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Denaturing gradient gel electrophoresis (DGGE) was used to study the diversity of hepatitis C virus (HCV)
quasispecies. Optimized DGGE running conditions were applied to screen for variations in sequences cloned from
amplicons originating from the nonstructural Sb (NS5b) gene of HCV in blood of hemophilia patients, intra-
venous drug users, and blood donors (five specimens from each study group, ca. 40 clones studied per specimen).
Clones identified by DGGE as unique were sequenced. NS5b sequence entropy and mean genetic distance in
hemophiliacs did not differ significantly from those in the other groups, pointing to a lack of correlation be-
tween HCV diversity and the multiplicity of past HCV exposures. DGGE was also applied to investigate varia-
tion in the HCV envelope 2/hypervariable region 1 (E2/HVR-1) in serum samples serially taken from two patients
during the seroconversion phase of HCV infection. E2/HVR-1 sequence entropy changes were small and not cor-
related with rising anti-HCV antibody levels, reflecting mutational changes not mediated by antibody selection.

Most studies assessing the diversity of hepatitis C virus
(HCV) quasispecies are conducted by amplifying selected por-
tions of the genome by PCR, isolating individual subgenomic
fragments by a cloning procedure, and then characterizing the
nucleotide sequence of each clone (15, 17, 20). Evaluating the
diversity of HCV quasispecies in clinical specimens often re-
quires the sequencing of a large number of clones. Less oner-
ous procedures, e.g., those that analyze single-strand confor-
mation polymorphism and heteroduplex mobility of PCR
amplicons, have been described (11, 18, 26). We have devel-
oped an alternative procedure based on denaturing gradient
gel electrophoresis (DGGE) (10) that permits intrahost HCV
genetic diversity to be screened more comprehensively.

In the DGGE procedure, double-stranded (ds) DNA is elec-
trophoresed through an acrylamide gel containing a gradient
of denaturant that increases in the direction of electrophoresis.
The DNA molecules melt when they reach a part of the gel
that is sufficiently denaturing. At this position, denaturation
starts to occur at melting domains of the molecule. As elec-
trophoresis proceeds, conditions become more denaturing and
more domains melt. Single-stranded domains, as they are
formed, retard the movement of the DNA through the gel
matrix. Sequence differences of as little as 1 base can dramat-
ically alter the stability of the melting domains. However, at
positions of the gel where the concentration of denaturants is
high, DNA can become completely single stranded and the
migration is no longer dependent on sequence. To prevent
complete denaturation of ds DNA, a “GC-clamp” is attached
to one of the PCR primers, facilitating the detection of muta-
tions along the whole length of a DNA molecule (23). The
sensitivity of DGGE in distinguishing between mutations is
highly dependent on the quality of the gradient gels and the
differences in migratory positions of DNA molecules and is not
necessarily related to the number of nucleotide differences.
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Nucleotide variation in three subgenomic regions, the 5’
noncoding region (5'NCR), the nonstructural 5b (NS5b) gene,
and hypervariable region 1 of the envelope glycoprotein 2-cod-
ing (E2/HVR-1) region was investigated. The 5'NCR is a
highly conserved region of the genome. Nucleotide variations
therein permit genotypes to be assigned, allowing inferences of
how HCV evolves over long intervals (decades and centuries)
to be drawn (3). In this study, PCR clones derived from 5'NCR
were used to optimize DGGE running conditions and to de-
termine if DGGE can discriminate between sequences with
single-nucleotide changes. The NS5b gene is a relatively vari-
able subgenomic region (1, 13, 14). It displays a diversity wide
enough to allow observation of how the HCV genome drifts
over a relatively short period (months and years) (25). In our
study, clones amplified from this region were used to test
whether the optimized DGGE conditions were adequate to
screen a large array of PCR clones bearing a variety of se-
quence changes and to investigate if its sequence diversity
differs between HCV-infected people belonging to different
at-risk groups. E2/HVR1 is the most hypermutable locus of the
HCV genome (6). It exhibits the highest sequence diversity of
any region of the genome, encoding a 27-amino-acid peptide at
the amino terminus of the E2 gene against which the host
antibody response is targeted (28, 29). The DGGE procedure
was applied to E2/HVR-1 to study how the HCV quasispecies
changes during the early (seroconverting) phase of acute in-
fection (2, 7, 16).

MATERIALS AND METHODS

Specimens. For studies of variation in 5'NCR and the NS5b region, we used
sera from 15 HCV RNA-positive individuals referred to our laboratory for
confirmatory testing. Five serum samples were from hemophilia patients, five
were from injecting drug users (IDUs) and five were from blood donors. All the
individuals were known not to have undergone antiviral therapy. The hemophilia
patients had received clotting-factor therapy before anti-HCV antibody screen-
ing became routine in blood donor centres. To investigate E2/HVR-1 evolution
in the early, acute phase of infection, panels of serum samples each serially taken
from two plasma donors undergoing HCV seroconversion was used. These spec-
imens were purchased from Bioclinical Partners Inc. (Franklin, Mass.) (cata-
logue numbers HCV6211 and HCV6214).
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PCR amplification and cloning. RNA was extracted from 100 pl of sera or
plasma using the Amplicor HCV specimen preparation kit (Roche Diagnostic
Systems, Branchburg, Calif.). The final pellet was resuspended in 50 pl of nu-
clease-free water. Extracted RNA (22.2 wl) was reverse transcribed in 5 mM
MgCl,~1 mM each deoxynucleoside triphosphate (ANTP)-3.3 wM random hex-
amers—-0.34 U of RNasin (Promega, Madison, Wis.)-5 U of Moloney murine
leukemia virus reverse transcriptase (Life Technologies, Paisley, United King-
dom).

Amplification from the 5'"NCR was carried out in 50-pl reaction volumes each
containing 10 pl of cDNA solution, 1.5 mM MgCl,, 1 mM each dNTP, 25 pmol
of sense primer 126 (5'GTGGTCTGCGGAACCGG), 25 pmol of antisense
primer 299 (5’GGGCACTCGCAAGCACCC) (12), and 0.7 U of EXPAND
high-fidelity polymerase (Roche Molecular Biochemicals, Lewes, United King-
dom). The reaction mixtures were heated to 94°C for 30 s, and this was followed
by 35 cycles of 94°C for 30 s, 65°C for 40 s, and 72°C for 50 s and a final cycle of
30 s at 72°C. This primer pair amplified a 174-bp fragment between genomic
positions —199 and —26.

Amplification from the NS5b gene was carried out in 50-pl reaction mixtures
each containing 10 wl of cDNA, 0.7 U of EXPAND high-fidelity polymerase, 25
pmol of sense primer 1204 (5'GGAGGGGCGGAATACCTGGTCATAGCCT
CCGTGAA), 25 pmol of antisense primer 1203 (5’ATGGGGTTCTCGTATG
ATACCCGCTGCTTTGACTC), and 1 mM each dNTP in Opti-prime PCR
buffer 4 (Stratagene, La Jolla, Calif.). The reaction mixtures were heated to 94°C
for 30 s, and this was followed by 35 cycles of 94°C for 30 s, 54°C for 40 s, and
72°C for 50 s and a final cycle of 30 s at 72°C. The sequence amplified is a 401-bp
fragment between positions 7903 and 8309.

Amplification of the E2/HVR-1 region was carried out in 50-ul reaction
mixtures containing 10 ul of cDNA in 5 mM MgCl,, 1 mM each dNTP, 25 pmol
of sense primer HVR-S2 (5'TACTACTCCATGGTGGGAGACTGGGC) (27),
25 pmol of antisense primer HVR-A2 (5'GATGTGCCAGCTGCCATTGG),
and 0.7 U of EXPAND high-fidelity polymerase. The reaction mixtures were
heated to 94°C for 1 min, and this was followed by 30 cycles of 94°C for 1 min,
56°C for 1 min, and 72°C for 1 min. These primers amplify a 189-bp product
between positions 1082 and 1271 of the HCV genome (4).

PCR products were cloned using the TOPO TA cloning kit (Invitrogen BV,
De Schelp, The Netherlands). Colonies with inserts from the three subgenomic
regions were picked and amplified directly using PCR conditions described
above. The number of cycles was reduced to 20 for amplification of the 5'NCR
and E2/HVR-1 sequences. A GC clamp sequence (5'CGCCCGCCGCGCCCC
GCGCCCGTCCCGCCGCCCCCGCCCG) was incorporated in the 5" end of
the forward primer sequences (HVR-S2, sense 126, and sense 1204) during PCR
to prevent complete denaturation of ds DNA during DGGE (23).

DGGE analysis. The denaturing-gradient polyacrylamide gel was prepared as
follows. Acrylamide solutions were prepared as two stock solutions. For 5'NCR
and NS5b analysis, one solution contained 30% denaturants consisting of 12%
polyacrylamide (supplied as Protogel by National Diagnostics, Hull, United
Kingdom), 12% formamide, and 2.1 M urea in 0.6X Tris-acetate-EDTA (TAE)
buffer, and the second solution contained 70% denaturants consisting of 12%
polyacrylamide, 28% formamide, and 4.9 M urea in 0.6X TAE buffer. For
analysis of the E2/HVR-1, these solutions were diluted down to 10 and 65%
denaturants, respectively, using an acrylamide solution that contained no dena-
turants. The gradient gel was formed by transferring, using a gravity-driven
gradient maker (GRI, Braintree, United Kingdom), 30 ml of each gel solution
between the glass plates of the Ingeny Phor U2 vertical electrophoresis apparatus
(GRI). This apparatus allows two gels to be made for each electrophoresis run.
Wells in each gel were formed with a 48-well square-toothed comb, after which
the gels were allowed to polymerize for 1 h. PCR products (3 to 5 ul of each)
were mixed with 2 to 4 pl of loading dye and applied to the gel. Electrophoresis
was carried out in 0.6X TAE buffer at 60°C and 100 V for 16 h. Running buffer
was continuously circulated to maintain a constant temperature throughout the
electrophoresis tank. The gels were stained with SYBR Green I (Flowgen;
Lichfield, Staffordshire, United Kingdom), and bands were visualized by UV
transillumination.

Sequence analysis. Following DGGE, the migration positions of the various
PCR products were first inspected. For cloned products, the migration position
of the dominant clone was identified. The PCR product from a representative
dominant clone was then chosen for sequencing, together with products that
yielded migration positions different from the dominant clone. PCR products
were purified by electrophoresis through 2% agarose followed by excision of the
appropriate band. DNA was recovered using the Igenie DNA extraction kit
(Immunogen, Sunderland, United Kingdom). The 5'NCR products were se-
quenced with the ABI Prism DNA sequencing kit (PE Applied Biosciences,
Warrington, United Kingdom), and electrophoresis was carried out using the
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FIG. 1. DGGE gel migratory positions of colony PCR products
amplified from the 5’'NCR of HCV in sera of two patients with chronic
hepatitis C, CHC001 and CHC002 (panels a and b, respectively) and
5'NCR PCR products directly amplified from eight different HCV
carriers (panel c). Sequences of two of the colony products from
CHCO001 (indicated by asterisks in panel a) differ by 1 nt between each
other and the dominant clone; sequences of the colony products from
CHCO002 are all identical. (A) Positions attained after electrophoresis
through a 0 to 80% denaturant gradient. (B) Positions attained after
electrophoresis through a 30 to 70% gradient.

ABI 373 automated sequencer. The NS5b products were sequenced using ABI
prism Big Dye terminator sequencing kit, which particularly facilitated charac-
terization of the sequence of the entire length of the amplicon in both the
forward and reverse directions.

Sequences were aligned and compared using the CLUSTAL V algorithm in
the MEGALIGN program of the LASERGENE package (DNASTAR Inc,
Madison, Wis.). Phylogenetic analysis was also carried out using DNADIST and
FITCH from the PHYLIP suite of programs and TREEVIEW to generate
dendrograms (9).

Statistical analysis. Sequence data from the NS5b segment formed the basis
for the determination of HCV genetic diversity. Shannon entropy (Sn) values
were calculated as a measure of genetic complexity. They incorporate the num-
ber of sequence variants, the frequency of each variant, and the total number of
variants analyzed (21)

Sn = [Zi(p; In p;]/In N

where N = total number of sequences and p;, = frequency of each sequence. Sn
values can range from 0 (when 1 variant is present) to 1 (where each variant
occurs once). The data were first verified to be normal by Shapiro-Wilks testing.
Student’s ¢ testing of mean values and variance ratio testing of standard devia-
tions were then applied. Genetic diversity was calculated as the average genetic
distance between species, using the CLUSTAL V algorithm. The statistical sig-
nificance of differences in Sn and genetic distance values between groups was
evaluated using the Kruskal-Wallis test.

Nucleotide sequence accession numbers. Sequences were deposited in Gen-
Bank under accession numbers AF282631 to AF282674 and AY003921 to
AY004035.
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FIG. 2. The upper panels show DGGE gel migratory positions of colony PCR products amplified from the HCV NS5b subgenomic region from
serum of blood donor BD259 (A) and hemophilia patient H858 (B). The lower panels show a comparison of nucleotide sequences characterized
after unique sequences were screened by the DGGE procedure. Colony products with unique sequences are assigned different Roman numerals
at the top of the upper panels and to the left of the lower panels. Numbers in parentheses in the lower panels denote the number of clones with

the unique sequences.

RESULTS

Optimizing DGGE running conditions using 5'NCR ampli-
cons. Two patients chronically infected with HCV were used
for the optimization of the DGGE technique. A fragment of
the HCV 5'NCR was amplified, by PCR, from the sera of these
patients and then cloned. PCR products derived from the
resulting colonies had a GC clamp attached and were then
analyzed by DGGE. In addition, 5'"NCR PCR products from a
further eight patients were used in the optimization process.
These were not cloned. Two of the colony PCR products from
one patient, CHCO001, differed by a 1-nucleotide (nt) substitu-

tion from each other and from the dominant clones. The se-
quences of colony products derived from the other patient,
CHCO002, were all identical. These products were then ana-
lyzed by DGGE using a 0 to 80% denaturant gradient. Initial
electrophoresis conditions were 200 V for 6 h at 60°C. Figure
1A shows the final migratory positions of the two sets of colony
PCR products attained under these DGGE conditions (panels
a and b; the two products with different sequences are indi-
cated by asterisks in panel a). Thus, while these DGGE con-
ditions reproducibly led to uniform migration of DNA sharing
the same sequence, they failed to distinguish DNA products
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FIG. 2—Continued.

bearing 1-nt changes. Panel ¢ of Fig. 1A shows that there was
little difference in the migratory positions reached in non-
cloned amplicons derived from the 5’'NCR of HCV carried by
the eight individuals.

Narrower gradients were empirically tested using the same
panel of colony and noncloned PCR products to determine the
gradient that would result in the clear resolution of unique
variants. The best result was achieved using a 30 to 70% gra-
dient. Figure 1B shows the migratory positions of these PCR
products through such a gradient. Cloned sequences bearing
1-nt substitutions (panel a) and noncloned sequences from
different HCV carriers could then be discriminated (panel c).
Increasing the electrophoresis time for the DGGE procedure
to 16 h (overnight) and reducing the voltage to 100 V did not

alter discrimination (data not shown). Forty colony 5'NCR
products derived from five hemophiliacs, five IDUs, and five
blood donors were systematically studied using the overnight
running conditions. For each set of clones, clones whose re-
amplified DNA products resulted in DGGE bands migrating
to positions different from each other were subjected to DNA
sequencing analyses. In all cases, products of 5'NCR-derived
clones yielding minority DGGE banding positions were found
to carry sequences differing from the majority sequence (data
not shown).

The G+C content of a DNA fragment predicts the dena-
turing conditions under which it will be completely retarded in
the gel matrix. We predicted that, having a lower G+C content
than the 5'NCR, both the NS5b and E2/HVR-1 fragments
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FIG. 3. Unrooted tree showing the diversity of NS5b sequences cloned from serum blood donors (A), IDUs (B), and hemophilia patients (C).
Sequences from study individuals are shown in plain type; Roman numerals in parentheses denote unique sequences found within each specimen.
Representative sequences obtained from the GenBank database are shown in bold type. The number and line at the bottom denote the proportion
of nucleotides substituted for a given horizontal branch length. Dendrograms were produced using DNADIST, FITCH, and TREEVIEW in the

PHYLIP suite of programs.

would be resolved in a lower concentration of denaturants.
This allowed us to analyze NS5b-derived clones on the upper
half of the gel used to analyze 5'NCR-derived clones. For the
E2/HVR-1 colony products, a gel with a denaturing gradient of
10 to 65% was used. In initial DGGE runs, five or six of the
dominant colony products derived from both the NS5b and
E2/HVR-1 were sequenced to confirm that minor variants
could indeed be detected. In later runs, two or three dominant
colony products were sequenced.

DGGE and sequence analysis of NS5b-amplified clones
from individuals belonging to different risk groups. Intrahost
NS5b variation in the hemophilia patients, IDUs, and blood
donors (five from each group) was then studied using DGGE
conditions optimized for the analysis of 5’"NCR clones. As with
the study of 5'NCR variation, every product of each individual
screened by DGGE to yield a banding position different from
the majority position was processed for DNA sequencing. Fig-
ure 2 illustrates representative DGGE bands obtained and the
sequence changes that accounted for the different positions
in clones from a blood donor (BD259) (Fig. 2A) and a he-
mophilia patient (H858) (Fig. 2B). PCR products whose se-

quences differed by as little as 1 nt regularly migrated to dif-
ferent positions. Figure 3 displays dendrograms illustrating
NS5b sequence diversity in individuals from the three study
groups. Sequences from each individual tended to cluster
tightly, segregated away from clusters of sequences from other
individuals in the same genotype. This tight clustering is the
result of nucleotide substitutions occurring at one to three sites
along different positions of the NS5b amplicon in the minority
variants (the complete sequence data are in GenBank). Only in
two individuals (BD268 and BD424) was a single substitution
observed at the same site in a small proportion of minority
variants (BD268 III and V, and BD424 V and VII); such an
occurrence leads to positioning of these minority variants away
from the main cluster (Fig. 3A).

Table 1 summarizes the entropy and genetic diversity values
derived from NS5b sequences. Although the median Sn and
GD values in the blood donor group are higher than those in
the other two groups, the differences between the groups were
not significant. Comparison of the variant NS5b sequences
identified from each sample with sequences deposited in Gen-
Bank showed five of the individuals to be infected by type 1a,
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FIG. 3—Continued.

six to be infected by 1b, one to be infected by 2a, one to be
infected by 2b, and two to be infected by 3a. None were in-
fected with more than one genotype or subtype.

Analysis of changes in the E2/HVR-1 region during HCV
seroconversion. DGGE analysis allowed the changes in E2/
HVR-1 sequences over a short period in two seroconverting
individuals, SC1 and SC2, to be evaluated rapidly. Figure 4
shows the distribution of E2/HVR-1 sequences from each pa-
tient at six time points, and Fig. 5 documents the base changes
that led to variation in DGGE banding positions.

For SC1, DGGE showed that a single variant (I) was exclu-
sively carried by the first sample (day 0) (Fig. 4A). Over the
seroconversion period, variant I remained dominant, while
most of the minority variants (II to X, XI, and XII) appeared
only once and variant X appeared twice (both on day 43).
Sequence analysis revealed point deletions in variants III and
VII and longer deletions in variants V and XI (Fig. 4B). All
these deletions predict the translation of truncated envelope
protein products (data in GenBank). In addition, point substi-
tutions were found in variants III and VII and in variants
without any deletions (I, IV, VI, VIII, IX, and XII) (Fig. 4B).
Substitutions in variants VIII, IX, and XII were synonymous,
with the amino acid sequence specified being identical to that
specified by variant I while substitutions in variants II, IV, and
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X were nonsynonymous (data in GenBank). The small number
of nucleotide substitutions precluded analysis of variation in
synonymous/nonsynonymous and transition/transversion ratios
over time.

E2/HVR-1 entropy values obtained for the samples from
SC1 at each time point were low, ranging from 0 (day 0) to
0.153 (day 43). No trends were observed as entropy values
changed with the changes in circulating viral load, serum ala-
nine aminotransferase (ALT) level, and anti-HCV level (Fig.
6A).

In contrast to SC1, DGGE showed the presence of three
variants (I to III) in the first sample from SC2 (Fig. 5A).
Sequence analysis of the clones showed that while the minority
variants II and III differed by 1 nt, both these variants were
substantially different from variant I (Fig. 5B). Over the sero-
conversion period, variant I remained dominant, and minority
variants other than II and III appeared (Fig. 4B). Of the
minority variants, only two (variants II and XIII) re-emerged:
variant II on days 23, 49 and 56 and variant XIII on days 32, 49
and 56. The rest of the minority variants appeared only once.
Figure 5B also shows that the various sequences may be seg-
regated into three groups according to nucleotide motifs: vari-
ants IT and III, those clustering with variant I (variants IV, V,
VI, VII, X, XI, XII, XV, and XVI), and those clustering with
variant XIII (variants VIII, IX, XIV, and XVII). Phylogenetic
analysis confirmed the grouping of variant sequences to the
three clusters (data not shown). The deletion variants (V, X,
and XI), all mutants of variant I, also specify the translation of
truncated products (data in GenBank).

Despite the presence of clusters, little variation in diversity
was seen in SC2 over the seroconversion period, with the
entropy values varying from 0.03 (day 10) to 0.188 (day 56).
There was also no trend in the entropy changes as the viral
load and ALT and anti-HCV levels changed (Fig. 6B).

DISCUSSION

This study, using PCR clones derived from three regions of
the HCV genome 5'NCR, NS5b, and E2/HVR-1, which pos-
sessed different degrees of nucleotide sequence variability,
shows that the DGGE approach is applicable to the investiga-
tion of HCV genetic diversity at the intrahost level. Sequence
differences in a relatively large number of clones from a sub-
genomic fragment (up to 48 per gel, two gels per run) can be
screened during a single procedure. No radioisotopes are
needed. Clones yielding differing gel migratory positions are
rapidly identified, to be processed further for nucleotide se-
quencing analyses if required. We regularly observed that sin-
gle-nucleotide variations in the amplicons led to differences in
the migratory positions reached. Convenient overnight runs
were made possible by carrying out electrophoresis at reduced

TABLE 1. Comparison of median values and ranges for HCV
NS5b entropy and genetic distance in three at-risk groups

Median entropy
(range)

0.256 (0.205-0.502)
0.103 (0-0.387)
0.176 (0.036-0.466)

Median genetic
diversity (range)

1.58 (0.83-1.93)
0.53 (0-1.24)
0.89 (0.72-1.45)

Group

Blood donors
IDUs
Hemophiliacs
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FIG. 4. (A) DGGE profiles of colony PCR products amplified from the HCV E2/HVR-1 subgenomic region obtained from serially collected
sera from acutely infected patient SC1. (B) Comparison of E2/HVR-1 unique sequences from SC1. Unique sequences and their corresponding
DGGE profiles are assigned different Roman numerals. Dots represent sequence identity, and dashes represent deletions.

voltage. A long electrophoresis run can be tolerated because
once GC-clamped DNA fragments travel to positions in the gel
gradient where all but the clamp region has denatured, they do
not migrate further through the gel matrix.

The assessment of quasispecies diversity, as opposed to com-
plexity, requires sequencing procedures to be carried out.
These are particularly necessary to define sequence changes in
the minority variants. The diversity and complexity of the NS5b
region characterized from blood samples from hemophiliacs,
IDUs, and blood donors were evaluated using DGGE com-
bined with sequencing of PCR clones derived from this region.
Entropy (a measure of complexity) and mean genetic distance
(a measure of diversity) are both indices of how rapidly HCV
mutates and of the extent of multiple HCV carriage. We found
that mean values of the two measures were not significantly
different between groups. Assuming that the NS5b subgenomic
region mutates at about the same rate among individuals in the
three groups, the lack of significance in the mean entropy and
genetic distance values suggests equal likelihood of carrying
multiple HCV variants. That blood donors should have the
same extent of sequence diversity as hemophiliacs and IDUs is
surprising, considering that they are thought to be less exposed
to multiple HCV transmission events. It may be that the mul-
tiple HCV transmission events hypothesized to occur in IDUs
are, for various reasons, not associated with an increase in
genetic complexity. In addition to this, the epidemiology of
HCV in blood donors is poorly understood (5). Seropositive
blood donors may thus be as susceptible to HCV multiple

transmission as are IDUs through a variety of unknown routes.
A recent study has identified intravenous drug use in a sub-
stantial proportion of British anti-HCV-positive blood donors
(19).

That HCV genetic complexity and diversity in hemophiliacs
do not differ significantly from those in the other two groups is
also unexpected. HCV-infected hemophilia patients are ex-
posed to HCV from having undergone therapy with clotting-
factor concentrates prepared from blood donors who were not
yet screened for anti-HCV. Before routine screening of blood
donors for anti-HCV came into effect, hemophiliacs had been
particularly prone to multiple HCV transmissions. This arose
not only because of the frequency of clotting-factor infusions
but also because each concentrate was derived from plasma
fractions that originated from very large pools of blood donors
(24). Despite the vulnerability of hemophiliacs to infection by
multiple HCV variants, we found no evidence of mixed HCV
genotype infection, neither did we find higher NS5b entropy or
genetic distance values in this group compared to the IDU and
blood donor groups. Moreover, sequencing of NS5b clones
derived from the hemophilia patients shows that in all five
patients, variation in sequences of the minority variants in-
volved single-nucleotide substitutions from the majority vari-
ant, accounting for the tight clustering of sequences seen in
Fig. 4C. These data are consistent with quasispecies evolution
from a single HCV founder strain and again point to the rarity
of multiple HCV carriage in hemophiliacs. Such an occurrence
may be due to resistance of the already infected host to HCV
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FIG. 5. (A) DGGE profiles of colony PCR products amplified from the HCV E2/HVR-1 subgenomic region obtained from serially collected
sera from acutely infected patient SC2. (B) Comparison of E2/HVR-1 unique sequences from SC2. Dots represent sequence identity, and dashes

represent deletions.

reinfection, which may in turn be due to failure of the newly
transmitted strains to supplant the strain that had persisted
after having first established infection. However, it is possible
that mixed infections are in fact common but that one subtype
prevails and the other becomes undetectable. It would be fea-
sible to apply the DGGE procedure to larger numbers of blood
specimens to confirm the absence or paucity of multiple infec-
tion in hemophilia patients. This confirmation would imply that
vaccination programs employing live, attenuated HCV vaccines
might be more effective in preventing primary HCV infections
than inactivated, subunit, or epitope vaccines would be.
HCV quasispecies evolution in the pre- and early serocon-
version stage of HCV infection has been studied, and the role
of immune selection is being clarified (8, 15). We note that in
one of the study patients (SC1), HCV viremia had peaked
prior to the rise in ALT and antiviral antibody levels, while in
the other (SC2), viremia was already declining at the time of
the rise in ALT and antibody levels (Fig. 6). Between our two
study patients, there were also differences in HCV complexity
and diversity in the circulation before and after the appearance
of antibody. In SCI, there was no variation in the E2/HVR-1

region in the earliest samples, and the variants that subse-
quently emerged possessed changes (deletions and substitu-
tions) suggesting that these and the dominant variant belong to
one monophyletic group. By contrast, the HCV infecting SC2
belonged to at least three monophyletic groups. Such a dispar-
ity in the complexity of HCV in specimens at the acute stage of
infection has been noted in a previous study of three patients
with acute hepatitis C (15). Variation in HCV complexity and
diversity in early specimens may be due to the absence (as
exemplified in SC1) or presence (as exemplified in SC2) of
multiple strains in the inoculum, to differences in the way
hepatocytes permit the replication of particular strains (22), or
to whether effective humoral or cellular responses have been
triggered (8).

Investigation of the two seroconverting patients by the com-
bined DGGE-sequencing protocol also revealed that despite
the difference in the patients with regard to carriage of single
or multiple strains, there was no substantial difference in their
rates of diversification. The highest E2/HVR-1 entropy values
reached in each patient did not even attain the highest values
of the relatively conserved NS5b region of the 15 individuals
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studied earlier (Table 1). There was also no observable trend
to the changes in entropy as antibody levels increased (Fig. 6).
Furthermore, for SC1 and SC2, nucleotide substitutions within
HVR-1 appeared as frequently as those outside it (Fig. 4B and
5B).

Overall, the E2/HVR-1 findings agree with observations on
naive chimpanzees experimentally infected with HCV, in which a
paucity of mutations in HVR-1 during the acute phase of in-
fection has also been noted (28). They also agree with data from
a recent study of human patients undergoing acute HCV in-
fection, in whom the diversity of and number of sequence
variants in HVR-1 between the first PCR-positive and the pre-
seroconversion blood specimens were not substantially changed
(8).

In SC1 and SC2, the low frequency of the E2/HVR-1 mu-

tations and the poor correlation of these mutations with anti-
HCYV changes suggest that at the early stage of HCV infection,
mutations arise stochastically and are not antibody mediated.
It is noted that various reports of mutations in HVR-1 which
ascribe them to neutralizing pressure from anti-HCV (29, 30)
relate only to studies involving the use of antibody prepara-
tions from blood collected from patients with chronic, not
acute, hepatitis C. However, a study of HVR variation in
acutely infected patients showed that in some individuals E2/
HVR-1 changes may be immune mediated (8). Such individu-
als tended to progress to chronic infection. The paucity of
E2/HVR-1 changes in early infection tended to be associated
with resolving infection; SC1 and SC2 may thus belong to the
latter category.

In summary, DGGE facilitates rapid and reliable assessment
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of HCV quasispecies diversity. Combined with nucleotide-se-
quencing procedures, it provided evidence that HCV genetic
complexity and diversity in blood donors and IDUs did not
differ significantly from those in hemophilia patients. This ob-
servation led us to hypothesize that multiple HCV infection is
uncommon because persistent infection by one HCV strain
prevents the establishment of infection by subsequently intro-
duced strains. We also found that few mutations emerged
during the seroconversion period of HCV infection of the two
patients studied, suggesting that genetic drifts occurring at this
stage of infection are not immune-mediated.
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