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a b s t r a c t

Ultra-deep pyrosequencing (UDPS) of targeted amplicons allows to determine a large number of individ-

ual sequence reads from a single PCR product, and this approach is thus extremely valuable for analysis

of mixed viral populations. A mixture of genetically distinct DNA templates, however, may lead to the

generation of recombinant sequences during the initial PCR amplification step. In the present study, the

frequency at which these misleading PCR artefacts are formed has been estimated by using artificial mix-

tures of genetically distinct human cytomegalovirus (HCMV) DNA templates for a given cycling profile.

The presence of similar copy numbers of non-identical HCMV target sequences, combined with high lev-

els of input HCMV DNA, as is found in some clinical samples, favored the formation of recombinant PCR

products. Thus, to estimate the full natural diversity within mixed viral populations using UDPS, artificial

chimeras generated during the PCR step should be taken into account as a potential artefact.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Ultra-deep pyrosequencing (UDPS) of amplicons using the 454

technology has proven to be a valuable approach for quantita-

tive analysis of distinct DNA genotypes in clinical samples with

mixed-genotype populations (Margulies et al., 2005; Thomas et al.,

2006). Specific applications include the highly sensitive and accu-

rate estimation of viral genotype frequencies and variation analysis

of diverse viral populations (Eriksson et al., 2008; Görzer et al.,

2010; Hoffmann et al., 2007; Rozera et al., 2009; Simen et al., 2009;

Tsibris et al., 2009; Wang et al., 2007).

For effective determination of distinct genotypes in samples

containing mixed-genotype populations, an initial PCR step is

required to amplify each genotype. Sufficient amount of total input

DNA and usually up to 40 amplification cycles are required espe-

cially when low-abundance genotype templates of 1% or even

less have to be amplified efficiently (Simen et al., 2009; Solmone

et al., 2009; Tsibris et al., 2009). The subsequent application of

UDPS allows a large number of individual amplicon molecules

to be sequenced individually (Margulies et al., 2005). The num-

ber of DNA sequences, called sequence reads, that are generated

from a single PCR product defines the sensitivity of UDPS for

low-abundance amplification products and approximately 10,000
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sequence reads per amplicon are necessary to detect amplification

products present in only 0.1–1% (Eriksson et al., 2008).

When PCR amplification is carried out using a mixture of two

or more non-identical but similar genotype target sequences as

templates, this can lead potentially to the formation of artificial

chimeras between the amplification products (Judo et al., 1998;

Lahr and Katz, 2009; Meyerhans et al., 1990). These chimeras are

then detected efficiently due to the high sensitivity of UDPS.

The aim of the present study was to explore the degree to which

such PCR-generated recombinants are formed when mixed human

cytomegalovirus (HCMV) genotype populations are analyzed by

this technique. As a model, a previously described UDPS analysis

of the HCMV glycoprotein O (gO) gene was used. Here, we demon-

strate that artificial gO genotype recombinants are generated by

PCR when different genotypes are present in a given sample.

2. Materials and methods

2.1. HCMV DNA templates for PCR amplification

For preparation of the three control samples, viral DNA from

two genetically distinct HCMV strains, AD169 (Applied Biosystems,

Foster City, CA) and TB40E (kindly provided by Christian Sinzger),

was used. Each HCMV strain was grown independently in human

fibroblasts, and viral DNA was isolated from the cell culture super-

natant using a QIAamp Mini Kit (Qiagen, Hilden, Germany). HCMV

strain AD169 represents gO genotype 1a (GenBank accession no.

X17403.1), and HCMV strain TB40E represents gO genotype 1c

0166-0934/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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(GenBank accession no. EF999921.1). Purified viral DNA was quan-

titated using the Roche Amplicor assay (Cobas® Amplicor® CMV

Monitor Test, Roche Molecular Systems, Branchburg, USA). Equal

copy numbers of the two different HCMV genotypes were mixed at

a total concentration of 107 copies/ml, serially diluted from 107 to

105 copies/ml and used as input template DNA for PCR amplifica-

tion.

Three HCMV-DNA-positive clinical samples, one plasma sam-

ple (P1) from patient 1, and 2 independent bronchoalveolar lavage

samples (B1 and B2) from patient 2 obtained in the course of

routine virological investigation, were included in this study.

HCMV DNA was extracted directly from 140 �l of stored clini-

cal sample, eluted with 70 �l of DNase-free water, quantitated

with the Roche Amplicor assay and used as input template HCMV

DNA for PCR amplification. The total amount of HCMV DNA

was 1.3 × 105 copies/ml for P1, 4.8 × 105 copies/ml for B1, and

1.2 × 106 copies/ml for B2. All three clinical samples contained a

mixture of HCMV gO1a and gO1c genotypes and the ratios of gO1a

to gO1c were 64:34 for P1, 16:84 for B1, and 61:39 for B2, which was

determined by UDPS HCMV gO genotyping as described previously

(Görzer et al., 2010).

2.2. Conditions for PCR amplification to prepare HCMV gO
amplicon library for UDPS

To prepare PCR-derived gO amplicons for ultra-deep pyrose-

quencing, primers and cycling conditions were used exactly as

described previously (Görzer et al., 2010). Briefly, for each PCR,

10 �l of isolated DNA was used as template in a total of 50 �l

per well. To amplify the target region within the HCMV gO gene

(position 106555–106853 of HCMV strain AD169) two separate

PCRs per sample (three control samples and three clinical sam-

ples) were performed with AmpliTaq Gold® DNA polymerase

(Roche Diagnostics, Basel, Switzerland) using the primer pairs

gOforudps/gOMERrevudps and gOforudps/gOADrevudps, respec-

tively. The cycling conditions were 1 cycle of 95 ◦C for 10 min

followed by 40 cycles of denaturation for 1 min at 95 ◦C, anneal-

ing of gOforudps/gOMERrevudps primers for 1 min at 60 ◦C or of

gOforudps/gOADrevudps primers for 1 min at 57 ◦C, and exten-

sion for 1 min with a final 5-min extension at 72 ◦C. The primers

included 5′ extensions, which provided binding sites for ultra-deep

pyrosequencing and the forward primer included 6-bp nucleotide

barcode sequences, allowing all samples to be tested in a single

sequencing experiment (Hoffmann et al., 2007). All amplifica-

tion reactions yielded amplicons with the expected length of

343 bp.

The two separately amplified PCR products per sample were

pooled, purified using Microcon 500 columns (Millipore, Bedford,

MA), quality-controlled using an Agilent 2100 Bioanalyzer (Agi-

lent Life Sciences and Chemical Analysis, Santa Clara, CA) and

quantified using a Quant-iT PicoGreen Assay Kit (Life Technolo-

gies Corporation, Carlsbad, CA) according to the manufacturer’s

recommendations.

2.3. Ultra-deep pyrosequencing of PCR-derived gO amplicons

The PCR-derived gO amplicons of each of the six samples were

pooled and subjected to UDPS, which was carried out on a Genome

Sequencer FLX (Roche 454 Life Science, Branford, CT, USA) using a

GS FLX emPCR Kit II (GS FLX emPCR Method Manual) according to

the manufacturer’s GS FLX Sequencing Method Manual.

2.4. Analysis of sequence data and chimera detection

A total of 54,952 sequence reads with a length of up to 255 bp

were obtained by UDPS after passing the GS FLX quality filters and

each sequence read was then assigned to a sample according to its

barcode, ranging from 6621 to 14,171 sequence reads per sample.

To scan for and quantify the sequences of genotypes gO1a and gO1c

the GS Amplicon Variant Analyzer (AVA) version 2.0.01 software

from Roche was used.

For discovery of potential recombinant gO1a/gO1c geno-

types, the following strategy was used: To overcome the high

pyrosequencing error rate (Huse et al., 2007) all sequence

reads were initially pre-processed using RDP’s pyrosequencing

pipeline (http://pyro.cme.msu.edu/). For the initial processing of

the sequences following quality filters were applied: exclusion of

ambiguous bases (Ns), inclusion of only sequences with a length

of 240 bases or more; and selection of a maximum edit distance

of 2 bases for the forward primer to avoid inexact primer matches.

Finally, forward primers as well as barcodes were trimmed from

the filtered sequence reads. This resulted in a mean of 7567

clonal sequence reads, ranging from 5684 to 9975 per sample.

The two genotypes, gO1a and gO1c, differ 9.2% in nucleotide

sequence within this gO gene region. Next, the total number of

sequence reads per sample was searched for a gO1a sequence

pattern within the first 46 bases and a gO1c sequence pattern

within the region from bases 196 to 240, and vice versa using

self-developed Perl script with regular expressions. Then, for each

sample all gO1a–gO1c recombinant sequences and all gO1c–gO1a

recombinant sequences, respectively, were aligned to the gO1a and

gO1c reference sequences using ClustalX 1.83 (Thompson et al.,

1997). All alignments were edited manually using BioEdit 7.0.1 to

correct obvious alignment errors. The number of gO1a–gO1c and

gO1c–gO1a recombinant sequence reads was determined manually

for each sample, and the frequency of occurrence was calculated

as a percentage of the total number of sequence reads. Finally,

the recombination breakpoints, i.e., the regions where the switch

from one gO genotype sequence to another occurred, was analyzed

between bases 46 and 196 of the sequence reads. The presence and

distribution of the recombination breakpoints could be determined

easily by manual inspection of the individual gO recombinant

sequence alignments due to the short gO amplicon length. The

frequency of occurrence of each of the distinct recombination

breakpoints along the sequence was estimated as a percentage of

the total number of recombinant sequences.

2.5. Statistical analysis

The Spearman rank test was used to estimate the correlation

coefficient between the frequency of recombinant gO genotype

sequences and the amount of input HCMV DNA template.

3. Results

The frequency of formation of PCR-generated recombinants

between two HCMV gO genotype templates was investigated by

applying UDPS HCMV gO genotyping. Therefore, control samples,

harbouring two distinct gO genotype DNAs at equal amounts, were

used for PCR amplification. To generate the control samples, HCMV

DNA was isolated from the two genetically distinct HCMV labo-

ratory strains, AD169 and TB40E, representing gO genotypes 1a

and 1c, respectively. Equal amounts of the two HCMV DNA tem-

plates were mixed at a total concentration of 107 copies/ml. Serial

10-fold dilutions, ranging from 107 to 105 copies/ml, were used

as input template DNA for PCR amplification. The control sam-

ples correspond to the viral DNA loads and to the gO genotype

mixture present in the three patient samples also included in the

study. The defined cycling conditions (see Section 2) included a

40-cycle amplification reaction and the total copy number of the

template HCMV DNA mixtures ranged from 1000 to 100,000 per
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Fig. 1. (A) Nucleotide sequence similarity (90.8%) shared by human cytomegalovirus (HCMV) gO genotypes gO1a and gO1c within the sequenced region. Genotype-specific

sequence patterns, as indicated by gray shading (nucleotides 1–46 and 196–240), were used to determine the original gO genotypes from which the recombinant sequences

were derived. The frequency and distribution of the breakpoints along the recombinant sequence reads detected in the control samples and in the patient samples are shown

above the alignment as a percentage of the total number of sequence reads of the recombinant sequence. (B) The frequency of PCR-generated gO recombinants which were

derived from the control samples (�) correlated significantly with the copy number of the input HCMV DNA used for the initial PCR amplification step of UDPS HCMV gO

genotyping. The frequency of gO recombinants derived from the patient samples (×) are indicated and are as follows: P1, plasma sample from patient 1; B1 and B2, two

independent bronchoalveolar lavage samples from patient 2.

reaction well. The sequenced length of the resulting gO amplicons

comprised 240 bp, and the overall nucleotide sequence identity

between the two distinct gO genotype sequences was 90.8%. As

shown in Fig. 1A, sequence diversity between the two genotypes in

the sequenced gO region is limited to distinct areas, which are inter-

spersed between long identical or nearly identical stretches. Deep

amplicon sequencing resulted in 6450–9957 sequencing reads per

sample. Analysis of the sequence reads showed that PCR-generated

gO genotype recombinants were obtained at all dilutions, and their

frequency ranged from 1.5% to 7.4% of the total number of sequence

reads. It was found that the number of recombinants correlated sig-

nificantly (r2 = 0.99) with the initial amount of HCMV DNA that was

used for the PCR amplification step (Fig. 1B).

To obtain further information about the molecular basis of for-

mation of recombinant gO sequences by PCR, the recombination

regions for each of the recombinant sequence reads were deter-

mined. Almost all chimeric gO genotype sequences had a single

breakpoint, and only sporadically (fewer than 5 sequence reads per

sample) were chimeric sequences with 2 or 3 breakpoints found.

This could be due to the short amplicon length. Although the break-

points were distributed along the amplified sequence, about 50% of

the recombination events were located within the longest stretch of

identity (38 nucleotides) that was shared between the two distinct

template DNAs (Fig. 1A).

Finally, the number of gO genotype recombinants was calcu-

lated when natural HCMV DNA templates were used. For this

purpose, template HCMV DNA was isolated directly from three indi-

vidual patient samples. All three samples contained a mixture of

the genotypes gO1a and gO1c. The input HCMV DNA copy numbers

of the sample-derived template HCMV DNA were 1300, 4800, and

12,000, and the ratios of gO1a to gO1c were 64:34, 16:84, and 61:39,

respectively, as determined by UDPS HCMV gO genotyping. PCR

amplification and downstream deep sequencing were performed as

for the control samples, and this resulted in 5684–8330 sequence

reads. As shown in Fig. 1A and B, the frequency of gO genotype

recombinants, ranging from 1.25% to 5.4%, and the distribution of

the recombination breakpoints along the sequence were similar to

those obtained with the control samples.

4. Discussion

The findings of the present study show that the formation of

PCR-generated recombinants must be taken into account when

analyzing mixed viral populations by ultra-deep pyrosequencing.

Under the defined experimental conditions used in this study, arti-

ficial chimeras were formed at a frequency ranging from 1.5% to

7.4%, depending on the total amount of input DNA. This is in agree-

ment with chimera formation rates reported in previous studies
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(Judo et al., 1998; Meyerhans et al., 1990; Shafikhani, 2002). Higher

rates of PCR-generated recombination have been observed when

the starting material included a higher number of genotypes (Lahr

and Katz, 2009). In the present study, an equimolar mixture of the

two initial gO genotypes, gO1a and gO1c, were chosen in order to

mimic the natural HCMV genotype mixtures, observed in three clin-

ical samples. Besides, it has been shown previously that naturally

occurring HCMV populations are composed frequently of two or

even more gO genotypes (Görzer et al., 2010; Stanton et al., 2005).

In the present study, it was observed that the rate of recombi-

nation and the distribution of the recombination sites were similar

in both, the control and the clinical samples. Hence, it is very

likely that most of the gO genotype recombinants that were found

after amplification of the clinical samples were PCR-generated

artefacts that were not present originally in the natural virus pop-

ulation. However, there is evidence that genotype recombinants

may emerge in natural HCMV populations (Faure-Della Corte et al.,

2009; Garrigue et al., 2008; Grosjean et al., 2009; Haberland et al.,

1999; Yan et al., 2008). Thus, it is of high importance to distinguish

natural recombinants from artificially generated chimeras when

both of the parental genotypes are present in the sample, in order

to capture and reflect the full natural diversity within a mixed virus

population. One possibility is to diminish chimera formation by

reducing the number of PCR cycles and the template concentration,

the two main critical factors that affect PCR-generated recombi-

nation (Lahr and Katz, 2009). However, since it has been shown

previously that low-abundance HCMV genotypes at relative fre-

quencies of 1% or even less can be present in clinical samples with

mixed HCMV populations, a high initial copy number of HCMV

DNA templates and a 40-cycle amplification reaction are essen-

tial to capture low-abundance gO genotypes (Görzer et al., 2010).

In this regard, the PCR conditions needed to utilize the full poten-

tial of the ultra-deep pyrosequencing technology for detection of

low-abundance populations simultaneously favor the generation

of such PCR-generated recombinants. Amplification from single

genomes generated by limiting dilution PCR analysis followed by

Sanger sequencing could be another possibility to confirm natu-

ral recombinants. However, it will almost be unfeasible to reach

sensitivity levels of 1% or even less for reliable detection of low-

abundance variants.

Detailed inspection of the distribution of the recombination

sites showed that the recombination events occurred more fre-

quently in a long stretch of sequence identity (38 nucleotides)

shared between the two genotypes. Thus, it is likely that the degree

and distribution of diversity along the whole target region also

affects the formation of chimeric sequences during PCR, and these

PCR artefacts might therefore only occur when using templates

with a high overall sequence similarity. A careful selection of the

target region enabling the efficient discrimination of genotypes

and avoiding long runs of sequence identity might be an option

to diminish the formation of PCR-derived recombinants. There-

fore, the formation of PCR-derived recombinants with a defined

template mixture, specified by the target sequence and its variable

regions, has to be determined before any conclusions can be drawn

in respect to the presence of naturally occurring virus recombi-

nants.
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