
ABSTRACT

Sampling of viral quasispecies can be very challenging. 

Most molecular studies involve the amplification of DNA 

and RNA using the Polymerase Chain Reaction (PCR). 

However, differences and difficulties exist in how the 

amplification is done. We investigated the difference in 

using two popular methods by amplifying blood-derived 

DNA from a patient using both methods. The first method 

commonly called the Bulk PCR/Clonal sequencing method 

involves amplification of un-quantified DNA/RNA, whilst 

the Single-genome/Endpoint dilution method involves 

amplification of a single molecule of DNA/RNA. We 

observed greater heterogeneity and greater genetic 

distances between sequences generated using the Bulk PCR 

method compared with the Single-genome method. Also, 

these sequences were represented by longer terminal 

branches in phylogenetic trees compared with those from 

the single genome method. We conclude that the Single-

genome method, even though more laborious, is more 

accurate in sampling viral quasispecies, and should be 

used.
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Recombination, viral quasispecies

BACKGROUND

Viruses are believed to exist as quasispecies, defined as a 

swarm of genetically related but distinct variants [1, 2]. It 

becomes imperative in the analysis of these quasispecies for 

variants which are representative of the virus population to 

be sampled. Sampling methods which unduly favour 

certain variant populations over others would tilt the 

outcome of such studies. 

The polymerase chain reaction (PCR) is commonly used in 

the detection of viral quasispecies and has become 

established as an important tool for the processing of 

genetic material. Despite the known pitfalls of PCR, which 

include introduction of errors [3], recombination [4] and 

selective amplification, it is still indispensable in present 

day molecular studies. Optimizing the PCR conditions 

(buffer constituents, dNTP concentration, primer design 

and concentration and the cycling parameters), and using 

template with a high degree of integrity, have also 

significantly improved the quality of the PCR product [5]. 

Extensive PCR-induced errors have the capability of 

diminishing the usefulness of sequence analysis. Taq 

polymerase is known to introduce approximately one error 

per 9000 nucleotides per cycle [6], and for the full-length 

HIV-1 genome after 25 cycles of PCR, 13 introduced 

substitutions were observed out of 9000 positions [7], 
-4

corresponding to 0.6 X 10 /nucleotide/cycle (reviewed in 

[8]). These Taq-induced errors have been reduced by the 

introduction of proof-reading thermostable polymerases [5, 

9]. 

The commonest method of sampling viral quasispecies, 

known as bulk sampling or clonal sequencing method, 

involves PCR amplification of the target DNA, cloning of 

the PCR product and then sequencing. Whilst easy to use, 

certain drawbacks have been associated with this method. 

These include re-sampling and the possibility of PCR-

induced recombination. Another method used, involves the 

amplification at endpoint dilution of a single copy of the 

target DNA, and is known as the Single genome method. 

This method is believed to be laborious and expensive, but 

is believed to avoid the pitfalls associated with the Bulk 

sampling method. 

Here both methods have been compared by the 

amplification of DNA obtained from an HIV-1 infected 

patient. The aim is to ascertain which of these methods 

produced sequences representative of the viral population.

METHODS

DNA extraction

Whole blood was obtained from an HIV-1 positive patient. 

DNA was extracted from the sample using the Stratagene® 

kit according to a previously described, modified version of 

the manufacturer's protocol [10].  Extracted DNA was 
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quantified by Nanodrop spectrophotometry.

PCR Amplification

Nested PCR was used to amplify the V1-V3 region of the 

HIV-1 envelope from the extracted DNA. 

Bulk PCR method

1µl of DNA template was amplified in 25µl PCR reactions 

containing 2.5µl of 10X PCR buffer (Contained 100mM 

Tris-HCl, 500mM KCl, (NH4)2SO4,15 mM MgCl2; pH 

8.7 (20°C)), 1µl of dNTP (2.5mM of each dNTP), 1µl each 

of sense and antisense primers  (5pmol/µl), 1 unit 
®(5units/µl) of Hotstar Taq  DNA Polymerase (Qiagen), and 

sterile distilled water making up to 25µl final volume. 

The amplification cycle consisted of activation at 95°C for 

15min, followed by 34 cycles of denaturing at 94°C for 45s, 

annealing at 55°C for 45s, then elongation at 72°C for 6min, 

before cooling at 4ºC. 

1µl of the first round reaction was used as template in a 

second round reaction, under the same conditions but with 

primers nested within those used in the first round. 

Amplified products were visualised after electrophoresis on 

a 2% agarose gel, containing ethidium bromide.

Single genome Amplification

In order to amplify a single proviral DNA molecule, the 

endpoint dilution of the DNA sample was determined by the 

amplification of replicates of serially diluted target DNA.  

The endpoint being defined here, as the highest dilution of 

DNA at which amplified products can be detected, and at 

which only one in three reaction tubes was positive. The 

Poisson distribution predicts that when no more than 30% 

of reaction tubes are positive, almost 90% of positive 

reactions will contain one proviral DNA molecule [11]. It 

was assumed that at endpoint, only one copy of DNA was 

present in 1µl of diluted DNA. 

1µl of two-fold serially diluted DNA was used as template 

in a 25µl PCR reaction containing 2.5µl of 10X PCR buffer 

(Contained 20 mM Tris-HCl, 100 mM KCl, 15 mM MgCl2; 

pH 7.5 (25°C)), 1µl of dNTP (2.5 mM of each dNTP), 1µl 

each of sense and antisense primers (5pmol/µl), 1 unit 
®(5units/µl) of Hotstar Taq  DNA Polymerase (Qiagen), and 

sterile distilled water making up to 25µl final volume. Three 

reaction tubes were set up for each dilution of DNA.

To determine the validity of this end-point and to generate 

products for sequence analysis, multiple replicates of PCR 

reactions (10 tubes) were prepared, with the same 

composition and cycling parameters as used for the end-

point determination. 1µl of DNA at endpoint dilution was 

used as template for each of the first round reactions, and 

then 1µl of the first round product was used as template for 

the second round. The aim was to achieve 30% positive 

reactions i.e 3 in 10 will be positive, because when 30% of 

reactions are positive, almost 90% of positive reactions will 

contain one template [11].

The PCR products were purified using Exonuclease (EXO-

SAP-IT® )(GE Healthcare). The purified products were 

then quantified by spectophotometry. 

Cloning

The purified products obtained from bulk-PCR method, 
© ®

were then cloned using the pcDNA 3.1/V5-His  TOPO  TA 

Expression kit (Invitrogen) according to manufacturer's 

instructions. 

250µl of transformation reaction was spread on a pre-

warmed Luria-Bertani (LB) agar plate containing 100µg/ml 

of Ampicillin and incubated overnight at 37°C to generate 

single colonies. 

To check for the presence of the correct insert, a 20µl PCR 

reaction was prepared with 1µl each, of primers T7 (5´ TAA 

TAC GAC TCA CTA TAG GG 3´) and BGH (5´ 

TAGAAGGCACAGTCGAGG 3´); 2µl of PCR buffer 
®

(10X); 0.2µl of dNTP (100mM); 1 unit of Hotstar Taq  

DNA Polymerase (Qiagen) and sterile distilled water 

making up the final volume to 20µl. 

Single colonies were picked with sterile pipette tips and 

dipped in the PCR mix, and the reaction was incubated for 

10 minutes at 94ºC to lyse the cells and inactivate nucleases. 

The same cycling conditions listed above were used. 

Colonies with the expected insert appear as clear bands on 

2% agarose gel stained with ethidium bromide.

To screen for orientation of the insert, similar PCR reactions 

were used except with the antisense primer Env 307, instead 

of BGH.

Colonies containing the expected insert in the correct 

orientation, were each inoculated into 3ml of LB broth, 

containing 1ìg/ml of ampicillin, and incubated overnight at 

37ºC with shaking. The cultures were then purified using 
®the QIAprep  mini-prep kit (Qiagen) according to 

manufacturer's guidelines.
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Sequencing

DNA sequencing was performed using the ABI Big Dye 

Capillary Sequencing protocol (Applied Biosystems Inc., 

Foster City, CA).  The resulting chromatograms were 

v i s u a l i z e d  u s i n g  C h r o m a s  2 . 3 1  

(http://www.technelysium.com.au), and sequence 

ambiguities resolved by manual editing.  

Sequence analysis

The sequences generated by each sampling method were 

assembled into two datasets: the single genome 

amplification datset and the bulk PCR sampling dataset. To 

evaluate the relationship among the viral quasispecies in 

each dataset, the mean intrasample and intersample 

distances were calculated as the number of nucleotide 

substitutions per site, by the Kimura 2 - parameter model 

[12], which corrects for multiple hits whilst taking into 

account transitional and transversional substitution rates as 
®

implemented in MEGA 4  [13]. Pairwise distances were 

estimated for each sequence in a sample, and the values in 

the pairwise matrix generated were then plotted in a graph 
®

using the Graphpad Prism version 4  (Graphpad software, 

San Diego, CA). 

Phylogenetic trees were constructed using maximum-

likelihood methods. Firstly, gap-stripping of the sequences 

was done to remove segments which were ambiguous and 

not informative. Each dataset was subjected to 56 models of 
®

nucleotide substitution using PAUP  10 [14], and each 

model was scored for a dataset. The model scores were run 

in a hierarchical likelihood ratio test, implemented in 
®Modeltest  3.7 [15] to test for a statistically justified model 

of DNA substitution, and the best-fit model for each dataset 

was chosen. The parameters of the chosen model were then 
®

used in branch-swapping heuristc algorithms in PAUP  10, 

to generate a maximum-likelihood tree. In order to assess 

support for each node in the tree, bootstrap resampling of 

1000 replicates was done using the neighbour-joining 

method [16].

Ethical consideration

Ethical clearance was obtained from the Nottingham 

University Hospitals Ethical committee 

RESULTS 

In order to further assess the diversity and the relationship 

between sequences derived by each method, intra-sample 

and inter-sample genetic distances were measured using the 
® Kimura 2 - parameter model implemented in MEGA 3. A 

mean pair-wise intra-sample distance of 0.012 nucleotide 

substitutions per site was estimated for the sequences 

obtained by the single-molecule method, compared with 

0.032 nucleotide substitutions per site for the clonal 

sequences, suggesting a significant amount of nucleotide 

substitutions existing between both samples (Table 1). The 

large difference between them was statistically significant 

(p<0.0001, Mann-Whitney test) (Figure 1). The inter-

sample distance of 0.056 nucleotide substitutions per site 

was more than the intra-sample distances for both sampling 

datasets. 

To further discriminate between the two methods, the 

phylogenetic relationships of the sequences from both 

datasets were inferred. A maximum-likelihood tree was 

constructed using all the sequences. Bootstrap re-samplings 

of 500 replicates were done using the neighbour-joining 

method to confirm robustness of the tree.  

There were three distinct clusters of sequences in the tree, 

each supported by high bootstrap values (Figure 2). The 

first two clusters contained sequences from the clonal-

sequencing method, whilst the third cluster contained only 

sequences from the single-genome method. 

The tree also showed that the clonal-sequencing-derived 

sequences had longer terminal branches for some of the 

sequences, thus supporting the fact that some of the clonal 

sequences may have had artifactual nucleotide 

substitutions. 

DISCUSSION

To assess methods used for evaluating the genetic 

composition of quasispecies in a sample, we examined the 

use of either a single proviral DNA molecule or un-

quantified/multiple proviral DNA molecules as template 

for PCR amplification. Having amplified the templates 

using the same conditions, they were processed in different 

ways prior to sequencing. The products from the single 

DNA molecule amplification (hereafter referred to as the 

single-genome method) were sequenced directly, whilst the 

products from the un-quantified/multiple proviral DNA 

molecules (referred to as the bulk PCR/clonal-sequencing 

method) were cloned before sequencing. 

Many studies on HIV-1 quasispecies, especially 

compartmentalization of the virus and detection of selective 

pressures, have relied on the clonal-sequencing method 

[17-27], which is less laborious and the cloned products can 

be easily used for phenotypic assays since they are already 
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in expression vectors. However, this method has been 

associated with PCR-induced recombination [4, 28, 29], 

artifactual substitutions [30] and product re-sampling [11, 

31]. The single-molecule method has also been used in 

many studies of quasispecies [1, 10, 19, 32-34], and is 

believed to eliminate PCR-induced recombination [35] and 

re-sampling [36], although it is labour-intensive. Also, PCR 

products derived with this method have to be cloned before 

they can be used for phenotypic assays.  We compared both 

methods to know if they equally produced sequences which 

accurately represented the viral quasispecies.

Our results revealed significant differences in intra-sample 

distance estimated for each dataset, with more 

heterogeneous populations identified using the clonal-

sequencing method. The observed heterogeneity was 

probably from artifactual nucleotide substitutions. Also, the 

observation of longer terminal branches in the phylogenetic 

tree for the clonal sequences was indicative of greater 

nucleotide substitutions. These observations are supported 

by the fact that artifactual errors produced during PCR 

amplification can be retained amongst plasmid clones of the 

amplification product (reviewed in [8]). 

The presence of artifactual substitutions is a grave issue 

because any inferences from the analysis of such sequences 

will be entirely misleading. For example if the substitutions 

involved basic amino acids at certain positions in V3, an 

otherwise R5 virus might be predicted to be X4. Also, such 

substitutions might affect analysis of selective pressure and 

identification of sites under positive selection. 

PCR-induced recombination, which is a common feature 

associated with clonal amplification [4], was not detected in 

this study, but is still an important issue since it is difficult to 

differentiate in vivo recombination from iatrogenic 

recombination. Also recombination has effects on 

phylogenetic analysis, reducing genetic distances, skewing 

the topology of trees and produces false positive estimates 

of selection pressure [37].

The clonal-sequencing method was used to generate most 

of the sequences analyzed to determine the HIV-1 group M 

subtypes [38-41], so the probability of iatrogenic 

recombination and artifactual substitutions cannot be ruled 

out.

A previous study comparing both methods observed that the 

sequences obtained by the clonal-sequencing method 

encoded for stop codons and had a higher degree of 

segregation of sequences than those obtained by the single-

genome method, which were more interspersed [36]. The 

higher degree of segregation might be due to template re-

sampling. Another study comparing both methods has 

obtained findings which echo part of our results [42]. Their 

major findings were long terminal branches in the trees and 

recombinants among the clonal sequences. However, an 

earlier study found similar distribution of sequences using 

both methods, although it looked at only distribution of 

divergences [19]. 

Selective amplification of some variants has the potential to 

under-represent or over-represent some variants from the 

quasispecies population. There is a high probability of 

resampling when the DNA copy number in a sample is low 

[43], as obtains in brain tissue which contains relatively 

lower proviral DNA copy numbers (36). Sampling bias and 

non-proportional representation of target sequences can be 

overcome by the endpoint dilution method [11, 30, 31].  

In conclusion, the single-genome method even though more 

laborious, has the advantage of faithfully reproducing DNA 

with no artifactual substitutions and no recombinations, and 

is recommended for use in the study of quasispecies [44].

Table 1. Genetic distances. Distances between the 

sequences in each dataset and that between the different 

methods were estimated using the Kimura two-parameter 

model. 

Figure 1.  Comparison of pairwise distances. Each point 

represents the average pairwise distance of each sequence 

to all other sequences in a sampling dataset. The difference 

between datasets was significant. The bars denote the 

median value of the dataset.
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