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Abstract

In clinical virome research, whole-genome/transcriptome amplification is required when starting 

material is limited. An improved method, named “template-dependent multiple displacement 

amplification” (tdMDA), has recently been developed in our lab (Wang et al. (2017) 

BioTechniques 63:21–25). In combination with Illumina sequencing and bioinformatics pipelines, 

its application in virome sequencing was explored using a serum sample from a patient with 

chronic hepatitis C virus (HCV) infection. In comparison to an amplification-free procedure, 

virome sequencing via tdMDA showed a 9.47-fold enrichment for HCV-mapped reads and, 

accordingly, an increase in HCV genome coverage from 28.5% to 70.1%. Eight serum samples 

from acute patients liver failure (ALF) with or without known etiology were then used for virome 

sequencing with an average depth at 94,913x. Both similarity-based (mapping, NCBI BLASTn, 

BLASTp, and profile hidden Markov model analysis) and similarity-independent methods 

(machine-learning algorithms) identified viruses from multiple families, including Herpesviridae, 

Picornaviridae, Myoviridae, and Anelloviridae. However, their commensal nature and cross-

detection ruled out an etiological interpretation. Together with a lack of detection of novel viruses 

in a comprehensive analysis at a resolution of single reads, these data indicate that viral agents 

might be rare in ALF cases with indeterminate etiology.
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Introduction

The human virome, defined as the collection of all viruses at a given anatomical site, is an 

emerging topic in biomedical research [1]. An essential step in human virome research is to 

taxonomize and/or discover known and novel viruses. Methodologically, this can be 

achieved by using next-generation sequencing (NGS), a so-called metagenomics or 

metatranscriptome approach [2]. An unsolved issue in viral metagenomics, however, is its 

low sensitivity due to the overwhelming number of sequencing reads from the human 

genome in NGS data output (reviewed in reference 3). A standard pipeline of library 

construction in NGS is often associated with the loss of low-abundance DNA/cDNA species 

[4], which is a challenge when working with a human specimen that is limited in quantity. 

An amplification step is thus required prior to library preparation. For this purpose, phi29-

DNA-polymerase-based multiple-strand displacement amplification (MDA) is frequently 

employed for whole-genome or whole-transcriptome amplification due to its high fidelity 

and low amplification bias [5]. A notable concern about MDA is the generation of artifacts 

from high concentrations of primers, which sometimes account for up to 70% of NGS data 

[6, 7]. By designing random pentamer primers with their 5’ ends blocked by a C18 spacer, 

we have recently found that these kinds of artifacts can be eliminated completely from an 

MDA that works in a template-dependent manner (tdMDA) [8]. In the current study, we 

have explored the utility of this technique for studying the virome in human serum, which is 

the most common type of clinical specimen and is notorious for its low concentration of 

circulating nucleic acids and highly degraded nature [9]. We first evaluated the efficiency of 

tdMDA using a serum sample from a patient with chronic hepatitis C virus (HCV) infection 

and then applied the method to patients with acute liver failure (ALF) with unknown 

etiology.

Materials and methods

Patient samples

A serum sample from our sample repository was included in the study under Saint Louis 

University Institutional Review Board protocol 10592. This serum sample, available in a 

large volume, was collected from a patient with chronic HCV infection who had an HCV 

viral load at 4.3 × 106 copies/mL (approximately equivalent to 4.73 × 106 IU/mL) as 

quantified by Roche Amplicor HCV Monitor (v2.0). Using HCV as a model virus, the 

sample was used to estimate the efficiency of our experimental protocol for virome 

sequencing.

A total of eight serum samples, 0.5 mL each, were obtained from the Acute Liver Failure 

Study Group (ALFSG), an NIDDK-sponsored ongoing clinical trial (ClinicalTrials.gov 

identifier: ).
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Since 1998, the ALFSG registry has enrolled and collected bio-samples from patients 

meeting the standard definition of acute liver failure (coagulopathy with international 

normalized ratio (INR) ≥ 1.5 and any degree of hepatic encephalopathy) at 23 transplant 

centers across North America. Informed consent was obtained from next of kin in all 

instances, since the patient by definition had an altered mental status. All samples were 

collected on day 1 of study enrollment from ALF with indeterminate etiology (n = 5) or 

known etiology (acetaminophen-related acute liver failure) (n = 3) and promptly frozen at 

−80°C until use. The etiology in each case was determined initially by the site investigator 

but was supplemented by later review by a causality committee composed of senior 

hepatologists with access to additional data in many instances. The designation 

“indeterminate” was based on this additional review [10]. Five indeterminate ALF cases 

were deemed suitable for further analysis. All samples were coded and shipped to our lab at 

Saint Louis University, and the study protocol was reviewed and approved by the Saint 

Louis University Institutional Review Board (assurance no: FWA00005304).

RNA extraction, reverse transcription (RT), tdMDA, and Illumina sequencing

Total RNA was extracted from 140 μL of serum and eluted into 60 μL of Tris buffer (pH 8.5) 

using a QIAamp Viral RNA Mini Kit (QIAGEN, Valencia, CA). Despite the name of the kit, 

it actually extracts both cell-free DNA and RNA larger than 200 bp, as indicated by the 

manufacturer. Total RNA was used for reverse transcription (RT)-tdMDA as described 

previously [8]. In brief, 10.6 μL of extracted RNA was mixed with 9.4 μL RT matrix 

consisting of 1x SuperScript III buffer, 10 mM DTT, 80 μM exonuclease-resistant random 

pentamer primers with their 5′ ends blocked by a C18 spacer [8], 2 mM dNTPs (Epicentre), 

20 U (0.5 μL) of RNaseOUT Recombinant Ribonuclease Inhibitor (Invitrogen), and 200 U 

of SuperScript III reverse transcriptase (Life Technologies). The reaction was incubated at 

37°C for 30 minutes and 50°C for 30 minutes and inactivated at 70°C for 15 minutes. An 

aliquot of 4 μL of RT reaction was used for tdMDA in a 40-μL volume consisting of 1x 

phi29 DNA polymerase buffer, 1 mM dNTPs, 80 μM random pentamer primers (the same as 

used for RT), and 20 units of phi29 DNA polymerase (New England Biolabs, Ipswich, MA). 

The reaction was incubated at 28°C for 14 hours and then terminated by heating at 65°C for 

15 minutes. After the purification using a QIAamp DNA Mini Kit (QIAGEN), 1 ng of RT-

tdMDA product at a concentration of 0.4 ng/μL was used for library construction with a 

Nextera XT DNA Sample Preparation Kit (Illumina, San Diego, CA) and sequencing on the 

Illumina MiSeq platform (1 × 250-bp single reads and mid-output) at MOgene (St. Louis, 

MO). A negative control in which water was used instead of total RNA in RT-tdMDA was 

also included for Illumina sequencing.

In addition to RT-tdMDA-based Illumina sequencing, the HCV sample was processed for 

direct sequencing without an amplification step. In this procedure, the RT reaction (first 

cDNA strand synthesis), was performed as described above using total RNA extracted from 

4 mL of serum. All RT reactions were then combined and purified using a QIAquick 

Nucleotide Removal Kit (QIAGEN), followed by second-strand synthesis using the reagents 

from a SuperScript Double-Stranded cDNA Synthesis Kit (Invitrogen). After purification, 

approximately 0.9 μg of double-stranded cDNA was obtained. An aliquot of 1 ng of cDNA 

was used for library preparation and sequencing as described above.
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Estimation of the efficiency of serum virome sequencing via tdMDA

Raw sequence reads in fastq format from the HCV patient were first filtered in PRINSEQ 

(v0.20) for read quality control to include read length ≥70 bp, mean read quality score ≥25, 

low complexity with DUST score ≤7, ambiguous bases ≤1%, and all duplicates [11]. Using 

Bowtie 2 mapper [12], quality reads from human sequences (The National Center for 

Biotechnology Information [NCBI] GRCh38 build) [13], NCBI microbial reference 

sequences for bacteria, archaea, fungi and protist (downloaded on September 11, 2018) [14], 

and microbial reference genome sequences from the Human Microbiome Project (HMP) 

were subtracted sequentially [15]. HCV-specific reads were then extracted using Bowtie 2 by 

indexing 184 HCV reference sequences downloaded from the HCV database [16]. Using a 

two-step strategy developed in our previous study [17], a patient-specific HCV consensus 

sequence was generated, and this served as the reference for read mapping. The percentage 

of HCV-specific reads and the HCV genome coverage were compared between the 

experimental protocols with or without tdMDA amplification.

Virome analysis in ALF patients

After the read quality control and subtraction as described above, the remaining reads were 

subjected to a stepwise procedure for complete annotation. First, reads from eight ALF cases 

and the control were mapped onto NCBI viral reference sequences (9,687 complete viral 

genomes downloaded on September 11, 2018) [14], followed by read assignment to the 

mapped viral genome using SAMtools [18], a procedure called “viral categorization” [19]. 

Second, upon an additional subtraction from NCBI viral reference sequences and the 

negative control, reads from each sample were assembled de novo using the short-read 

assembler SPAdes [20]. The resulting contigs were combined with unassembled reads 

(singletons) to generate a sequence dataset that was re-labelled with a sample identifier 

using PRINSEQ [11]. All eight sequence datasets were then pooled together and compressed 

by similarity at 90% with CD-HIT [21], followed by the removal of sequences with a low 

complexity (DUST score >7) in PRINSEQ [11]. These sequences were annotated using a 

similarity-based strategy, first by NCBI BLASTn comparison against the NCBI collection of 

nucleotide acid sequences (database “nt”) with a conserved e-value setting of 1 × 10−5. 

Sequences with no BLASTn hits were translated in all six reading frames using a custom 

script [22]. Amino acid sequences were searched using BLASTp against the NCBI non-

redundant protein database (“nr”), also with an e-value of 1 × 10−5. Amino acid sequences 

without BLASTp hits were used for a remote homology search using profile hidden Markov 

model (HMM) analysis in HMMER (v3.2.1) [23]. In this way, a search with default settings 

were performed consecutively with three rounds of profile-HMM built from NCBI viral 

RefSeq except for phage (vFam) [24], prokaryotic virus orthologous groups (pVOGs) 

(phages) [25], and the collection of protein families (Pfam, 17,929 entries in version 32) 

[26]. Those sequences without HMMER hits were examined for possible viruses using a 

machine-learning method implemented in VirFinder using the model of 

“VF.modEPV_k8.rda”, which was trained using 5,800 eukaryotic virus sequences collected 

from NCBI [27].

Finally, sequences suspected to be of viral origin were examined using the following criteria: 

supported by >25 reads from the original data, lacking cross-mapping in one of three ALF 
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cases with known etiology and the negative control, and not a tandem repeat [28]. Only 

sequences that met the criteria were considered candidate viral sequences. In addition, given 

the potential genome similarity between bacteria and viruses, the criteria were also applied 

to sequences with bacterial hits. One of the bacterial sequences that met the criteria was 

selected for PCR to determine whether it was present in the serum or was a contaminant 

from the experimental pipeline.

Confirmation of a bacterium-like sequence by PCR and Sanger sequencing

For a selected bacterium-like sequence that was present in one ALF case with unknown 

etiology, RT-PCR was conducted with primers designed from its predicted coding region. In 

brief, 10 μL of total RNA was used for 20-μL RT consisting of 1x SuperScript III reverse 

transcriptase buffer, 10 mM DTT, 1 μM reverse primer R1 (5′- TCG GCA ACA ACA AGA 

CCA TC - 3′), 1 mM dNTPs (Invitrogen), 16 U of RNasin Ribonuclease Inhibitor 

(Promega), and 200 U of SuperScript III reverse transcriptase (Invitrogen). The reaction was 

incubated at 50°C for 45 min and inactivated by heating at 70°C for 15 min. The first round 

of PCR was done with 5 μL of RT product in a 50-μL reaction including 1x Q5 polymerase 

buffer, 0.8 mM dNTPs, primers R1 and F1, each at 0.4 μM (F1, 5′- GCT CTC ATC TTA 

CCC GTC CC −3′), and 1 U of Q5 DNA polymerase (New England Biolabs). Cycle 

parameters were programmed as 94°C for 1 min connected by the first 5 cycles of 94°C for 

1 min, 60°C for 1 min and 72°C for 1 min, linked by 25 cycles in which the annealing 

temperature was reduced to 50°C (touchdown protocol), followed by a final 7-min 

incubation at 72°C. A 2-μL aliquot of the first-round PCR product was used for the second 

round of PCR with primers F2 (5′- AAA GGT GGA GAG AGT TGG CG −3′) and R2 (5′- 

GCA GGA ATG CAG AAG CGA C −3′) using the same cycle settings. The product was 

gel-purified and subjected to direct sequencing as described previously [29].

Data availability

Raw sequence data in fastq format from the HCV patient, eight ALF cases, and the negative 

control were deposited in the NCBI Sequence Read Archive (SRA) under BioProject ID: 

PRJNA527118. A bacterium-like sequence identified in an experimental reagent in the 

current study was also deposited in the GenBank database under the accession number 

MK659570.

Results

Enhanced HCV detection via tdMDA-mediated serum virome sequencing

To minimize the influence of low-complexity reads from homogeneous regions on read 

count, human and bacterial sequences were first removed from the serum virome sequencing 

data, which were then mapped onto the HCV reference sequences. Consequently, there were 

457 and 56 HCV-mapped reads, respectively, from the virome sequencing with and without 

an amplification step by tdMDA. The tdMDA-based approach gave a 9.47-fold enrichment 

with regard to HCV detection (457/1,597,044 vs. 56/1,853,336) (Fig. 1). The read coverage 

of the HCV genome was also increased from 28.5% to 70.1% upon the inclusion of an 

amplification step (Fig. 1). Finally, both library preparation methods showed a similar read 

mapping pattern that was centered on a 3,000-bp region in the HCV nonstructural region 
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from NS3 to NS5a (Fig. 1). Therefore, tdMDA did not result in an apparent bias compared 

to direct library construction of double-stand cDNA from serum.

Detection of known viruses in ALF patients by read mapping

The experimental protocol for the HCV patient was applied to eight ALF cases with 

(acetaminophen overdose for cases 6, 7, and 8) or without known etiology (cases 1, 2, 3, 4, 

and 5). Because tdMDA eliminates primer-related artifacts but not the contamination from 

the regents, the negative control that showed a positive amplification was also included for 

Illumina sequencing [8]. After read quality control, the average number of reads for each 

ALF case was 7,641,992 ± 2,553,282, with a read length at 248.4 ± 1.83 nt. Given that the 

typical product size for RT-tdMDA is 20 kb [8], these data were transformed into a 

sequencing depth of 94,913x, which is approximately 4.4 times deeper when compared to 

the assignment for the HCV patient. Using an empirical read number cutoff of ≥ 5, the 

mapping detected a total of 43 viruses that were present in at least one ALF patient. These 

viruses belonged to the families Herpesviridae, Picornaviridae, Myoviridae (bacteriophage), 

and Anelloviridae (Fig. 2). Not surprisingly, torque teno virus (TTV) was a major virus 

detected in all of the ALF cases except for cases 2, 4, and 6. Cases 5 and 8 had a large 

number of mapping reads assigned to TTV. All of the viruses from the four families were 

detected in all eight ALF cases, suggesting a lack of etiological association.

Analysis of unmapped reads from ALF patients

After subtractive mapping to NCBI reference sequences, microbial genomes from HMP, and 

sequences from the negative control, unmapped reads occupied a small portion of the data: 

36,856 (0.58%), 16,990 (0.25%), 4,105 (0.06%), 12,029 (0.14%), 21,117 (0.28%), 172,538 

(1.23%), and 28,752 (0.42%) reads for cases 1, 2, 3, 4, 6, 7, and 8, respectively. An 

exception was case 5, in which 3,430,454 reads (56.99%) were unmapped. Case-based de 
novo assembly of these unmapped reads generated 18,436 contigs. Together with unmapped 

reads to the contigs (i.e., singletons), a total of 25,457 sequences were collected from all 

eight ALF cases. After the removal of short (<100 nt) and low-complexity sequences (DUST 

score >7 in PRINSEQ), these sequences were further compressed by 90% similarity in CD-

HIT. Eventually, a total of 10,923 sequences were subjected to similarity-based annotation. 

First, BLASTn analysis resulted in 3,733 hits, mostly associated with the human genome or 

viruses of the family Anelloviridae (Supplementary Table 1). The remaining 7,190 

sequences were translated in all six reading frames into 9,089 coding fragments ranging 

from 12 to 671 amino acids, which successively had 1,929 unique matches in the “nr” 

database in a BLASTp search (Supplementary Table 2), 229 hits in vFam, 119 hits in 

pVOGs, and 305 hits in Pfam by HMMER. vFam, which includes sequences from all known 

eukaryotic viruses, is a valuable resource for virus discovery. Among 64 vFams detected by 

HMMER search, the vFams from members of the family Anelloviridae received 62% of the 

229 hits (Fig. 3). None of remaining sequences met the criteria for candidate viral 

sequences, suggesting their commensal nature, like TTV or the contaminants from the 

environment or experimental pipeline. Of the final 5,525 sequences, VirFinder identified 

only 35 candidate viral sequences with p-values less than 0.039, which was the empirical 

cutoff determined by analysis of 11,000 non-overlapping genome fragments (300–1,000 bp) 

derived from known hepatotropic viruses, including hepatitis A virus, hepatitis B virus, 
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HCV, hepatitis D virus, and hepatitis E virus (available from the author upon request). 

Thirteen sequences were actually tandem repeats ranging in size from 8 to 213 nt. Another 

22 sequences did not qualify as a candidate viral sequence using the defined criteria.

A bacterium-like sequence from RNaseOUT Recombinant Ribonuclease Inhibitor

Approximately 9% of sequences with bacterial hits in BLASTp met the defined criteria. One 

of these sequences, alf1_3, shared ~50% sequence identity with the CBS domain-containing 

protein from a Candidatus Melainabacteria bacterium. This sequence matched a large 

number of reads (467 reads) and appeared to be unique for ALF case 1. Reads extracted with 

this sequence were re-assembled by SPAdes and an additional assembler, Newbler [32], both 

of which gave the same contig sequence with a size of 1,662 nt. RT-PCR showed its 

appearance in multiple ALF cases, but the results were less reproducible. This phenomenon, 

sometime called a PCR ghost, might result from the use of a very small amount of template. 

The sequence was thus suspected to be a contaminant from the reagents. When using the 

reagents as a template, nested PCR confirmed its presence in RNaseOUT Recombinant 

Ribonuclease Inhibitor (Fig. 4). Therefore, this sequence was amplified by chance in RT-

tdMDA of ALF case 1.

Discussion

In the current study, the feasibility of using tdMDA in serum virome sequencing was first 

evaluated using a serum sample from a patient with chronic HCV infection. In comparison 

to amplification-free library construction, tdMDA enriched HCV detection by 9.42-fold 

through serum virome sequencing (Fig. 1). It is known that the phi29 DNA polymerase used 

in tdMDA favors large or circular templates [5]. As a consequence, small DNA/cDNA 

fragments that are the most abundant in circulation might be amplified inefficiently by 

tdMDA. However, TTV was also detected in this patient. In spite of its circular genome 

structure [33], tdMDA achieved only 1.23-fold enrichment (980 vs. 796 reads/million reads).

In an analysis of our previous data generated using tdMDA [8], HCV-mapped reads, 

normalized per million total reads, could vary by up to one log (about 500–5,000 reads) 

among patients with similar viral titers. We speculate that the enrichment efficiency of 

tdMDA may depend on multiple factors, such as the complexity, composition, and amount 

of the template. In our previous work using standard MDA, HCV-mapped reads consistently 

accounted for fewer than 50 reads/million reads [19]. Taken together, while the efficiency 

may fluctuate from sample to sample, tdMDA generally outperforms MDA in terms of viral 

sequence enrichment, perhaps due to the elimination or suppression of primer-mediated 

artifacts [8]. It should also be noted that our protocol does not involve any sample 

pretreatment that might damage the intrinsic virome [34]. In addition, tdMDA generates an 

amplicon with the size around 20 kb that is large enough for direct library preparation 

without a need for additional steps such as concatemerization. Therefore, tdMDA provides a 

simple but efficient approach for serum virome sequencing. The method presented here is 

especially useful when the serum is available in a limited volume, such as the ALF samples 

in the present study, of which only 0.5 mL had been provided for research purposes.
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Applying tdMDA-based virome sequencing, we did not find any viruses, either known or 

novel, that could be associated with ALF etiology. Given a high prevalence of TTV in the 

general population [35], it is not surprising that TTV was detected in 5 of 8 ALF cases. In 

particular, TTV was identified as a major virus at various levels using similarity-based 

methods, including read mapping, BLASTn, BLASTp, and HMMER analysis. For ALF case 

5, there was a significantly large number of unmapped reads (56.99%) in which 

approximately 55% of the reads could be assigned to TTV by re-mapping of TTV-specific 

contigs (Supplementary Tables 1 and 2, Fig. 3). This suggests a huge intra-patient genetic 

diversity. However, co-circulation of multiple TTV genotypes has been observed in blood 

donors [36, Fan et al., unpublished data]. Therefore, high genetic diversity is unlikely to be 

an etiological factor in ALF patients.

The rate of unknown etiology in ALF patients varies among countries [37]. In the United 

States, acetaminophen overdose is a major etiological factor, and no more than 15% of all 

ALF cases are of unknown etiology [38]. After integrative analyses, including more-

sensitive lab tests and a thorough clinical re-evaluation, however, the percentage of ALF 

cases with unknown etiology was reduced to 5.5% [10]. Moreover, in a recent study from 

the ALFSG, acetaminophen was undetectable in serum in more than 50% patients deemed to 

have had an acetaminophen overdose [39]. Therefore, the incidence of true ALF cases with 

indeterminate etiology should be well below 5.5%. The lack of detection of viruses in the 

current study suggests that viral etiology might be rare among these patients. Our results are 

consistent with those of a previous study using serum samples from the ALFSG, although 

unmapped reads were not analyzed [40]. It should be noted that our method is limited in its 

sensitivity for viral detection. Using HCV as a model virus, 457 HCV-specific reads were 

recovered out of 1,597,044 quality reads. The average read output per ALF case was 

7,641,992 reads after quality control. Using this method, a virus like HCV is only detectable 

if it has a titer of 9.8 × 103 copies/mL when using an empirical cutoff of ≥ 5 reads. To 

compensate for this limitation in viral detection, two strategies were applied in the current 

study. First, all eight ALF samples were analyzed at ultra (saturated) sequencing depths, as 

indicated by an average rate of read duplicates at 28.3 ± 7.8%. The second strategy was 

bioinformatics analysis at the level of single reads. Both strategies together increase the 

chance of detection of known or unknown viruses and thereby enhance the sensitivity of the 

entire pipeline. Finally, analysis of the serum virome is a relatively inefficient way of 

detecting a virus that is transmitted in a non-parenteral manner. Therefore, viral agents 

cannot be excluded completely as a cause of ALF with indeterminate etiology, although the 

probability is low. A more-thorough virome analysis of other types of specimens, such as 

liver tissue, is needed to reach a firm conclusion regarding a viral etiology in ALF patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
HCV detection by virome sequencing. The alignment of HCV-mapped reads from Illumina 

sequencing with (bottom) or without amplification step (top) in BamView [30]. Reads with 

matching start and end positions were collapsed into one line and are shown in green. The 

HCV genome structure is shown at the bottom.
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Fig. 2. 
Detection of known viruses by read mapping. Original read numbers assigned to each virus 

were normalized based on the average data output for eight ALF cases (7,641,992) and are 

presented as a heat map using Heatmap3 [31]. The viruses and their corresponding families 

are indicated on the left.

Ren et al. Page 13

Arch Virol. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
A list of vFams hits by HMMER search. The detection was performed using amino acid 

sequences translated from contigs and singletons from individual ALF cases. It was 

therefore a qualitative rather than quantitative examination. The viral families from which 

the profile HMM (vFam) was built are indicated on the left.
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Fig. 4. 
Confirmation of a bacterium-like sequence (alf1_3) originating from a reagent. The contig, 

which was unique to ALF case 1, was examined by nested PCR using 5 μL of template from 

multiple sources, including total RNA extracted from ALF cases 1 and 2 (lanes 1 and 2), 

SuperScript III reverse transcriptase (lanes 3 and 4), 5x SuperScript III reverse transcriptase 

buffer (lanes 5 and 6), DTT (lanes 7 and 8), RNaseOUT Recombinant Ribonuclease 

Inhibitor (lanes 9 and 10), RNasin Ribonuclease Inhibitors (Promega) (lanes 11 and 12), and 

a negative control (H2O, lane 13) (A). Sanger sequencing of the PCR amplicon showed that 

its sequence was identical to that of the contig (B). M, 1-kb DNA ladder (Invitrogen).
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