0 0 4 0 0 0 10 0 2

Pepper mild mottle virus 0 0 0 0 0 0 0 0 0 0

Paprika mild mottle virus 0 0 0 0 0 0 0 0 0 0

Paramecium bursaria chlorella virus 0 0 0 1990 0 0 0 26 0 26

Tobacco mild green mosaic virus 0 0 0 0 0 0 0 0 0 0

Cucumber green mottle mosaic virus 0 0 0 0 0 0 0 0 0 0

Tomato mosaic virus 0 0 0 0 0 0 0 0 0 0

Bell pepper mottle virus 0 0 0 0 0 0 0 0 0 0

Plutella xylostella multiple nucleopolyhedrovirus 0 0 0 0 0 0 10 0 0 0

Cafeteria roenbergensis virus 0 6 0 0 0 0 2 8 2 13

Emiliania huxleyi virus 0 0 0 0 0 0 0 22 0 4

Tobacco mosaic virus 0 0 0 0 0 0 0 0 0 0

Herpesvirus 0 0 1 1 2 0 1 7 8 3

Poxvirus 0 0 0 0 0 0 32 0 0 34

Wiseana iridescent virus 0 0 0 0 27 0 0 4 5 2

human papillomavirus 0 0 0 0 0 0 0 0 0 0

Torque teno virus 0 0 0 0 0 0 0 0 0 0

Lumpy skin disease virus 0 0 0 0 0 0 0 2 0 0

Viruses UC2A UC2B UC2C UC2D UC3A UC3B UC3C UC3D UC4A UC4B

Autographa californica nucleopolyhedrovirus 0 0 0 0 0 0 1 0 0 0

Pepper mild mottle virus 8 0 0 0 130 9 95 30 0 0

Paprika mild mottle virus 0 0 0 0 0 0 4 7 0 0

Paramecium bursaria chlorella virus 0 0 0 0 0 11 0 2 0 10

Tobacco mild green mosaic virus 0 0 0 0 77 0 2 0 0 0

Cucumber green mottle mosaic virus 0 0 0 0 0 0 0 0 0 0

Tomato mosaic virus 0 0 0 0 1 0 0 0 0 0

Bell pepper mottle virus 0 0 0 0 13 0 4 0 0 0

Plutella xylostella multiple nucleopolyhedrovirus 0 0 0 0 0 0 0 0 0 0

Cafeteria roenbergensis virus 0 0 0 0 15 0 0 0 0 0

Emiliania huxleyi virus 1 0 0 0 0 0 0 0 0 0

Tobacco mosaic virus 0 0 0 0 6 0 20 0 0 0

Herpesvirus 667 0 0 0 0 5 0 2 0 0

Poxvirus 0 0 0 0 0 0 0 0 0 0

Wiseana iridescent virus 0 0 0 0 0 9 0 0 0 0

human papillomavirus 0 0 0 0 0 0 0 0 0 0

Torque teno virus 0 0 0 0 0 0 0 0 0 0

Lumpy skin disease virus 0 0 0 0 0 0 0 0 0 0

Viruses PSC A PSC B PSC C PSC D PSC E PSC F CON1A CON1B CON2A CON2B

Autographa californica nucleopolyhedrovirus 28 0 4 0 2 0 0 0 0 0

Pepper mild mottle virus 44 0 0 0 0 0 0 0 0 0

Paprika mild mottle virus 0 0 0 0 0 0 0 0 0 0

Paramecium bursaria chlorella virus 57 53 0 22 0 22 0 2 8 0

Tobacco mild green mosaic virus 0 0 0 0 0 0 0 0 0 0

Cucumber green mottle mosaic virus 0 0 0 0 4 0 0 0 0 0

Tomato mosaic virus 44 0 0 0 0 0 0 0 0 0

Bell pepper mottle virus 0 0 0 0 0 0 0 0 0 0

Plutella xylostella multiple nucleopolyhedrovirus 26 0 0 0 0 0 0 0 0 0

Cafeteria roenbergensis virus 10 10 8 14 42 20 0 3 0 0

Emiliania huxleyi virus 2 2 0 5 0 5 0 1 0 0

Tobacco mosaic virus 0 0 0 0 0 0 0 0 0 0

Herpesvirus 14 14 7 0 1 9 95 343 0 0

Poxvirus 12 12 0 4 0 16 3 0 6 0

Wiseana iridescent virus 2 2 4 12 0 4 0 0 0 8

human papillomavirus 4 4 8 6 0 15 0 0 0 0

Torque teno virus 6 5 10 0 0 0 0 0 0 0

Lumpy skin disease virus 0 0 0 2 0 0 0 0 0 0
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3.1.  Alignment of contigs/scaffolds similar to herpesvirus sequences with 

sequences of NCBI database 

3.1.1. BLAST alignment for contig C2872238 (116 bp) 

Nucleotide sequence in FASTA format  

>C2872238 

ATGTCCTTTAGACACGGGTCAGTACACTTACTAGGTGTTCCTGTTCCTCCGGTTCCTC

CTCCTCCCCCAGTGTCAGGATTAGGATTAGGACTAGGGTTAGGGCTAGGGTTCGGG

TT 

BLASTn alignment for the contig C2872238 

 

BLASTn search result showed that the assembled query sequence was similar to a species 

belonging to the phylum Platyhelminthes along with repeat regions of the herpesvirus 7. There 

was about 44% of total coverage (40 bp match) when aligned with the sequence of herpesvirus 7 

with E-value of 3e-07 and the identity of 95% for the matched region. The first sixty base pair 

fragment of this contig was taken for a separate BLASTn search. The query sequence did not 

match with any sequence in the database.  The BLASTx search of that same fragment showed 

similarity to the sequence of roundworm and different types of birds with insignificant E-value 

(1.1-3.7) 
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A) Graphic display 

 

 



  

92 

 

B) Hit list of aligned NCBI sequences for the contig C2872238 after BLASTn search 

 

BLASTx alignment for the contig C2872238 

After BLASTx search, query sequence had been found to have no significant similarity with 

nucleotide sequences in the NCBI database.  
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3.1.2. BLAST alignment for the contig C7151139 (284 bp) 

Nucleotide sequence in FASTA format 

>C7151139 

TTGCCACTGCATTCACGTGTGTGTTTGAGCATGCACATGTTCTTGTATGTATGTGTGT

GTGTGCTTGCCACTGCATGCACGTGTGTGTTTGTGCATGTGCGTGTGAACGTATGCA

TGGGTATGTGTGCTTGCCACCGCATGCACCCGCGTATTTGTGCATGTCCCTGCATAC

TTTGTTACATACATGTGTTCAGCTGCATGTGCATGCATGTGTCTGTGTACCACCACA

TGCATGTGCGATTTTGCGCATGTAGGTGCATGGATTTGCTTGTGTGTGCATGGAT 

 

BLASTn alignment for the contig C7151139 

BLASTn search of the contig result showed that the sequence was similar to the mouse DNA 

sequence with E-value of 2e-15. The alignment showed the total coverage of 96% (279 bp match) 

with the identity of 68% within the matched region.  

A) Graphic display 
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B) Hit list of aligned NCBI sequences for the contig C7151139 after BLASTn search 
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BLASTx alignment for the contig C7151139 

After BLASTx search, query sequence had been found to align with the sequences from different 

birds with higher E value of 0.011 suggesting the alignment to be insignificant.  

A) Graphic display 

 

 

B) Hit list of aligned NCBI sequences for the contig C7151139 after BLASTx search 
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3.1.3. BLAST alignment for the contig C5219408 (192 BP) 

Nucleotide sequence in FASTA format 

>C5219408 

CCCGTAACCAGTGTTGGCTGCTGTGGATGGACACTCTCGATCAGGCTGGCAAAGCG

AAGGGACGAGCGGAAGGCCGAGCCACTGGTGCAACTGGTGCAAGCGTGGGCCTCTT

TGTTGGACTCTTTGTTGGTCTCCTTGTTGGTCTTCTTGTTGGACGCTTTGTTGGACGC

TTTGTTGGTCTCCTTGTTGGTC 

 

BLASTn alignment for the contig C5219408 

BLASTn search result showed that assembled query sequence was similar to the sequence of 

Agrobacterium, the alignment was not significant as the E value was 0.14 (higher than 1e-5) with 

only 18% of total coverage (35 bp match). The identity was found to be 89% within the matched 

region.  

The separate BLASTn for the unmatched first sixty base pairs showed no alignment with any of 

the reference sequences in the NCBI database and BLASTx result showed query sequence being 

similar to the sequence of Fasciola hepatica (phylum Platyhelminthes) with higher E-value of 3.4 

(insignificant). Whereas the sequence fragment (91-192 base pairs position) of contig C5219408 

was similar to the sequence of Armadillo species with significant E-value of 1e-05.  

A) Graphic display 
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B) Hit list of aligned NCBI sequences for the contig C5219408 after BLASTn search 

 

 

 

 

BLASTx alignment for the contig C5219408 

After BLASTx search, query sequence aligned with a mammalian species (Armadillo) and with 

herpesvirus 6. The E value was 2.0 for the herpesvirus sequence alignment which means that this 

is not a significant hit. Sequence identity with HSV-6 was 64 % with matched length of 16 amino 

acid out of total 25 amino acids, and query coverage was 39%. 

This contig could belong to an unknown species as after BLASTn and BLASTx search the contig 

showed only partial alignment and less similarity to the sequences of NCBI database  

 

A) Graphic display 
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B) Hit list of aligned NCBI sequences for the contig C5219408 after BLASTx search 
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3.1.4. BLAST alignment for the contig C3733744 (150 BP) 

>C3733744 

TTGTATTCCAAGTTTTACCCCAAGAAATGAAGATAAATTTGTTGGTGCAACAGTTTT

TGAACCAAAAGTAGGGATTTATTTAACACCTGTTACAGTTGTTGATTTCAAAAGTTT

GTATCCAAGCATTATGAGAGCACATAATTTGTGTTT 

 

BLASTn alignment for the contig C3733744 

 

BLASTn search result showed query sequence was similar to the sequence of herpesvirus 7 DNA 

polymerase gene. For top hit (HSV-7) the match length was 70% of total coverage (106 bp match), 

E value was 4e-13 and the identity of 77% was found with the matched region.  

A) Graphic display 
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B) Hit list of aligned NCBI sequences for the contig C3733744 after BLASTn search 
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BLASTx alignment for the contig C3733744 

BLASTx search showed that the assembled query sequence was similar to conserved DNA 

polymerase of type-B delta sub-family catalytic domain. Sequence identity to top hit (Elephant 

endotheliotropic herpesvirus 5) was 63%, matched length was 30 amino acid of total 48 amino 

acids, query coverage was 96% and E value was 8e-12. However, the query sequence was also 

similar to Siphonophora species (Cnidaria phylum) E-value of 1e-11, for Dipylidium caninum 

(double-pore tapeworm), and Drosophila E-value was 3e-11.     

A) Graphic display 
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B) Hit list of aligned NCBI sequences for C3733744 after BLASTx search 
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3.1.5. BLAST alignment for the contig C3526692 (144 BP)  

Nucleotide sequence in FASTA format  

>C3526692 

GAAGATTCTTGTTCTTATTTCGGTACTCAGATGAGATTTGACATACGCAACGAATTT

CCGCTATTAACTACAAAGAAGGTATATTGGAGAGGAGTAGTGGAAGAACTGTTATG

GTTTATCAGAGGTTCTACAAGTTCTTTAGAA 

 

BLASTn alignment for the contig C3526692 

BLASTn search result showed query sequence to be similar to a plant sequence (Amborella) and 

with Saimiriine herpesvirus 2. The best match sequence (plant sequence) had 78% of query 

coverage (113 bp match), E value was 5e-18 and the identity was of 80% with the matched region.  

A) Graphic display 
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B) Hit list of aligned NCBI sequences for the contig C3526692 after BLASTn search 
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BLASTx alignment for the contig C3526692 

After BLASTx search, query sequence was aligned with the conserved thymidylate synthase 

superfamily. Sequence identity to top hit Saimiriine herpesvirus 2 was 76%, matched length was 

35 amino acid out of total 46 amino acids, query coverage was 95% and E value was 1e-16. Within 

the top five hits, the query sequence was also similar to the conserved thymidylate synthase of 

rhesus monkey with E-value of 2e-16, 91% of query coverage and 75 % identity at the amino acid 

level.  

A) Graphic display 
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B) Hit list of aligned NCBI sequences for the contig C3526692 after BLASTx search 
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3.1.6. BLAST alignment for the contig C8217291 (730 BP)  

Nucleotide sequence in FASTA format  

>C8217291 

TGCTGCTATTCTTGCTGGAGAAAAAGCTGCTGGTGCTGCTGCTCTTGAGACAGCAAG

ACTTGGCACTGCTGTAGCAATTGGTCAGGCACAACTCAGCAAAGAGATTGCTGAAT

CTAAGTATGAAATTAGCAGACATGTTTCTGCCGAAAGCGATGCAACCCGTGGACTG

ATTAACAGTTTAAAGACTGATGAGCTCAATCGTATGCTGATTGAGCGCAATACCGA

TTGCAATCACTTTCGTCACGGATATTGGGATGCTGTAGGTGGTGCTAACAATGCACA

GTTCGCTTCAGTTGCTTCCCAGCTTAATGCTTTCCAAAGCCAATTACAAGAAACCCG

TCAGGGAATGGTAAACTTTGGAACAATGGCTGGAGTTCGTCAGGATTCAACCAGCA

ACAATGTTCGCTGATCTAGTTCAGTAGTTATACTGGGGAGAAGTACTTCTCCCCCTT

TTTAAAAGGAGAATAACTATGGACTCAGCAGAAAGGAAACTTATTGATCTATACAA

TCTTCTTGCTCAGTATCAAAGAAGTAATGATCCAGGTCTGATTAGTAATATTCAGGC

AATTCGGACTGAAATTTCACAAAACCTAAATGACCGCATTGGTGGTAGTGGTAATG

ACAATATCAACATCAATATAGATGCAGATAATTGTCCTGATGATTGTCCTCCGGGAC

CTCCAGGGCCTCCTGGAGAGCCAGGACCACCAGGGCCTCCAGGACCACCAGG 
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BLASTn alignment for the contig C8217291 

BLASTn search result showed that the assembled query sequence was similar to Saimiriine 

herpesvirus 2 and to other bacterial sequences. The alignment with the top hit (Saimiriine 

herpesvirus 2) was only 8% of total coverage (62 bp matched) with E value of 4e-10 and the 

identity of 87% for the matched region.  

The unmatched 650 base pairs fragment from contigs C8217291 was again subjected to BLASTn 

and BLASTx search separately, which showed that this fragment had no match with reference 

sequences in the NCBI database which indicates that this sequence could belong to a completely 

unknown organism.  

A) Graphic display 
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B) Hit list of aligned NCBI sequences for C8217291 after BLASTn search 

 

BLASTx alignment for C8217291 

After BLASTx search, query sequence had been found to have no significant similarity with 

nucleotides in the NCBI database. This contig could belong to an unknown species as after 

BLASTn and BLASTx search the contig showed partial match to the sequences of NCBI database. 
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3.1.7. BLAST alignment for the scaffold scaffold123145 (845 BP) 

Nucleotide sequence in FASTA format  

>scaffold123145 

TTCGCCTTGAAGGACAAGGACAAGGAACTGGCAAAAGAACGCGGCAAAAGGTCCA

GACTGCAATCCGATGTGATTTTCAAGAATCAGGAGCTGAAGTCTTTCGAAGACAGA

ATCGCTGAACTTGTTCACACCCTCTCCTGCCGCGACATCGAAATCGAACGTCTCACC

TTCGCCTTGAAGAACAAGGAGAACGAAAGGGACTCTCTGCTTGACACGCAAGAGCA

AGAGATCGACGACATTACCCAAAAACTGCAGGAGAAAACCGAGCAACTGGAGCAT

GCCAATCTCGAATTGGAAGCCAAGGGTGAGCAGATCGACGAACTCATGAAGGAACT

CAACGACGTGAAAGAACTGTATTACAACAGGTTGAAAATCGAGGAGCAGCAGGAC

GAAGAAATCGAACGCCTGACGCGCAAGAACAAGAAGCCCTTCAAGGCGGCTGAGT

TGCGGTGGCTGATCGACGGGCACACAGACGTGTTGGAAGAGCATCGCACCGCCATC

CTGGAAGTGCGCGAGGCCATTGACCAGAACAAAGAAACGTTGAGAGCTGCTCAAC

GGGAGATGCTGGCAACCCTTGATCGCCAAGATGGGTTGATCAGCAAGGCGGTTGCC

TGCATCGACAACCACTCGGACTCGATCTACAACCAACAGCAGTCCATCGACGCCTT

GTGGGACTATGTCAAGAGCGTTGCGGCGCACATCAACACAGGTAGCAGTCAGGAGA

ACCCGTGATGAACCCGAACAAATGTGAAACCTGTGACTACTCGAAGATGGGTAGCA

CAGGAGGCTGGTGCTACGTGTGGCGCTCAGAACCAACGCATGTGTGTTATCAAGAT

CGGAAGAGC 
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BLASTn alignment for the scaffold scaffold123145 

BLASTn search result showed the assembled query sequence was similar to a sequence of nasal 

parasite of bird ( the parasite belongs to platyhelminthes phylum), E value was 0.21 and 4% of 

total coverage (40bp matched), and the identity was with 88% with the matched region.  

A) Graphic display 
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B) Hit list of aligned NCBI sequences for the scaffold scaffold123145 after BLASTn search 
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BLASTx alignment for the scaffold scaffold123145 

After BLASTx search, query sequence was aligned with a member of archaea and cyanobacteria. 

The E value was 0.11 for the archaea sequence which implied less significant hit. The fragment 

of scaffold123145 (fragment from 550-845 bp position) was searched using BLASTn and 

BLASTx which also showed no similarity of this fragment with sequences in the NCBI database.   

This contig could belong to an unknown species as after BLASTn and BLASTx search the contig 

showed less similarity with insignificant E-value to sequences of NCBI database  

  

A) Graphic display 

 

 

B) Hit list of aligned NCBI sequences for scaffold scaffold123145 after BLASTx search 
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3.1.8. BLAST alignment for the contig C3668266 (149 BP) 

Nucleotide sequence in FASTA format  

>C3668266 

CCTCTTGGAAGTTCGGTGCGTCCACAGGGTCAAGGCGGATTACCTTGTTGCCCTTCT

TCACCTCAACCGACCAGCGTTTCATCTTGGGTGTGGAAGGAGACGCGCCAGCCGCC

CCAGTGGGTGCTTTGGGTGCTGTGGGTGCTGTGGGT 

BLASTn alignment for the contig C3668266 

BLASTn search result showed that the query sequence was similar to the sequence from bacteria, 

Mus musculus BAC clone (mouse genome) or Anguillid herpesvirus sequence. The E value was 

2e-05 for the top hit (bacteria). Since the query sequence was hitting with different kind of 

sequences with E value ranged from 7e-04 to 2e-05, this sequence is ambiguous in nature. 

BLASTn search of the first hundred base pairs of this contigs C3668266 showed the query 

sequence was similar to the sequence of Streptococcus species with E-value of 0.061 and BLASTx 

search showed this sequence was matched with Campylobacter with insignificant E-value of 5.9 

(higher than 1e-5).  

 A) Graphic display 
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B) Hit list of aligned NCBI sequences for the contig C3668266 after BLASTn search 

 

BLASTx alignment for C3668266 

After BLASTx search, query sequence had been found to have no significant similarity with 

nucleotide nr NCBI database. This contig could belong to an unknown species as after BLASTn 

and BLASTx search the contig showed only partial alignment and less similarity to the sequences 

of NCBI database.  
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3.1.9. BLAST alignment for the contig C5052190 (178 BP) 

Nucleotide sequence in FASTA format  

>C5052190 

TGTTTCGATTGTTTATGAACCACTTGATCAATGGCAGTCTGTTAATGGTCAAAGTTT

ACTTGATAAATTTTATCAAGATACAAAACGGTGGGGATATACCTTTCAATCGTATGC

ATTTGTAACTCGGGTAATGGAGCAAGAAAAATATAAAAAGCTTTATCCTTTATTGCC

CCAAGTA 

BLASTn alignment for the contig C5052190 

BLASTn search result showed that the assembled query sequence had similarity to sequences 

from different species, whereas for top hit (Zebrafish) E value was 0.038. The E value higher than 

0 implied the insignificant alignment with reference sequences.  

A) Graphic display 
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B) Hit list of aligned NCBI sequences for the contig C5052190 after BLASTn search 

 



  

118 

 

BLASTx alignment for the contig C5052190 

BLASTx search showed that the assembled query sequence was aligned with the hypothetical 

protein of uncultured bacteria. The E value was 3e-13 for that protein sequence alignment. The 

identity was 52% for the matched amino acid of 60 and the query coverage was 99%. 

 

A) Graphic display 
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B) Hit list of aligned NCBI sequences for the contig C5052190 after BLASTx search 
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3.1.10. BLASTn alignment for contig C8227460 (756 BP)  

Nucleotide sequence in FASTA format 

>C8227460 

GGGTTCTAGCCAGTGTCAGAGCGCCGCTTGTGGCAATTGTGCCGTATGCCGTATTCG

TTAGCGCGCGATTTAACGCTACGTTCTCCGCGCCTACTTGACTGCCGACTTCAATAA

TCGCCTTCACTACTGCCAAAGCAATTGAATCGGTGGTGGCCTGATTACCAAGTGCCG

ACAATGCCTTCGTTACGGCTAGTATCAGCGCTTCATTGGTTGCTTGATTGCCTGCTTC

GCTGATTGCCTTAACAATTGCCAAAGCCAGCGTTTCATTGCCTGCCTGAGTGCTTCC

TGCTGATGCACCGCGTATCATACCTAGCGTCGCATTAGCCAGCGCCAGCAGCGTGT

AGGCGTTGGCTACACCTAACGTTCGTCCTAGTGTCGCATTGCCTAGCATGGCGGCTG

TATTGCCTACCGTAGCCGACCGTGTAAGCGCTATGGTTGTGCCCTCTGATCCGGCAA

GCGCGTTACCTTGTGTAATTCCTAGCGTTTTCGCTAGTGTTGTATTGCCAGGAACAG

TCGCAATGTTCGCAGCGGTTGCTCCCTCGGTTCTGGCTAGTGTGTTGGCGTCTGTGG

TTGTTAATGTGCTATTTGGTGTAGCGGCGACTGTACGCGCAATAGAAACAGCCCCCA

CACCCGCAAGTATTTCGACTTGGGTTACTCCTGATGTTCTCGTTAACGTCAGGCTAC

CTACCGCGTTTGCAATTTGACTGGATACAACACCTTCGGTGCGGGCTAAAATCTGAC

TCTCGGCAAAAGTTG 
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BLASTn alignment for the contig C8227460 

BLASTn search result showed that the assembled query sequence was ambiguous and the query 

sequence was similar to the sequences from human, bacteria or chimpanzee. E value of the best 

hit was 0.015 for Pan troglodytes (chimpanzee) BAC clone sequence. The E value higher than 

zero implied the insignificant alignment with reference sequences.  

A) Graphic display 
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B) Hit list of aligned NCBI sequences for C8227460 after BLASTn search 
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BLASTx alignment for the contig C8227460 

BLASTx search showed the assembled query sequence was similar to the sequence of 

Streptococcus species with the E value of 0.003. This contig could belong to an unknown species 

as after BLASTn and BLASTx search the contig showed only partial alignment and less similarity 

with insignificant E-value to the aligned sequences of NCBI database  

 

A) Graphic display 

 

 

B) Hit list of aligned NCBI sequences for the contig C8227460 after BLASTx search 
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3.1.11. BLAST alignment for the contig C7779111 (378 BP) 

Nucleotide sequence in FASTA format 

>C7779111 

CGAAGCTGGCGTGTCTTACAGCAAGCTGAACAATGCTGGAATGCGCGCTGCACTGG

TTGCGCATTACGCCAAGTCCGAAGCGGTTGAAGCTGAAGTTGAAGCTGAAGTTGAA

GAGACCCCGACGTCCAACGGCATGTCCTTCGCTCAGATGCTTGGCCTGACACCTGTT

CCCGCTCCTGCCAATGTTGGTAACGCGACCAGCGTTGTTGATGGTAAGCGGGTTGA

AGCTAAGGCATCGAAAGGGAAGGGTGAAGCTCGCACCCGTTCTGAGAAGCCTGCTG

CCCCTGCTGTGCCCCGCGTCTCGCGCAAGGGTTACACGATCCAGAAGGAACGTGAA

GAGCGCAACGGTGTGAAGCGTCCGTCCGAAGGCACTATCTG 

BLASTn alignment for the contig C7779111 

BLASTn search indicated that the query sequence was aligned with Cyprinid herpesvirus 2 as top 

hit. E value of the top hit was 4e-06 with 9% of total coverage (27 bp matched), the identity of 

97% was found with the matched region.  

Fragments of contig C7779111 (1-70 base pairs position), showed similarity with sequence of 

Agrobacterium tumefaciens with E-value of 1.5 after BLASTn and other fragment of the same 

contig (120-378 base pairs position) showed similarity to a sequence from fungi (E-value of 0.72) 

after BLASTn search. BLASTx search showed the sequence was similar to the sequence from 

bacteria with E-value of 0.58  
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A) Graphic display 
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B) Hit list of aligned NCBI sequences for the contig C7779111 after BLASTn search 
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BLASTx alignment for the contig C7779111 

After BLASTx search, assembled query sequence was aligned with sequence from bacteria and 

algae with the E value ranging from 1.5-6.8. High E-value refers that the matched sequences from 

NCBI database were not similar enough to the query sequence.  

This contig could belong to an unknown species as after BLASTn and BLASTx search the contig 

showed only partial alignment and less similarity with insignificant E-value to the aligned 

sequences of NCBI database. 

A) Graphic display 

 

 

 

B) Hit list of aligned NCBI sequences for the contig C7779111 after BLASTx search 
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3.1.12. BLAST alignment for the contig C7843866 (396 BP)  

Nucleotide sequence in FASTA format  

>C7843866 

ACGCCTGCTGCACGCTGGCCAGCATCAACTTGCGCAAGTTCCTAGTACCCACTGCAA

CGGGCTATGAGATCGACCACGAGAAACTGCATGACTGCGTTCGCATGATCACCCGC

AATCTGGACATGATCATTGACGTTAATCACTACCCGGTGCCCGAATGCGCGCAGAA

CTCATATGACTACCGCCCAATCGGCATTGGAATACAAGCCCTGGCCGATGTATTTGC

AATCATGCGAATCCCATTCCTGTCCCCGGAGGCCGCGCGGATTGACATAGAAATCG

CAGAGACAATCTATCACGCAGCCATCACCGAGTCGGCCGCGCGAGCGCAAGTTCAT

GGCGCATACAAGGGCTTTGAGGGCTCGCCCGCCAGCCGCGGGTTGTTCCAGTTCGA

CC 
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BLASTn alignment for the contig C7843866 

BLASTn search result showed the query sequence was ambiguous in nature as the assembled 

query sequence was similar to the sequence from amoeba, fungi or algae. E value of best matched 

hit was 2e-09 for amoeba sequence. The query coverage was 77% and the identity of the aligned 

sequences was 67% 

A) Graphic display 
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B) Hit list of aligned NCBI sequences for C7843866 after BLASTn search 
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BLASTx alignment for the contig C7843866 

After BLASTx search, assembled query sequence was aligned with the conserved ribonucleotide 

reductase superfamily. The query sequence identity to top hit cyprinid herpesvirus 2 (fish virus) 

was 53%, matched length was 71 amino acid out of total 133 amino acids, query coverage was 

99% at E value of 6e-41. 

A) Graphic display 
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B) Hit list of aligned NCBI sequences for the contig C7843866 after BLASTx search 
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3.2.  Alignment of contigs/scaffolds similar to poxvirus sequences with 

sequences of NCBI database  
 

3.2.1. BLAST alignment for the contig C4880850 (164 BP)  

Nucleotide sequence in FASTA format  

>C4880850 

GTTACTACATTGTTAGCCATTGGGGTCGTTGCCGGCCTTGTTCGTATATAGTAAGAC

CCAGTCTTAAGTCCTAACTCCCAGCCCTTTTTCATTACCCCGCGTAAATACTTACTTG

AGTTGTCGCGGAGATATATATTTAGGCTTTGTGATTGGTCAACAAAGGC 
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BLASTn alignment for the contig C4880850 

BLASTn search result showed that assembled query sequence was similar to sequences from fish 

and other species that belonged to phylum Chordata. For the top hit (fish), total coverage was 19% 

(32 bp matched), E value was 0.41 and the identity was 91% with the matched region.  

 

A) Graphic display 

 

 

 

B) Hit list of aligned NCBI sequences for C4880850 after BLASTn search 
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BLASTx alignment for the contig C4880850 

BLASTx search result showed that the assembled query sequence was aligned with the conserved 

ribonucleoside-diphosphate reductase large subunit superfamily. For the query sequence, identity 

to top hit variola virus was 57%, matched length was 28 amino acid out of total 46 amino acids, 

and query coverage was 89% at E value of 5e-10. 

A) Graphic display 
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B) Hit list of aligned NCBI sequences for the contig C4880850 after BLASTx search 
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3.2.2. BLAST alignment for the contig C8246727 (812 BP) 

Nucleotide sequence in FASTA format  

>C8246727 

TGTTTGATCTTTATAATGATTAAATTCTGACATTTATATAATTTACCACTCAGATCAT

CAAATTTCAAGTATATTAGTCTTTCTTGTAGAGTTTCACCTCAGTGATGATACTATCA

ATATTAGCCATGGCTCCGTTACCAACGTAACCACAGAATAGTTCTTTCTCGATAGGA

TCAATCACACGGATTCCCCATGACCTGATCTTATCGATGTGCTCCTTGGTGATTGGA

TGCTCCCACATGCGAGTATTCATGGATGGTGCCACGATAAGAGGCTTGTCGAAGTTC

CATGCACGGGCACAGCATGTCAGAAGGTTATCACAGATCCCATTGGCTAATTTAGC

AAGGGTGTTGGCAGAAAGAGGAGCAATGACAAATATATCCGCCCATTTGATCAAGT

CGATATGGAGAACTGTGTCGTCATTTTTATATGCAGACCATTCATCAGAGTCCTCAA

AATCATGCGGATGTTCATAAGGAAAATTATACGAAACGCTTGATCCAAAATGCTTG

GAACTTTCAGTGTGAACACACTTAGTCTTCACCCAACCCATATCACTATACGCTTCT

CCAAATTTATATGCCAGTCGGGAGGCGACACTTCCTGTAAATCCATGTAATATTTTC

ATAAGTTTTTCATATCGTTCGGGGTCCATGCCAGAGGCAGTTTCCTATATTCGACCT

CGGGCATGTCCACATACACACCCACAAGTCCTTCATTCGTCAATTCCTCAGAGGTTC

GTGATTCCGTAGCCTTAGGTGGTCCCTCGACATATACTACACCGATGCGTCTAGGCC

ACAATCCTTTGATGG 
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BLASTn alignment for the contig C8246727 

BLASTn search result showed that the assembled query sequence was similar to sequences from 

fish and other species that belong to phylum Chordata. For the top hit, total coverage was 21% 

(175 bp matched), E value was 4e-17 and the identity was of 73% with the matched region. Low 

e-value implied that the query sequence may be originated from a fish.     

 

A) Graphic display 
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B) Hit list of aligned NCBI sequences for C8246727 after BLASTn search 
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BLASTx alignment for C8246727 

BLASTx search result showed that query sequence was aligned with the conserved flavoprotein 

superfamily. For the query sequence, identity to top hit penguinpox virus was 48%, matched 

length was 87 amino acid out of total 180 amino acids, and query coverage was 66% at E value 

of 8e-49. 

 

A) Graphic display 
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B) Hit list of aligned NCBI sequences for C8246727 after BLASTx search 
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3.2.3. BLAST alignment for the contig C6240514 (238 BP) 

Nucleotide sequence in FASTA format  

>C6240514 

CAAGTCTAAATTAATATTTGAGTCACTAAGTTTTGTATAGTTTTCGTCTTTTTTCTCA

AAGAAGTTTGTTCTTCCTGATATAGCGATTGATTGCATAAAGGAAAGTGGTTGAGAT

ACATTGAATTCCCTTTTTAACCCAAAATCTGTTAGTATGCAATCTGTTGTGTATTTTA

CATAATCTAACATATCTTGTTTATTCATACCCTTCACCCCATCCTCGAAGTAATCATT

TACATAT 

BLASTn alignment for C6240514 

BLASTn search result showed that assembled query sequence was similar to a sequence from 

Minke whale (Balaenoptera acutorostrata). For the top hit, total coverage was 21% (50 bp match), 

E value was 0.053 and the identity was of 84% with the matched region.    

A) Graphic display 
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B) Hit list of aligned NCBI sequences for the contig C6240514 after BLASTn search 
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BLASTx alignment for the contig C6240514 

After BLASTx search, query sequence was aligned with the conserved Ferritin-like superfamily. 

For the query sequence, identity to top hit (Canarypox virus) was 42%, matched length was 25 

amino acid out of total 59 amino acids, and query coverage was 74% at E value of 3e-11. 

A) Graphic display 
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B) Hit list of aligned NCBI sequences for the contig C6240514 after BLASTx search 
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3.2.4. BLAST alignment for C7753049 (371 BP) 

Nucleotide sequence in FASTA format  

>C7753049 

CTCTTCGCTTTCTGAGGACTTACGGATATACAAGACGTACTTTTCCATATAGTCGCA

ATTATGCCCTAGTTGGGTAATTCCTCAAATCAACAGTAGAAATATCATCGACTATGT

CTAGATCAATCTCAATAATACGCCGCTTTAATTGCTCCAAATTCTCCCCCTTACGAA

CCCATGCAAAAGAGTCATCTATAGCCTGTGGAGAGGTGAAGATAATGAACGGCGAG

TTGAGGGGTATCGAGCCACCTTTGAAAAAGAGATTGCATGGATAGCGGTCAGTGAT

CTTGAGGAGCTGCTCAAAAGGCACGTTCCCTTCACGGAAGTCGTCGAACAATAAAC

ACTCCTGTTGTGAGTATCCCGTGCCAATCCAA 
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BLASTn alignment for C7753049 

BLASTn search result showed that assembled query sequence was similar to a sequence from a 

tape-worm (Spirometra erinaceieuropaei). For the top hit, total coverage was 11% (43 bp 

matched), E value was 0.11 and the identity was of 86% with the matched region.    

A) Graphic display 

 

 

B) Hit list of aligned NCBI sequences for C7753049 after BLASTn search 

 

 

 

 

 

 

 



  

148 

 

BLASTx alignment for the contig C7753049 

BLASTx search result showed that query sequence was aligned with the sequence of sewage-

associated circular DNA virus-11 as top match. The query sequence was 42% identical to the top 

hit sequence, matched length was 27 amino acid out of total 75 amino acids, and query coverage 

was 60% at E value of 8e-07. The BLASTn and BLASTx search of first 1-135 base pairs position 

showed no similarity to the sequence of NCBI database. 

 

A) Graphic display 
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B) Hit list of aligned NCBI sequences for C7753049 after BLASTx search 
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3.2.5. BLAST alignment for the contig C6842206 (263 BP) 

Nucleotide sequence in FASTA format  

>C6842206 

CGCAGACTGCGTTGAGCTTGGAGACCTTTTCGGCAAGAGGGATGAGGTTGATGATA

TTCCCGAAGGGCTTGCGCTCAAAGGTTCCATCCAAAGCAGCCACAACCACTATTTTG

TTCATGTTAGCAAGCTCCTCACAGAAATCAACGATGTCGGAGAAGAACTGTCCCTC

ATCGATTCCGACAACATCATAGTTTTAAGCATGGGACACCCATTTCATAAGGGTCGA

AGTTTTTAGAGCTTTTCTGGTGATTCTGAATAGAAGA 

 

BLASTn alignment for the contig C6842206 

BLASTn search result showed that assembled query sequence was similar to the sequences of fish 

and birds genome. For the top hit (sequence from a fish) total coverage was 67% (177 bp matched), 

E value was 2e-21 and the identity was of 74% with the matched region.    

A) Graphic display 
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B) Hit list of aligned NCBI sequences for the contig C6842206 after BLASTn search 
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BLASTx alignment for the contig C6842206 

BLASTx search showed that assembled query sequence was aligned with the sequence of 

swinepox virus as the top match and with sequences of fish. For the top hit, identity to the matched 

length was 66%, matched length was 52 amino acid out of total 79 amino acids, and query 

coverage was 90% at E value of 1e-28. 

 

A) Graphic display 
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B) Hit list of aligned NCBI sequences for the contig C6842206 after BLASTx search 
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3.2.6. BLAST alignment for contig C7235113 (292 BP) 

Nucleotide sequence in FASTA format  

>C7235113 

ATAATCCTGCTACTATAGCTGCAGCAATTGCTATATACATTACCATAGATTCCCAGT

CTACTCCAACTGATTGTGTGATATTAACATTATTAACTGCTTCTAAAGCTACATTCAT

AACTACTTTTACAACACAATTTGCTGCACTTTGTCCCACATTAAGAATTTGAAAAGT

AACAGGAGTTCCAGTAGCATTACAAGTTCCAAAATTATAATTGTTAACTTTTATCTC

ATTATTTACTAAAGCGTTTGCTTTACATTCATTAGTTAAAAATGTTTGAACATCATTA

GTAAA 

BLASTn alignment for the contig C7235113 

BLASTn search result showed that query sequence was similar to the sequence of human BAC 

clone. For the top hit, total coverage was 14% (42 bp matched), E value was 0.019 and the identity 

was 86% with the matched region.    

A) Graphic display 
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B) Hit list of aligned NCBI sequences for the contig C7235113 after BLASTn search

 



  

156 

 

BLASTx alignment for the contig C7235113 

BLASTx search showed that assembled query sequence was aligned as the top match with the 

sequence of Molluscum contagiosum virus (a poxvirus that produces skin infection) and with the 

sequence of other poxviruses. Identity of the matched length was 37% for the top hit sequence, 

matched length was 29 amino acid out of total 79 amino acids, and query coverage was 80% at E 

value of 4e-09. 

A) Graphic display 
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B) Hit list of aligned NCBI sequences for the contig C7235113 after BLASTx search 
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3.3.  Alignment of contigs/scaffolds similar to retrovirus sequences with 

sequences of NCBI database  

3.3.1. BLAST alignment for the contig C7407449 (312 BP) 

Nucleotide sequence in FASTA format  

>C7407449 

ATATGCGACTGCCCAACTCGCGAGCCTTCGCTGCCCCGCAGTCTTTCACCTTACCCT

CATTTCGAGATGCTCTTGTAAGCATGAGGGGCCCGACGTACTTCGGGAAAATTGAT

CTGACGGACGCCTTCTATAGCCTGCCGCTGCACCCTGATCTCCAACCGTACTTCGCG

GTGTGGTCCGGTCGGCGACGCCGGATGACATACAGAGTCATGCCGCAGGGGTGGTC

ATGGTCCCCGTACATCTTTCAGACCTCGCTGGCTCCAATTCAAGATCTCGTGCATCG

CCTGCACCCCGCAGTTCGAATGATTCGCT 

BLASTn alignment for the contig C7407449 

BLASTn search result showed that assembled query sequence was similar to sequence of bacteria. 

However, the alignment was not significant as the alignment had higher E-value of 3.0, only 14% 

of total coverage (45 bp matched) and the identity of 82% with the matched region.  

A) Graphic display 
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B) Hit list of aligned NCBI sequences for the contig C7407449 after BLASTn search 
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BLASTx alignment for the contig C7407449 

BLASTx search result showed that the assembled query sequence was aligned with the sequence 

of conserved reverse transcriptase-like protein superfamily of Simian immunodeficiency virus. 

For the query sequence, identity to the aligned sequences ranged from 36 – 40%, matched length 

was 29 amino acid out of total 72 amino acids, query coverage was 63% and E value was 8e-09. 

A) Graphic display 
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B) Hit list of aligned NCBI sequences for the contig C7407449 after BLASTx search 
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3.3.2. BLAST alignment for the contig C4274868 (151 BP) 

Nucleotide sequence in FASTA format  

>C4274868 

TCACATCAGACAGCAATGATACCAATTGGCGTTGCATTTGAGATAGAAAAAGGGTG

TGTCGGTCTTATTTGGGATAAGTCGTCGATTGGTTCAAAAAGCTTAAAGACACTAGG

TGGGGTGATAGATGCTGGGTACCGTGGTGAAGTGTCAG 

 

BLASTn alignment for the contig C4274868 

BLASTn search result showed that the assembled query sequence was similar to sequence of 

Sumatran orangutan (Pongo abelii). However, that alignment was not significant as the alignment 

showed higher E-value. For the top hit, E-value was 0.36, matched sequence was 46 bp long, and 

identity was 83% with 29% of query coverage. 

 

A) Graphic display 
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B) Hit list of aligned NCBI sequences for the contig C4274868 after BLASTn search 
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BLASTx alignment for the contig C4274868 

BLASTx search result showed assembled query sequence was similar to the protein coding 

sequence of trimeric dUTP diphosphatase protein superfamily of feline immunodeficiency virus 

(Trimeric dUTP diphosphatases, or dUTPases, are the most common family of dUTPase, found 

in bacteria, eukaryotes, and archaea). For the best aligned sequence against the query sequence, 

identity was 75%, matched length was 30 amino acid out of total 48 amino acids, query coverage 

was 85%, and E value was 6e-12. The sequence was ambiguous due to short length with best 

match as bacterial sequence (75%) alignment. It suggests that this sequence was most likely 

originated from a bacteria.   

A) Graphic display 
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B) Hit list of aligned NCBI sequences for the contig C4274868 after BLASTx search 
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3.3.3. BLAST alignment for the contig C6591025 (249 BP) 

Nucleotide sequence in FASTA format  

>C6591025 

GTTGGCTTACTACGCGAACGTTACTCTATTGGCAAAAAGGGACTTAAGGTAGCTGG

CGGAGTTATTGATGTTGGCTATTCTGGAGATATTTCAGTACTCCTAATGAATGTTAG

CGCAGACAACTTAGATATGCGAGGATACGAAATTAAACCAGGGGATAGGATTGCTC

AAATTCTTATTGTACCTGCAGATAGTTATCCAATTGTAGTAGTAGATACTCTTTGGA

CTAGTGAACGCGGAAGTAAATCT 

BLASTn alignment for the contig C6591025 

BLASTn search result showed assembled query sequence was similar to the sequence of nematode 

(Wolbachia endosymbionts). However, these alignment was not significant as the alignment had 

higher E-value of 0.055, 23% of total coverage (65 bp matched) and the identity was 77% with 

the matched region. 

A) Graphic display
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B) Hit list of aligned NCBI sequences for the contig C6591025 after BLASTn search 
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BLASTx alignment for the contig C6591025 

BLASTx search result showed assembled query sequence was similar to the protein coding 

sequence of trimeric dUTP diphosphatase protein superfamily of feline immunodeficiency virus 

(Trimeric dUTP diphosphatases, or dUTPases, are the most common family of dUTPase, found 

in bacteria, eukaryotes, and archaea). For the best aligned sequence against the query sequence, 

identity was from 45%, matched length was 37 amino acid out of total 82 amino acids, query 

coverage was 98% at E value of 4e-10. Within 5 top hits, one sequence was from Marinitoga 

piezophila, a bacteria. This sequence probably was also originated from a bacterial sequence that 

had some sequence similarity to Retroviridae family.  

 

A) Graphic display 
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B) Hit list of aligned NCBI sequences for the contig C6591025 after BLASTx search 

 



  

170 

 

4.1.  Hierarchical clustering for viruses detected in the RNA libraries of 

individual patients 
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4.2.  Hierarchical clustering for viruses detected in the DNA libraries of 

individual patients  
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5. Human picobirnavirus RNA dependent RNA polymerase used in the 

phylogenetic analysis  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

Name of RdRp Genbank ID 

HumanP_US1 GI:261865298 

HumanP_US2 GI:261865296 

HumanP_US3 GI:261865306 

HumanP_US4 GI:261865292 

HumanP_US5 GI:261865290 

HumanP_US6 GI:12407606 

MouseP_US GI:343196972 

FoxP_Netherland GI:645393520 

MicrotusP_US GI:343196974 

PorcineP_Italy GI:583925938 

TurkeyP_US GI:629511266 

HumanP_US8 GI:12407606 

PorcineP_China1 GI:594499180 

PorcineP_China2 GI:594499183 

PorcineP_China3 GI:594499174 

HumanP_Pakistan GI:261865226 

FelineP_Portugal GI:557361107 
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6.1 Human papillomavirus capsid and transcription regulatory protein used 

in the phylogenetic analysis  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Name of HPV capsid protein Genbank ID 

HPV_type_123 GI:296495866 

Human papillomavirus type 139 GI:343411551 

Human papillomavirus type 170 GI: 409183147 

Human papillomavirus type 155 GI:353441726 

Human papillomavirus type 138 GI:343411543 

Human papillomavirus type 109 GI:225927566 

Human papillomavirus type 134 GI:319962667 

papillomavirus type 149 GI:312451788 

Human papillomavirus type 180 GI:443498384 

Human papillomavirus type 121 GI:297342362 

Human papillomavirus type 173 GI:564732537 

Human papillomavirus type 133 GI:312451820 

Human papillomavirus type 142 GI:343411575 

Human papillomavirus type 130 GI:312451796 

Human papillomavirus type 8 GI:333074 

Human papillomavirus type 99 GI:238623435 

Human papillomavirus type 105 GI:238623458 

 Human papillomavirus type 5 GI:68159730 

 Human papillomavirus type 5 GI:484221 

Human papillomavirus type 5b GI:222402 

Human papillomavirus type 47 GI:333062 

HPV_type_36.1 GI: 896393 

HPV_type_36.2 GI: 623455 
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6.2. Human papillomavirus transcription regulatory protein used in the 

phylogenetic analysis 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Name of HPV transcription regulatory protein (E1) Genbank ID 

HPV_type_4 GI:312084 

Human papillomavirus type 65 GI:312100 

Human papillomavirus type 95 GI:40804520 

Human papillomavirus type 173 GI:564732532 

Human papillomavirus type 163 GI:409183121 

Human papillomavirus type 156 GI:410443770 

Human papillomavirus isolate 915  GI:371486204 

Human papillomavirus type 6 GI:6002612 

Human papillomavirus type 11 complete genome GI:335334258 

Human papillomavirus - 18 GI:9626069 

Human papillomavirus type 31 isolate QV12357 GI:337238071 

Human papillomavirus type 53  GI:9627377 

Human papillomavirus type 58 complete genome GI:222386 

Human papilloma virus type 59 GI:557236 
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7. African swine fever virus used in the phylogenetic analysis  
 

 

 

 

 

 

 

 

 

 

 

  

Name of ASF virus  Genbank ID 

BA71V GI: 9628113 

Benin 97/1 GI: 162849209 

Kenya 1950 GI 33772320 

ASFV_Malawi_Lil-20/1 GI :33772321 

ASFV_Mkuzi_1979 GI: 33772322 

Pretorisuskop/96/4 GI: 33772323 

Tengani_62 GI: 33772324 

ASFV_Warmbaths GI: 33772325 

Warthog GI: 33772326 

ASFV_ E75 GI:291289440 

OURT 88/3 GI: 162849383 

ASFV_Georgia_2007/1 GI: 303398661 
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8. Different protein coding contigs/scaffolds of ASFLV are quite divergent from the 

proteins of ASFV at the NCBI database (from pig). Scaffolds were searched against protein 

database using BLASTx, and the level of identity of sequences with matched database proteins 

was determined.  

  

Sequence ID Length 

of 

Sequence 

(BP) 

Match 

(AA) 

Identity at 

amino acid 

level (%) 

Matched Protein 

scaffold36309 257 56 57.14 Cysteine protease S273R; 

scaffold68529 285 44 56.82 Capsid protein 

scaffold84041 274 41 53.66 Topoisomerase 

scaffold152037 456 63 38.1 Topoisomerase  

C5493134 210 63 47.62 Putative DNA primase 

C7573228 335 41 51.22 220kDa Polyprotein 

C8357811 1939 59 42.37 Origin binding protein 

C8080867 530 99 42 RNApol1 

C8031519 489 83 46.99 p72/capsid protein 

C7902053 418 56 38.71 DNA ligase 

C7753971 371 39 53.85 DNA polymerase 

C7730295 366 20 60 capping enzyme large subunit 

C7735476 367 71 45.07 Poly (A) polymerase-large 

subunit 

C7456564 318 50 62.07 RNA helicase 

C7457362 318 103 42.72 Proliferating cell nuclear 

antigen 

C7317142 301 59 55.93 ATP- or GTP-binding motif 

C7100259 279 37 40.54 8-Hydroxy-dGTpase 

C6995270 273 45 62.5 Alpha-NAC binding/serine 

proteinase inhibitor 
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9. Confirmation of PCR products (sequences similar to ASFLV origin binding protein, 

helicase and capsid coding genes) amplification by Bioanlyzer (A and B) or QIAxcel A) 

Origin binding protein region, partially amplified by nested PCR, as shown in the 

electropherogram. B) Partial amplification of helicase protein by nested PCR, as shown in the 

electropherogram. C) Partial amplification of capsid protein by nested PCR, as shown in the 

electropherogram. 
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10. Summary of the PCR experiment seeking to detect ASFV-like virus in 

samples of other body parts of the two positive patients. 

Patient Types  Capsid Concentration 

of DNA (ng/μL) 

Amount of DNA used 

as template(ng in 25 

μL PCR reaction mix) 

PSC Plasma (4/3/2011) - 6.5  30 

 Plasma (14/2/2012) + 5.5 25 

 White Blood cells 

(14/2/2012) 

- 465 50/100 

 Liver (1/2/2014) - 2655 50/100 

UC1 Colon tissue - 1221 50/100 

 Lymph node (colon) - 627 50/100 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

181 

 

11. Test for ASFLV-like sequences in other patients  

Patient Concentration of DNA  

(ng/μl) 

Amount of DNA 

used as 

template(ng in 25 

μL PCR reaction 

mix) 

Result 

CDC05 19.9 50/100 - 

CDC06 550 50/100 - 

CDC10 538 50/100 - 

CDC12 1433 50/100 - 

CDC19 1642 50/100 - 

UCC01 584 50/100 - 

UCC04 1554 50/100 - 

UCC06 1818 50/100 - 

UCC07 73.9 50/100 - 

UCC13 1788 50/100 - 

 

 

 

 

 

 

 

 

 

 

 

 

  



  

182 

 

12. Primer sets used for PCR experiments  

 

Protein Types  Primers Round of 

amplification 

Capsid Forward CCGATCCAATCACAATAACGG First 

 Reverse ACGAAATTACTTTCGCAGCG First 

 Forward CACAATAACGGTAAAGAGCGC Second 

 Reverse ACTTTCGCAGCGTATTCAATC Second 

Helicase protein Forward GGAAATTACGAATCTTCTCGAGTG First 

 Reverse GTAACAAATACCTCTGCGGTTG First 

 Forward CGGACAGGATACGAACGAAC Second 

 Reverse CTGCGGTTGCTCGAGGTATAG Second 

Origin binding  Forward ACGGTGTAGTGATTCAACCTG First 

 Reverse CTGAGACAGATCTCGCGATTTAC First 

 Forward CGATAATACTTGGGAAATCGTCG Second 

 Reverse CATCATAGAGCACATGATCGC Second 
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13.  Distribution of the major taxonomic groups of sequences using entire datasets. BLASTn 

and BLASTx were used to recognize the assembled longer sequences (contigs/scaffolds). 

Sequences are grouped based on their sequence similarity (BLASTn) with and protein homology 

(BLASTx) to bacteria, humans, plants, phages and viruses 

Taxonomy Reads 

count 

Reads 

count  

(% by 

count) 

Contigs/ 

Scaffolds 

count 

Contigs/

Scaffold 

count 

(% by 

count) 

Contigs/ 

Scaffold 

length (bp) 

Contigs/

Scaffold 

length 

(% by 

length) 

Size range 

(bp) 

Bacteria 92,766,644 58.29 1,024,798 37.65 423,342,611 52.2 145,465-100 

Human 2,725,951 1.71 252,300 9.27 54,634,574 6.74 26,975-100 

Plant 1,904,643 1.19 16175 0.6 4,335,416 0.53 35,575-100 

Phage 8,173,600 5.13 32,412 1.19 17,711,247 2.18 172,009-100 

Virus 1,674,168 1.05 2492 0.1 996,354 0.12 6,397-100 

 

 


