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ABSTRACT Cloned PCR products containing hepatitis C
virus (HCV) genomic fragments have been used for analyses
of HCV genomic heterogeneity and protein expression. These
studies assume that the clones derived are representative of
the entire virus population and that subsets are not inadver-
tently selected. The aim of the present study was to express
HCV structural proteins. However, we found that there was a
strong cloning selection for defective genomes and that most
clones generated initially were incapable of expressing the
HCV proteins. The HCV structural region (C-E1-E2-p7) was
directly amplified by long reverse transcription–PCR from the
plasma of an HCV-infected patient or from a control plasmid
containing a viable full-length cDNA of HCV derived from the
same patient but cloned in a different vector. The PCR
products were cloned into a mammalian expression vector,
amplified in Escherichia coli, and tested for their ability to
produce HCV structural proteins. Twenty randomly picked
clones derived from the HCV-infected patient all contained
nucleotide mutations leading to absence or truncation of the
expected HCV products. Of 25 clones derived from the control
plasmid, only 8% were fully functional for polyprotein syn-
thesis. The insertion of extra nucleotides in the region just
upstream of the start codon of the HCV insert led to a
statistically significant increase in the number of fully func-
tional clones derived from the patient (42%) and from the
control plasmid (72–92%). Nonrandom selection of clones
during the cloning procedure has enormous implications for
the study of viral heterogeneity, because it can produce a false
spectrum of genomic diversity. It can also be an impediment
to the construction of infectious viral clones.

Hepatitis C virus (HCV), a member of the Flaviviridae family,
is the major cause of chronic liver disease worldwide (1). HCV
is a positive-sense single-strand RNA virus with a genome that
encodes one large polyprotein in which putative structural
proteins are located at the N-terminal end, and the putative
nonstructural (NS) proteins are located at the C-terminal end
(1). This virus, like other RNA viruses, exhibits a significant
genetic heterogeneity as a result of mutations that occur during
viral replication (2). In fact, the genomes of most RNA viruses
have been found to consist of a population of closely related
but heterogeneous sequences (quasispecies) in a single in-
fected individual (3, 4). The quasispecies distribution of HCV
might have important biological consequences (5, 6). It has
been proposed that this genetic heterogeneity allows HCV to
escape immune pressure and to establish chronic infection
(7–10). In addition, the existence of a heterogeneous popula-
tion of HCV may influence the outcome of antiviral therapy

(11–13); resistance to treatment might result from selection of
minor viral populations during this therapy. Therefore, it is
important to define accurately quasispecies populations of
HCV.

Many analyses of viral quasispecies of HCV have been
published (6). The majority of these studies have focused on
the most variable part of the HCV genome, the hypervariable
region 1 (HVR1) of glycoprotein E2. Most studies relied on
molecular cloning of HCV genomic fragments amplified by
reverse transcription–PCR (RT-PCR) but major differences
were found among the studies in the degree of genomic
variability and prevalence of defective viral genomes (10, 11,
14–17). This phenomenon seems not to be an isolated finding,
because significant discrepancies in the prevalence of defective
genomes also have been observed among different studies of
HIV quasispecies (18–21). One explanation for these differ-
ences could be that the viral populations are not comparable
in different individuals. However, it is important to remember
that the procedures used to analyze the quasispecies popula-
tions in these studies differed to varying degrees, and there-
fore, different subpopulations might have been sampled inad-
vertently.

In this study, we have analyzed some of the shortcomings of
molecularly cloning a virus that circulates as a quasispecies
(HCV) and have demonstrated that severely biased selection
can take place during plasmid DNA amplification in Esche-
richia coli. This selection can lead to dramatic variation in the
types of clones obtained and can prevent the recovery of
functional clones.

METHODS

Plasmid Construction. The vector pcDNA3.1(1) (Invitro-
gen) was used to construct expression plasmids of the struc-
tural region of HCV. This vector contains a T7 promoter for
in vitro transcription and a human CMV immediate-early
promoteryenhancer for high-level protein expression in mam-
malian cells. The structural region of HCV plus a short
fragment of the NS2 region (nucleotides 1–2646 of the ORF)
was amplified by RT-PCR from plasma of patient H (strain
H77) (22) by using primers containing a restriction enzyme site
for convenient cloning (Table 1).

Amplification was carried out by ‘‘long’’ RT-PCR (23).
Briefly, RNA was extracted from 10 ml of plasma with the
TRIzol Reagent (GIBCOyBRL). The RNA pellet was resus-
pended in 100 ml of RNase-free water containing 10 mM DTT
(Promega) and 5% RNasin (20–40 unitsyml) (Promega). An
RNA aliquot of 10 ml (105 genome equivalents of H77) was
incubated for 2 min at 65°C. To the RNA, 4 ml of 53 First
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Strand Synthesis Buffer (GIBCOyBRL), 1 ml of 100 mM DTT,
1 ml of a 10 mM stock solution of dNTPs (Pharmacia), 2.5 ml
of 10 mM antisense primer solution, 0.5 ml of RNasin, and 1 ml
(200 U) of Superscript II reverse transcriptase (GIBCOyBRL)
were added. After 1 hr incubation at 42°C, 1 ml of RNase T1
(900–3,000 unitsyml) (GIBCOyBRL) and 1 ml of RNase H
(1–4 unitsyml) (GIBCOyBRL) were added and the reaction
was incubated at 37°C for 20 min. Long PCR was performed
with a high-fidelity DNA polymerase mixture (Advantage
KlenTaq polymerase mix, CLONTECH). Briefly, to 3 ml of
cDNA, 5 ml of 103 KlenTaq PCR buffer (CLONTECH), 1.25
ml of a 10 mM stock solution of dNTPs, 1 ml of 10 mM sense
primer, 1 ml of 10 mM antisense primer, 1 ml of 503 Advantage
KlenTaq Polymerase mix, and water to a final volume of 50 ml
were added. The PCR was performed in a Robocycler thermal
cycler (Stratagene) for 35 cycles with denaturation at 99°C for
35 sec, annealing at 67°C for 30 sec, and elongation at 68°C for
3 min and 30 sec.

The PCR products digested with HindIII and EcoRI (New
England Biolabs) were inserted into the digested expression
vector pcDNA3.1(1) by using T4 ligase (Promega). E. coli
DH5 alpha library-competent cells (GIBCOyBRL) were
transformed and plated in Luria–Bertani agar containing
ampicillin (100 mgyml) (Sigma). DNA was prepared from 100
ml of bacterial cultures, grown at 37°C in the presence of
ampicillin (100 mgyml), with the modified alkaline lysis
method by using the Qiagen plasmid Maxi kit.

As a control, the same fragment was amplified from 0.1 ng
of a plasmid containing the full-length sequence of H77 (24).
This plasmid encoded the consensus amino acid sequence of
the structural region of H77. Cloning of the amplification
products and DNA preparation were performed as described
above.

Sequence Analysis. Both strands of plasmid DNA were
sequenced with the ABI PRISM Dye Terminator Cycle Se-
quencing Ready Reaction Kit by using AmpliTaq DNA poly-
merase (Perkin–Elmer) and H77 specific primers. Multiple
sequence alignments were performed by using the computer
software package GENEWORKS (Oxford Molecular Group) (2).

Protein Expression. One microgram of nonlinearized plas-
mid was used for in vitro transcription and translation in 25 ml
of the TNT Coupled Reticulocyte Lysate System (Promega)
containing [S35]methionine (Amersham). Synthesis was at
30°C for 90 min. Total translation products were separated in
12% SDSyPAGE and identified by autoradiography.

Statistical Analysis. Quantitative values are expressed as
mean 6 SD. Categorical variables were compared with the
Fisher’s exact test, and quantitative variables were compared
with a nonparametric test (Mann–Whitney). For calculation of
the estimated DNA polymerase error rate and the numbers of
silent and nonsilent mutations, the primer regions were not
included in the analysis.

RESULTS

Inability to Express the Complete Structural Region of HCV
from an Expression Vector. We amplified the structural region

of HCV plus a small fragment of the NS2 region to analyze the
quasispecies population of strain H77 and to study protein
expression. For this purpose, a region encompassing nucleo-
tides 1–2646 of the ORF of H77 was amplified in a single round
of long RT-PCR with primers A0 (45-mer) and B (Table 1) and
cloned into the expression vector pcDNA3.1(1).

Eight randomly picked clones amplified from the patient
showed a high degree of genetic variability. Although the
consensus sequence deduced from these eight clones was the
same as the consensus sequence of H77 (24), no two of the
analyzed clones were identical (Fig. 1). Compared with the
consensus sequence of H77, the mean number of nucleotide
substitutions per clone (excluding the primer regions) was
17.6 6 12, ranging from 8 to 40. Of a total of 141 nucleotide
substitutions, 77 (55%) were silent and 64 (45%) resulted in
changes in the deduced amino acid sequence. Unexpectedly,
all eight clones appeared defective for polyprotein synthesis
because one clone had a mutation that created an in-frame
stop codon and seven clones each had a single nucleotide
deletion that introduced an in-frame stop codon a few codons
after the deletion. Interestingly, in five of the latter clones the
deletion was located within the sense primer region (in three
different positions).

In vitro transcription–translation of these clones confirmed
that they were defective. Indeed, none of the eight clones
produced a protein of the desired size ('85 kDa). However,

Table 1. Primers used to amplify and clone the structural region of HCV H77 strain

Restriction enzyme site

Sense primers
A0 (45-mer) 59-ACGCGTAAGCTTATGAGCACGAATCCTAAACCTCAAAGAAAAACC-39 HindIII
A0 (38-mer) 59-ACGCGTAAGCTTATGAGCACGAATCCTAAACCTCAAAG-39 HindIII
A 1 1 59-ACGCGTAAGCTTCATGAGCACGAATCCTAAACCTCAAAG-39 HindIII
A 1 2 59-ACGCGTAAGCTTCCATGAGCACGAATCCTAAACCTCAAAG-39 HindIII
A 1 3 59-ACGCGTAAGCTTCCCATGAGCACGAATCCTAAACCTCAAAG-39 HindIII

Antisense primer
B 59-TTCAGAGAATTCCTACGGGTGTACTACACACGTGAGTAAG-39 EcoRI

Restriction enzyme sites are underlined; the HCV initiation codon is shown in italic characters; the extra nucleotides
upstream of the HCV initiation codon are shown in bold characters.

FIG. 1. Sequence analysis of eight clones derived from the patient.
Amplification was performed with primer A0 (45-mer). Black boxed
regions indicate putative translated HCV products. Continuous lines
indicate nonsilent mutations, and discontinuous lines indicate silent
mutations, compared with the consensus sequence of HCV H77 (24).
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truncated products of a size predicted from the location of the
stop codon were obtained (data not shown).

As a control for the fidelity of the PCR and cloning
procedures, we amplified the same region of HCV from a
plasmid that contained a homogeneous and viable full-length
sequence of HCV (24). Given the high prevalence of deletions
in the sense primer region, and to exclude an oligonucleotide
synthesis problem, primers A0 (45-mer) and B were resynthe-
sized and gel-purified in an independent laboratory. Amplifi-
cation and cloning were performed exactly as described above
for the sample derived from the patient. A short region
encompassing the sense primer region was sequenced in 10
random clones. Five (50%) of the 10 clones obtained with the
new primers also presented a deletion in this region, indicating
that a defective lot of primers was not responsible for the
previous results. Sequence analysis of the entire product of two
of the clones without deletion in the primer region identified
a mutation that created a stop codon and a nucleotide deletion
that caused a frameshift, respectively (data not shown). Once
again, full-length polypeptide products were not obtained by in
vitro transcription–translation in these two clones. These re-
sults suggested that translationally defective clones were being
preferentially selected by the cloning procedure.

Modification of the Region Immediately Upstream of the
HCV Initiation Codon Increased the Proportion of Functional
Clones. We hypothesized that spurious translation of HCV
sequences was producing a protein toxic to E. coli. Therefore,
we repeated the amplification of the structural region of HCV
from the control plasmid as described above, except that we
used sense primers that introduced extra nucleotides just
upstream of the HCV initiation codon in an attempt to prevent
translation of HCV sequences. For convenience, we synthe-
sized a shorter sense primer (A0, 38-mer) and introduced one
(primer A11), two (primer A12), or three (primer A13) extra

nucleotides (Table 1). The restriction enzyme site of the sense
primers, as well as the sequence and the restriction enzyme site
of the antisense primer, were the same as those used in the
previous experiments. Conditions for long PCR and cloning
were the same in all experiments.

We sequenced eight randomly selected clones, obtained
after amplification of the control template with primer A0
(Fig. 2A). The mean number of nucleotide changes per clone
(excluding mutations in the primer regions) when compared
with the template sequence was 3.4 6 1.8, with a range of from
0 to 5. Therefore, based on the product length and the 35 cycles
of amplification, the estimated polymerase error rate was 3.7 3
1025ynt per cycle. Of a total of 27 mutations, 8 (30%) were
silent whereas 19 (70%) led to amino acid changes. Although
amplification was performed from a functional cDNA tem-
plate, all eight clones appeared defective for polyprotein
synthesis. One of the eight analyzed clones had an in-frame
stop codon, and six other clones each had a single nucleotide
deletion (three of them in the sense primer region, in two
different positions), which were predicted to terminate trans-
lation (Fig. 2A). The final clone had a unique mutation that
changed the AUG start codon to GUG (in the sense primer
region). Transcription–translation analysis showed that none
of these clones, with one exception, encoded a full-length
85-kDa protein; the clone having a GUG start codon yielded
an 85-kDa product but only in minute amounts.

In the same experiment we used the modified sense primer
A11 to amplify the structural region from the control plasmid.
A significant increase in the cloning efficiency was apparent:
in two independent experiments, the number of transformed
colonies was at least five times greater following amplification
with primer A11 than with primer A0. We found a total of 29
mutations in the nonprimer region in 10 randomly selected
clones amplified with the A11 primer (Fig. 2B); thus, the

FIG. 2. Sequence analysis of clones derived from the control plasmid. (A) Eight clones derived from the control plasmid with primer A0 (38-mer).
(B) Ten clones derived from the control plasmid with primer A11. Black boxed regions indicate putative translated HCV products. Continuous
lines indicate nonsilent mutations, and discontinuous lines indicate silent mutations, compared with the control plasmid sequence (24). The last
clone of A contains the mutation within the start codon (AUG to GUG). This mutation, theoretically, could result in a low level of translation.
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estimated polymerase error rate was 3.2 3 1025ynt per cycle.
The mean number of nucleotide changes per clone when
compared with the template sequence was 2.9 6 2.2, with a
range of from 1 to 7. Therefore, the estimated polymerase
error rate was very similar to that observed when the A0
primer was used. What was strikingly different was that 7 of the
10 clones appeared, on the basis of sequence, to be functional
for polyprotein synthesis, and only 3 clones were presumed to
be nonfunctional because they contained a stop codon (two
clones) or a single nucleotide deletion (one clone). As pre-
dicted, transcription–translation analysis showed that the
seven clones presumed to be functional were indeed able to
produce a full-length 85-kDa product. Thus, whereas none of
the 8 clones obtained by using primer A0 for amplification was
functional, 7 of 10 obtained with primer A11 were functional.
This difference was statistically significant (P 5 0.004).

We also compared clones amplified from the patient with
primer A0 (20 clones) and primer A11 (24 clones). None of
the 20 clones obtained after amplification with primer A0 was
functional for polyprotein synthesis in the in vitro transcrip-
tion–translation system, whereas 10 of 24 (42%) of the clones
obtained after amplification with primer A11 expressed a
full-length polyprotein of 85 kDa (P , 0.001) (Table 2).

Finally, clones obtained after amplification of the control
plasmid with primers A0, A11, A12, and A13, respectively,
were analyzed with the in vitro transcription–translation sys-
tem. In total, only 2 of 25 (8%) of the clones obtained with
primer A0 were fully functional for polyprotein synthesis,
whereas 18 of 25 (72%), 23 of 25 (92%), and 22 of 25 (88%)
were functional when primers A11, A12, and A13 were used,
respectively (Table 2; proteins expressed from representative
clones obtained with primers A0 and A13, respectively, are
depicted in Fig. 3). These differences were statistically signif-
icant (P , 0.001).

Distinction Between True and Artificial Genetic Heteroge-
neity. Distinction between true and artificial genetic hetero-
geneity is important for understanding the biology of HCV.
We analyzed the pattern of mutations in the clones obtained
with primer A0 from the patient and from the control plasmid.
When compared with the consensus sequence of H77, the
number of nucleotide substitutions per clone was substantially
higher in the clones obtained from the patient (Fig. 1) than in
those obtained from the control (Fig. 2A) (17.6 6 12 vs. 3.4 6
1.8, respectively; P , 0.001). These data indicated that there
was true genetic heterogeneity in the structural gene region of
the viruses circulating in the patient. We also compared the
number of changes in the deduced amino acid sequence of

clones derived from the patient and of clones derived from the
cDNA control. Approximately two-thirds of the random nu-
cleotide changes produced by polymerase mistakes are ex-
pected to introduce an amino acid change. In fact, 19 of 27
(70%) of the mutations in the clones derived from the control
plasmid did indeed introduce coding changes, whereas only 64
of 141 (45%) of the substitutions in clones amplified from the
patient led to amino acid changes (P 5 0.02). This difference
suggests that there was a biological selection in the patient
against coding mutations.

There was also a significant difference between the propor-
tion of defective clones obtained from the patient and from the
control when amplification of the cloned region was per-
formed with primer A11. With primer A11, 14 of 24 (58%)
of clones obtained from the patient were defective for polypro-
tein synthesis, whereas only 7 of 25 (28%) of the clones
obtained from the control plasmid were defective (P 5 0.045)
(Table 2). These results strongly suggest that some of the
viruses circulating in the patient are indeed defective for
polyprotein synthesis.

DISCUSSION

Although there is a general impression that some genes are
harder than others to clone in bacterial plasmids, the scope and
magnitude of this problem may have been underestimated. It
was a surprise to find that all of the clones of HCV that we
isolated initially contained stop codons or frameshift muta-
tions and thus were defective for translation. The failure to
recover a cDNA clone that could express the HCV structural
proteins suggested that either the majority of HCV virions
circulating in the patient were defective or that cDNA se-
quences that could encode the HCV proteins of interest were
eliminated during the cloning procedure and the genomic
sequences obtained were not representative of the viral pop-
ulation. The former hypothesis has major implications for
understanding the biology of the virus whereas the latter could
invalidate some quasispecies analyses. The first hypothesis
seemed unlikely because there was only a 10-fold difference
between PCR titer and infectivity titer for this sample (22, 25).
It seemed more probable that the recovery of HCV cDNA
clones was strongly biased toward nonfunctional clones.

One hypothesis accounting for selection of defective clones
was that HCV proteins were being translated during plasmid
amplification in bacteria and that these proteins were toxic for
E. coli. Translation could initiate within E. coli sequences and
continue into HCV sequences, or it could initiate directly
within the HCV portion of a transcript. Because there were
amber and ocher stop codons in the polylinker preceding the
HCV insert, it seemed unlikely that an E. coli–HCV fusion
protein was causing the problem.

We considered it possible that spurious translation was
initiating within the HCV sequence. In E. coli, the translation
efficiency is in part determined by the Shine–Dalgarno (SD)
interaction (the base pairing of the 39 end of the 16S ribosomal
RNA to complementary nucleotides located upstream of the
initiation codon in the messenger RNA). We analyzed the
sequence upstream of the initiating AUG codon of HCV and
found sequences complementary to the 16S ribosomal RNA
(SD sequences) in positions 25 to 27, and 211 to 213, which
might conceivably function in initiation complex formation
and allow translation of the HCV sequences in E. coli. When
we introduced a frameshift mutation of 1 or 2 extra nucleotides
just upstream of the HCV translation–initiation codon, the
proportion of translationally competent clones dramatically
increased. If this were entirely a result of elimination of a
fusion protein, introduction of the third nucleotide would have
restored the original reading frame and defective clones should
have been selected again. In contrast, when the third nucleo-
tide was inserted, the proportion of functional clones remained

Table 2. Analysis by in vitro transcription–translation of clones
obtained from the patient or from a control plasmid

Functional
clones

Defective
clones Total

Clones derived from the patient
Sense primer A0* 0 (0%) 20 (100%) 20
Sense primer A 1 1*† 10 (42%) 14 (58%) 24

Clones derived from the control plasmid
Sense primer A0‡ 2 (8%) 23 (92%) 25
Sense primer A 1 1†‡ 18 (72%) 7 (28%) 25
Sense primer A 1 2‡ 23 (92%) 2 (8%) 25
Sense primer A 1 3‡ 22 (88%) 3 (12%) 25

*The difference between the proportion of defective clones obtained
from the patient with sense primers A0 and A 1 1 was statistically
significant (P , 0.001).

†The difference between the proportion of defective clones obtained
with sense primer A 1 1 from the patient and from the control
plasmid was statistically significant (P 5 0.045).

‡The differences in the proportion of defective clones obtained with
sense primer A0 compared with the proportions of defective clones
obtained with sense primers A 1 1, A 1 2, and A 1 3, respectively,
were statistically significant (P , 0.001 in all three cases).
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high, confirming that the fusion-protein theory was not the
likely explanation. Modifications of the spacing between the
SD sequence and the gene start codon, as well as changes in
the secondary structure of this region, have been shown to
affect significantly the translation efficiency of some genes
(26–31). Therefore, we suggest that selection of certain clones
occurred because translation initiated at an HCV codon to
produce a toxic protein and incorporation of 1–3 additional
nucleotides between the SD-like sequences and the first AUG
in the HCV region interfered with this initiation step.

Four pieces of data support the theory that synthesis of HCV
proteins in E. coli resulted in selection of translation-defective
clones. First, all of the clones originally isolated had stop
codons or frameshift mutations that were not randomly dis-
tributed but were located within the first half of the HCV
sequence. The majority of these mutations would have pre-
vented translation of virtually the entire HCV insert. Second,
a clone containing a single mutation that changed the AUG
start codon to GUG was isolated. Translation efficiency
usually is reduced significantly by a GUG start codon (28), and
this mutation therefore would have the same practical effect as
a stop codon but only if translation initiated at this site. Third,
only opal stop codons were identified although amber or ocher
stop codons should have occurred with similar frequency. We
do not have an explanation for the absence of ocher codons.
However, the absence of amber stop codons seems best
explained by the fact that the amber suppressor allele supE44
is present in the DH5 alpha strain of E. coli we used, and
therefore, an amber stop codon would not have prevented
protein synthesis (32). Fourth, minor modifications of the
vector close to the putative site of translation–initiation de-
creased or eliminated the number of clones encoding prema-
turely terminated proteins. Because it currently is not possible
to predict which peptides or proteins might be toxic to E. coli,
the possibility of biased recovery of clones should be consid-
ered whenever foreign genes are biologically amplified as
plasmids.

The recovery of a majority of translationally functional HCV
clones after modification of the vector has important impli-
cations. First, it suggests that studies identifying a very high
proportion of quasispecies clones with stop codons or frame-
shifts may have been flawed by a similar selection during
amplification in E. coli. However, when the A11 primer, which
decreased the number of defective clones, was used, we did
recover a significantly higher proportion of translation-
defective clones from the patient than from the control. This
result demonstrated that there are HCV particles that do
indeed contain a defective genome. The question remains,

however, as to what their true level is and whether they are
perpetuated by helper viruses or generated de novo during
each round of replication. The answer to this question is crucial
to understanding the dynamics of HCV replication.

The data also confirmed that there was sequence diversity
in the structural regions of circulating viruses. The eight clones
derived with primer A0 from the patient had 5.2 times more
mutations (141 vs. 27) than did the eight comparable clones
derived from the homogeneous control plasmid. These excess
mutations almost certainly represent real genetic variants of
HCV. However, as reviewed by Smith et al. (17), there is no
simple way to determine which mutations in clones are present
in circulating virus and which are artifacts of the PCR ampli-
fication; therefore, the true sequence of the quasispecies in the
patient could not be unequivocally identified.

Our results suggested that silent mutations were more likely
to be retained in the virus population than nonsilent muta-
tions. Of the eight clones derived with primer A0 from the
control plasmid, 30% of the mutations were silent mutations,
close to the 33% predicted by random mutation, and eight
translation-defective clones derived from the patient had 55%
of the mutations as silent mutations. A probable explanation
for the difference in percentage of silent mutations is that
coding mutations were often detrimental to virus replication
and viruses containing them failed to thrive in the patient,
leading to preferential accumulation of silent mutations in the
circulating virus population.

These data suggested a number of explanations for the
difficulties previously encountered in expressing HCV glyco-
proteins (33) and in obtaining an infectious cDNA clone of
HCV. Both laboratories that succeeded in producing an in-
fectious clone did so by constructing a clone with a sequence
almost identical to the consensus sequence (24, 34). The
apparent preferential accumulation in circulating viruses of
silent mutations compared with coding mutations noted above
suggests that the structural proteins of HCV (with the obvious
exception of the hypervariable region) may not be very plastic,
and thus, random coding mutations introduced into the cDNA
by polymerase errors might have diminished or abolished the
infectivity of any nonconsensus cloned genome. However, an
even more intriguing possibility should be considered. What if
production of HCV toxic proteins could be circumvented not
only by preventing translation of the HCV sequence but also
by selecting for coding mutations, which altered the HCV
protein so drastically that it was no longer toxic for the
bacterium? Such a severe alteration almost certainly would
destroy the ability of the protein to function in HCV replica-
tion also. If such cloning selection of lethal mutations oc-

FIG. 3. Transcription–translation of clones derived from the control plasmid. Amplification with primer A0 (38-mer) (A) or primer A13 (B).
First lane, positive control (a clone with the consensus amino acid sequence of H77). Remaining lanes, representative clones. Arrow, position of
the expected full-length product ('85 kDa).
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curred, the vectors and conditions for amplifying plasmids in
E. coli could have more impact than polymerase errors on
diminishing the recovery of infectious clones. Additionally,
this type of scenario would complicate quasispecies analysis;
the common appearance of a particular mutation might not
reflect a major quasispecies but rather highlight a particularly
potent inactivating mutation that was well tolerated by E. coli.
This caveat has the corollary that the best way to ensure that
a consensus sequence is valid may be to determine it by direct
sequencing of PCR products rather than to deduce it from the
sequence of a limited number of cloned products.

In summary, our data clearly show that under certain
common cloning conditions plasmids containing stop codons
or frameshift mutations in HCV proteins (and presumably
other proteins) can be preferentially amplified in E. coli. The
data do not rule out the possible selection of lethal or
debilitating mutations by a similar mechanism, and this would
be even harder to recognize. It is necessary to consider such
selection pressure when studying quasispecies or cloning genes
for expression. A low efficiency of transformation may be a
warning that negative selection pressure is operating. If selec-
tion is detected, it may be possible to decrease or eliminate it
by changing or modifying the vector or insert. The data
emphasize the fact that we still do not understand all of the
variables that can affect the apparent quasispecies distribution
of a virus and suggest that the most powerful techniques
currently used to analyze virus genomes in particular and other
genes in general may be generating more artifacts than is
commonly recognized.
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