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Abstract
Extrahepatic replication has important implications for the transmission and treatment of hepatitis
C virus (HCV). We analyzed longitudinal HCV diversity in peripheral-blood mononuclear cells
(PBMCs) and serum during HCV monoinfection and HCV/HIV coinfection to determine whether
distinct amino acid signatures characterized HCV replicating within PBMCs. Analysis of E1-
HVR1 sequences demonstrated higher serum genetic distances among HCV/human
immunodeficiency virus (HIV)–coinfected persons. Moreover, consensus PBMC sequences were
rarely identical to those in the corresponding serum, suggesting divergence in these 2
compartments. Three of 5 HCV/HIV-coinfected participants showed evidence of HCV
compartmentalization in PBMCs. Additionally, signature sequence analysis identified PBMC-
specific amino acids in all HCV/HIV-coinfected persons. To our knowledge, this is the first study
to identify specific amino acids that may distinguish HCV variants replicating in PBMCs. It is
provocative to speculate that extrahepatic HCV diversity may be an important determinant of
treatment response and thus warrants additional study, particularly during HCV/HIV coinfection.

Because of their shared routes of transmission, hepatitis C virus (HCV) and HIV coinfection
occurs in ~150,000–300,000 people in the United States [1]. Multiple studies have
demonstrated the adverse impact of HIV coinfection on HCV RNA levels, liver disease
progression, and response rates to HCV treatment [2–5].

Although the mechanisms by which these 2 viruses interact remain unclear, peripheral-blood
mononuclear cells (PBMCs) may serve as important sites for interaction between HIV and
HCV; thus, evaluating this and other potential reservoirs of HCV replication is important.
Evidence of HCV replication in granulocytes, monocytes/macrophages, dendritic cells, B
lymphocytes, and other extrahepatic tissues has been suggested (reviewed in [6]).
Furthermore, several studies suggest that extrahepatic replication of HCV may be an
important predictor of HCV treatment outcome [7–12]. To date, most analyses of HCV in
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PBMCs have involved a small number of patients and generally included only HCV-
monoinfected persons [13–17]. No longitudinal studies have assessed replication of HCV in
PBMCs during coinfection with HIV, nor have specific viral amino acid sequences
associated with replication in PBMCs been identified.

Within an individual, HCV exists as a population of closely related, yet distinct, variants
termed “the viral quasispecies.” This heterogenous nature allows HCV to adapt quickly to a
variety of changing selection pressures that may exist within a given host. The majority of
HCV quasispecies studies to date have focused on the envelope glycoproteins, E1 and E2,
because of their putative role in receptor recognition and binding and their interactions with
the adaptive immune system. Several studies have analyzed HCV variants from various
tissues to examine HCV tropism for a given cell type [18–24]. Thus far, the data have been
obtained from small, cross-sectional studies and have not generally included HCV/HIV-
coinfected persons. Furthermore, viral diversity in the PBMC compartment has not been
compared directly in HCV-monoinfected and HCV/HIV-coinfected persons from the same
study population. Therefore, we sought to (1) investigate longitudinal HCV diversity during
HCV mono-infection versus HCV/HIV coinfection and (2) use a robust phylogenetic
approach to identify amino acids that may be associated with extrahepatic replication of
HCV.

SUBJECTS, MATERIALS, AND METHODS
Study population

From 1993 until 1999, a prospective natural history study of HIV infection—the HIV
Epidemiologic Research (HER) Study—was conducted in US women who had clinic visits
at 6-month intervals [25]. By study design, one-half reported intravenous drug use (IVDU),
whereas the other half reported only sexual risk behavior. Overall, the prevalence of HCV
was 56.5%, with rates of 48.0% and 60.8% among HIV-uninfected and HIV-infected
women, respectively [26].

Participants were included in the present study if they (1) had paired serum and PBMC
samples available from at least 2 (HCV monoinfected) or 3 (HCV/HIV coinfected)
consecutive study visits (separated by ~6 months between visits) conducted at the
Providence, Rhode Island, site; (2) were not receiving antiretroviral therapy at the study
onset for HIV-infected women; (3) had quantifiable HCV RNA in all serum samples tested;
and (4) were infected with HCV genotype 1, based on previous reports that suggested
genotype-specific differences in variability [27, 28].

Polymerase chain reaction (PCR) amplifications
Serum samples and cells were processed and stored in accordance with standard laboratory
procedures to ensure viral preservation. Real-time PCR conditions to quantify strand-
specific HCV RNA levels in the serum and PBMC compartments have been described in
detail elsewhere [29]. Briefly, RNA was extracted from 140 μL of serum using the QIAamp
Viral RNA Kit (Qiagen) and eluted in 60 μL of diethylpyrocarbonate (DEPC)–treated dH2O.
For PBMC samples, the number of cells available was limited and varied per sample (1.4 ×
106 to 7.6 × 106 cells/mL). Therefore, we normalized quantitative HCV RNA data in the
PBMC compartment to the copy number of a housekeeping gene, glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). Cells (500 μL) were washed with DEPC-treated dH2O,
and cellular RNA was extracted with TRIzol. The resulting RNA was resuspended in 40 μL
of DEPC-treated dH2O and treated 2 times with DNase I (Ambion).

In the present study, a qualitative reverse-transcriptase (RT)–PCR was used in which cDNA
corresponding to E1-HVR1 was generated using 1–2 μL of serum or PBMC RNA and the
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antisense primer 5′-AGG CTT TCA TTG CAG TTC AAG GCC TTG CTA TTG ATG TGC
C-3′ (nt 1639–1600 according to the numbering of H77 [GenBank number AF009606]).
First-round PCR amplifications using the sense primer 5′-GCG TCC GGG TTC TGG AAG
ACG GCG TGA ACT ATG CAA CAG G-3′ (nt 802–841) were performed as follows: 94°C
for 2 min, followed by 35 cycles at 94°C for 1 min, 65°C for 2 min, and 72°C for 2 min,
with a final elongation step at 72°C for 8 min. Second-round PCR conditions were identical
to first-round conditions and used the antisense primer 5′-AGT TCA AGG CCG TGC TAT
TGA TGT GCC AAC TGC CGT TGG T-3′ (nt 1626–1587) and the sense primer 5′-GGC
ATG GGA TAT GAT GAT GAA CTG GTC CCC TAC-3′ (nt 1295–1327). To minimize
PCR-generated errors, the high-fidelity pfu polymerase (Stratagene) was used. To avoid
potential cross-contamination, samples from the same individual were handled separately.
Additionally, all RT-PCR amplifications included one reaction containing no RT and a
separate reaction containing no template as negative controls.

PCR products were gel purified and ligated into the PCR2.1-TOPO vector (Invitrogen).
Plasmids were propagated and purified before sequencing with dye terminator chemistry. A
minimum of 10 plasmids per time point per compartment were sequenced in the forward and
reverse directions and edited using Sequencher software (version 4.2; GeneCodes). A
previous study has validated that sequencing 10 clones reliably and reproducibly represents
the viral quasispecies circulating within an individual [30].

Phylogenetic analyses
By aligning the compartment-specific clones at each time point, consensus amino acid
sequences were generated using Clustal X [31]. The database references used to confirm
HCV genotype included D10749 (1A), D11355 (1B), D14853 (1C), AF177039 (2A),
AB030907 (2B), D50409 (2C), AF046866 (3A), Y11604 (4A), AB031663 (5A), and
D84262 (6B), as well as relevant consensus genotype references and the laboratory
reference strain H77 (AF009606). Separate minimum evolution trees were generated for the
E1-HVR1 (258 nt) by use of the MEGA program [32]. Positions with gaps were excluded
from analysis, and corrections for multiple substitutions were performed for all trees. The
statistical robustness and reliability of the branching order within each phylogenetic tree
were confirmed by bootstrap analysis using 100 replicates [33]. Only bootstrap values >70%
were considered statistically significant. Sequences have been submitted to GenBank under
accession numbers EF193810–EF193846.

Quasispecies parameters
HCV quasispecies variability was analyzed according to HIV status, compartment, and time
point. Intrapatient genetic distances were calculated by pairwise comparison of E1-HVR1
nucleotide sequences at each time point using the Kimura method of MegAlign
(DNASTAR). Shannon entropy was also calculated as follows: Sn =−Σ(pilnpi)/lnN, where pi
is the frequency of each distinct amino acid sequence and N is the total number of sequences
analyzed [34]. Nonsynonymous (dN):synonymous (dS) ratios were calculated using the Nei-
Gojobori method in MEGA [32].

Signature sequence analysis
Signature amino acid patterns that distinguish PBMC viral variants from those in the
corresponding serum sample were identified using the VESPA program [35]. Only amino
acid signatures above a 70% threshold were considered significant.
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Statistical analyses
Baseline demographics and virologic variables were compared using Fisher’s exact test for
categorical variables and the Wilcoxon rank sum test for continuous variables. Because of
the limited sample size, the exact Wilcoxon rank sum test was used to compare differences
between the HCV-monoinfected and HCV/HIV-coinfected groups, whereas the exact
Wilcoxon signed rank test was used to compare differences between PBMCs and serum
samples within the HCV/HIV-coinfected group. All P values are 2-tailed; P <.05 was
considered statistically significant. All analyses were performed using SAS software (SAS
Institute).

RESULTS
Patient characteristics

Four HCV-monoinfected and 5 HCV/HIV-coinfected women were selected for the current
phylogenetic analysis of HCV diversity in PBMCs. The median age was 31.4 (range, 21.6–
39.0) and 34.1 (33.5–38.3) years for HCV-monoinfected and HCV/HIV-coinfected women,
respectively. Median CD4 cell counts were 1322 cells/mm3 at visit A and 1192 cells/mm3 at
visit B among HCV-monoinfected persons. Median CD4 cell counts were 377, 356, and 337
cells/mm3 at visits A, B, and C, respectively, among HCV/HIV-coinfected women. Serum
HCV RNA levels were 2.55–5.77 and 5.21–6.34 log10 copies/μL for HCV-monoinfected
and HCV/HIV-coinfected persons, respectively. No study participant received antiviral
therapy for HCV at any study visit. All 4 HCV-monoinfected and 3 of 5 HCV/HIV-
coinfected women reported heterosexual exposure as their main risk factor for HCV; 2 of 5
HCV/HIV-coinfected women reported IVDU as their main risk factor. HIV treatment for
coinfected women (after visit A, at which time they were HIV-treatment naive) consisted of
2 nucleoside RT inhibitors (NRTIs; n =1) or 2 NRTIs plus 1 protease inhibitor (n =4).

Interpatient variability
Alignment of all E1-HVR1 clones demonstrated highly significant clustering of sequences
by patient (data not shown). Consensus amino acid sequences for HCV-monoinfected and
HCV/HIV-coinfected persons were then compared by phylogenetic analysis to database
reference sequences (figure 1). All 4 HCV-monoinfected participants and 4 of 5 HCV/HIV-
coinfected participants were infected with HCV genotype 1A, whereas 1 HCV/HIV-
coinfected participant was infected with HCV genotype 1B. There was no apparent
clustering of sequences by HIV status. Importantly, E1-HVR1 consensus amino acid
sequences were nearly always distinct over time (cf. visits A, B, and C) and by compartment
(cf. serum to PBMCs). However, one HCV/HIV-coinfected woman had an identical
consensus sequence in her serum and PBMC samples at visit A, whereas another HCV/HIV-
coinfected woman had an identical PBMC consensus sequence at visits A and B. Despite
repeated attempts, we could only consistently amplify E1-HVR1 from the PBMCs of 1
HCV-monoinfected person, even though the housekeeping gene, glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), was routinely amplified for all PBMC samples (data
not shown).

Quasispecies evaluation
Because analysis of consensus amino acid sequences masks subtle shifts in the viral
quasispecies over time, longitudinal intrapatient variability was also evaluated in serum and
PBMCs. Multiple measures of HCV diversity and complexity were assessed in each
compartment at each time point, including genetic distance, entropy, and the dN:dS ratio.
The genetic distance reflects the similarity among all sequences within an individual at a
given time point. In HCV-monoinfected participants, the median intrapatient genetic
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distance in serum samples was 0.7% (range, 0.3%–2.2%) and 1.5% (range, 0.6%–2.5%) at
visits A and B, respectively (table 1, upper panel). In HCV/HIV-coinfected participants, the
median intrapatient genetic distance in serum was 4.4% (range, 0.8%–7.6%), 3.3% (range,
2.3%–7.7%), and 5.1% (range, 1.6%–6.8%) at visits A–C (table 1, middle panel). The
difference in serum genetic distance between the HCV-mono-infected and HCV/HIV-
coinfected groups approached statistical significance at visit A (P =.06) and was significant
at visit B (P =.03). In the PBMCs of HCV/HIV-coinfected participants, the median
intrapatient genetic distance was 0.8% (range, 0.0%–3.2%) at visit A, 2.4% (range, 2.0%–
5.2%) at visit B, and 2.8% (range, 0.4%–7.3%) at visit C (table 1, lower panel). Among
HCV/HIV-coinfected persons, the genetic distance in serum was not significantly different
from that in the corresponding PBMCs for any visit.

As an additional measure of genetic complexity, entropy was calculated. Because entropy
takes into account the number of distinct viral variants as well as the relative frequency of
each variant within the quasispecies [34], it is less susceptible than genetic distance to
variation as a result of hypermutation. In HCV-monoinfected participants, the median serum
HCV entropy was 0.41 (range, 0.14–0.47) at visit A and 0.57 (range, 0.35–0.59) at visit B
(table 1, upper panel). In HCV/HIV-coinfected participants, the median serum HCV entropy
was 0.54 (range, 0.39–0.60) at visit A, 0.60 (range, 0.54–0.64) at visit B, and 0.55 (range,
0.50–0.61) at visit C (table 1, middle panel). The difference in entropy between the HCV-
monoinfected and HCV/HIV-coinfected groups was marginally significant for visit A (P =.
09) but not for visit B (P =.26). In the PBMCs of HCV/HIV-coinfected participants, median
entropy was 0.35 (range, 0.28–0.94) at visit A, 0.70 (range, 0.39–0.94) at visit B, and 0.51
(range, 0.14–1.0) at visit C (table 1, lower panel). Among HCV/HIV-coinfected persons,
entropy in the serum samples was not significantly different from that in the corresponding
PBMCs for any visit.

As a measure of immunologic selection pressure, dN:dS ratios were also calculated. Ratios
>1 are consistent with positive immune selection pressure and have previously been used to
explore HCV evolution [36, 37]. Among HCV-monoinfected individuals, the dN:dS ratio
was >1 in serum for only 1 of 7 (14.3%) time points; dS was 0 for 1 time point; therefore,
this sample could not be analyzed further for this measure of quasispecies diversity. In
contrast, among HCV/HIV-coinfected individuals, the dN:dS ratio was >1 in serum for 7 of
14 (50%) time points. Among PBMCs from HCV/HIV-coinfected individuals, the dN:dS
ratio was >1 for 6 of 14 (42.9%) time points, suggesting that virus present within this
compartment may also be subject to immunologic selection pressures.

Further phylogenetic analysis was performed to investigate the potential for
compartmentalization of viral variants between PBMCs and serum samples from the 5
HCV/HIV-coinfected persons by analyzing each time point independently (figure 2).
Participant 30 showed no compartmentalization of E1-HVR1 variants between PBMCs and
serum at visit A; however, a distinct population of 6 PBMC-specific variants was observed
at visits B and C. In participant 36, 2 PBMC-specific variants were observed at visit A. Two
distinct PBMC populations, each consisting of 2 viral variants, were also observed at visits
B and C. In participant 37, a population of 5 PBMC-specific variants was identified at visit
C but not at other visits. Participants 48 and 49 showed no evidence of PBMC
compartmentalization of E1-HVR1 variants at any available time point. Thus, 3 of 5 (60%)
HCV/HIV-coinfected participants and 6 of 14 (43%) time points showed obvious
phylogenetic evidence of HCV compartmentalization in PBMCs.

Signature sequence analysis
To identify specific amino acid differences associated with HCV replication in PBMCs,
signature sequence analysis was performed at each time point. Amino acids that distinguish
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viral variants in the PBMCs from those in the corresponding serum samples were identified
in all 5 HCV/HIV-coinfected individuals (figure 3); amino acid positions at which the
distribution of E1-HVR1 clones are significantly different between the PBMC and serum
compartment are underlined. Using this approach, PBMC-specific signature sequences were
identified at 8 of 14 (57%) time points analyzed. Among these 8 time points, the mean
number of PBMC-specific signature amino acids was 6.25 (range, 1–11). Forty-eight (96%)
of 50 signature amino acids were located within HVR1, whereas only 2 (4%) were located
within E1, suggesting that HVR1 could play an important role in HCV
compartmentalization within PBMCs.

Among the HVR1 sequences from the 4 HCV/HIV-coinfected women infected with HCV
genotype 1A (visit A), positions 2 (T), 4 (V), 6 (G), 7 (G), 23 (G), and 26 (Q) were
conserved in all variants from the serum and PBMC compartments, whereas the frequency
of amino acid residues at other positions was highly variable (data not shown).

DISCUSSION
We have previously investigated HCV quasispecies diversity in the serum of HCV/HIV-
coinfected persons [37]; however, evaluation of HCV diversity in the PBMC compartment
has not been adequately explored in HCV/HIV-coinfected persons. Because PBMCs could
serve as a critical site for direct interactions between HIV and HCV, further examination of
this compartment is warranted.

In the present study, we analyzed the HCV quasispecies in the serum and PBMC of 4 HCV-
monoinfected and 5 HCV/HIV-coinfected women. Several lines of evidence suggested
PBMC-specific compartmentalization of HCV. First, consensus PBMC sequences were
rarely identical to those in the corresponding serum sample, suggesting divergence of the
viral quasispecies in these 2 compartments (figure 1). Second, 3 of 5 HCV/HIV-coinfected
participants and 6 of 14 time points showed obvious evidence of HCV compartmentalization
in PBMCs by phylogenetic analysis (figure 2). However, it is likely that this approach
underestimates the true probability of detecting PBMC-specific variants, because this is a
very conservative approach that included only a small portion of the viral genome and a
limited follow-up period. Nonetheless, signature sequence analysis identified PBMC-
specific amino acids in all 5 HCV/HIV-coinfected women. Third, additional analysis
demonstrated a distribution of viral variants that appeared to be compartment dependent
(figure 3). Although a similar non-random distribution of HCV sequences in hepatic and
extra-hepatic compartments has been reported previously in cross-sectional studies of HCV
monoinfection [18, 20, 22, 24], this phenomenon has not been described previously during
HCV/HIV coinfection. These data also suggest that specific amino acids within HVR1 may
contribute to HCV replication within PBMCs and altered cell tropism. The increased
intrapatient genetic distances observed over time in the PBMC compartment also suggest
that this data was not simply due to long-term sequestration of HCV debris in PBMCs or
long-lived antibody complexes—both of which would likely result in decreased or stable
diversity (and dN:dS ratios <1) over time. Nonetheless, the exact mechanisms by which HIV
may influence extrahepatic replication of HCV require additional investigation.

To our knowledge, the present study is the first to identify specific amino acid sequences
that distinguish viral variants in PBMCs from those in the serum of HCV/HIV-coinfected
persons. However, several limitations should be noted. First, because of the extensive
sequencing conducted in each participant, a limited number of women were included; thus,
generalizing our results to other populations requires caution. Second, because E1-HVR1
was not consistently amplified from the PBMCs of the HCV-monoinfected women, direct
comparison of HCV sequences in PBMCs during HCV monoinfection versus HCV/HIV
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coinfection was not possible. However, it should be reiterated that several previous studies
have suggested that extrahepatic replication of HCV occurs more frequently in the presence
of HIV coinfection [29, 38]. Furthermore, a housekeeping gene could be amplified from all
PBMC samples tested. Additional methodologic considerations that could explain different
abilities to detect HCV RNA in PBMCs include the quality and quantity of viral RNA, the
genomic region targeted for amplification, and the sensitivity of the qualitative or
quantitative assay employed. Third, although it is possible that minority viral variants may
not be represented, multiple measures of viral diversity/complexity were examined here.
Moreover, a previous study has shown that sequencing 10 viral variants is sufficient for
quasispecies evaluation [30]. Additionally, we have demonstrated that multiple
amplifications of the same template yielded similar estimates of quasispecies diversity [37].
Fourth, given the limited number of PBMCs available, we were unable to sort the cell
population to precisely define the cell type(s) that supports HCV replication. Nonetheless,
there is compelling evidence to suggest that HCV can infect several peripheral-blood cell
types, including B lymphocytes, granulocytes, monocytes/macrophages, and dendritic cells
[13, 39, 40]. Importantly, the current study is unique because it permitted longitudinal
evaluation of PBMC compartmentalization in HCV/HIV-coinfected individuals and is
restricted to HCV genotype 1, thereby controlling for potential genotype-specific differences
in diversity [27, 28].

The detection of HCV RNA in hidden reservoirs, such as PBMCs, suggests that higher
doses of current HCV medications and/or combination therapy with antiviral agents specific
for HCV may be warranted to completely eradicate HCV from all reservoirs of replication.
Furthermore, the presence of PBMC-specific variants with particular amino acid signatures
implies that subtle changes in the viral quasispecies could have a profound effect on cell
tropism and replication of HCV and that diversity in the PBMC compartment may be an
important of determinant of treatment response and the duration of therapy in some
individuals.
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Figure 1.
Phylogenetic tree of consensus E1-HVR1 amino acid sequences from serum (black symbols)
and peripheral-blood mononuclear cell (PBMC; white symbols) compartments at visits A
(circles), B (squares), and C (triangles). Database reference sequences are indicated by their
genotype. Arrow 1 indicates a time point at which the consensus amino acid sequences from
the serum and PBMC compartments are identical for patient 48 (hepatitis C virus [HCV]/
HIV coinfected). Arrow 2 indicates 2 time points at which the consequence amino acid
sequences in the PBMC compartment are identical for patient 30 (HCV/HIV coinfected).
*HCV/HIV-coinfected individuals.
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Figure 2.
Phylogenetic tree analysis of quasispecies E1-HVR1 amino acid sequences from the serum
(black circles) and peripheral-blood mononuclear cell (PBMC; white circles) compartments
of hepatitis C virus (HCV)/HIV–coinfected women. Relevant bootstrap values >70 (of 100)
are shown for PBMC-specific viral variants (highlighted by large, open circles). HCV
genotype 2 was used as the reference sequence.
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Figure 3.
Signature sequence analysis. Amino acid positions at which the peripheral-blood
mononuclear cell (PBMC) and serum clonal distributions are significantly different at a
threshold of 70% are underlined. “S30A” and “P30A” indicate, for example, a serum sample
and a PBMC sample, respectively, from patient 30 at time point A. Nos. in parentheses
indicate the no. of amino acid signatures present in PBMCs at that time point. Shown are the
consensus amino acids at each position. In several instances, a given amino acid may appear
to be identical between the 2 compartments; however, the frequency distribution of the 10
viral variants that make up that consensus is different between the 2 compartments. The bar
highlights the 27 amino acids of HVR1.
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Table 1

E1-HVR1 intrapatient diversity for the serum and peripheral-blood mononuclear cell (PBMC) quasispecies
from hepatitis C virus (HCV)–monoinfected and HCV/HIV-coinfected participants.

Sample, patient, time point Intrapatient genetic distance Entropy dN:dS

Serum compartment of HCV monoinfected

 11

  A 2.19 0.47 0.43

  B 1.41 0.59 0.40

 15

  A 0.51 0.14 0.15

  B 2.51 0.35 0.67

 20

  A 0.88 0.41 0.35

  B 0.60 0.59 a

 25

  A 0.32 0.41 1.00

  B 1.50 0.56 9.50

Serum compartment of HCV/HIV coinfected

 30

  A 4.74 0.56 0.69

  B 3.33 0.58 0.55

  C 4.39 0.56 0.55

 36

  A 0.80 0.52 1.50

  B 2.27 0.64 1.15

  C 1.57 0.61 2.00

 37

  A 7.56 0.60 1.01

  B 7.66 0.54 0.90

  C 6.75 0.55 0.48

 48

  A 4.04 0.39 1.00

  B 5.40 0.64 1.74

  C No sample No sample No sample

 49

  A 4.35 0.54 0.96

  B 2.72 0.60 2.67

  C 5.81 0.50 1.07

PBMC compartment of HCV/HIV coinfected

 30

  A 1.01 0.28 0.10
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Sample, patient, time point Intrapatient genetic distance Entropy dN:dS

  B 3.68 0.39 0.56

  C 2.11 0.51 0.47

 36

  A 1.27 0.35 3.00

  B 3.12 0.94 2.12

  C 3.14 1.00 2.12

 37

  A 5.61 0.94 0.86

  B 1.87 0.70 0.21

  C 8.13 0.70 0.60

 48

  A 3.40 0.47 1.03

  B 3.47 0.56 0.48

  C 0.40 0.14 0.22

 49

  A 0.19 0.27 a

  B 2.44 0.80 2.42

  C 4.23 0.51 1.48

NOTE. dN, nonsynonymous; dS, synonymous.

a
Indicates that dS =0; therefore, this time point could not be defined.
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